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1. Introduction 

The mammalian target of rapamycin (mTOR) has attracted growing attention during the past 
decade due to the increase realization of it’s extraordinarily significance in cellular life-
sustaining activity on the one hand, and because of its crucial role in a variety of diseases, 
(including cancer, hamartoma syndromes, cardiac hypertrophy, diabetes and obesity) on the 
other. mTOR is an atypical serine/threonine protein kinase, belonging to the 
phosphatidylinositol kinase-related kinase (PIKK) family. Cumulative evidence indicates that 
mTOR acts as a ‘master switch’ of cellular energy-intensive anabolic processes and energy-
producing catabolic activities. It coordinates the rate of cell growth, proliferation and survival 
in response to extracellular mitogen, energy, nutrient and stress signals [1, 2]. mTOR 
functions within two distinct multiprotein complexes, mTORC1 and mTORC2, responsible 
for the different physiological functions. Thus, mTORC1 is considered mostly involved in the 
regulation of the translation initiation machinery influencing cell growth, proliferation, and 
survival, while mTORC2 participates in actin cytoskeleton rearrangements and cell survival. 
mTORC1 and mTORC2 were initially identified in yeast on the basis of their differential 
sensitivity to the inhibitory effects of rapamycin, mTORC1 being originally considered as 
rapamycin-sensitive and mTORC2 as rapamycin-insensitive [3-5]. 

The history of TOR began in the early 1970s when a bacterial strain, Streptomyces 
hygroscopicus, was first isolated from Rapa Nui island during a discovery program for anti-
microbial agents. These bacteria secrete a potent anti-fungal macrolide that was named 
rapamycin after the location of its discovery [6-9]. Later rapamycin was proven to have anti-
proliferative and immunosuppressive properties. In the beginning of 1990s, two rapamycin 
target genes titled TOR1 (the target of rapamycin 1) and TOR2 were discovered through the 
yeast genetic screens for mutations that counteract the growth inhibitory properties of 
rapamycin [10, 11]. Further studies revealed that rapamycin forms the complex with its 
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Protein Phosphorylation in Human Health 4 

intracellular receptor, FK506-binding protein 12 kDa (FKBP12), This complex binds a region 
in the C-terminus of TOR kinase named FRB (FKB12-rapamycin binding) domain, what 
leads to the inhibition of TOR functions [12-14].  

At present, it becomes clear that mTORC1 and mTORC2 activities are mediated through 
diverse signaling pathways depending on the type of extracellular signal. Thus, signaling 
from growth factors is mediated predominantly through PI3K-Akt-TSC1/2 pathway and 
upregulates mTORC1 to stimulate translation initiation, while energy or nutrient depletion 
and stresses suppress mTORC1 via LKB1–AMPK cascade to trigger off the process of 
autophagy. In contrast, mTORC2 is insensitive to nutrients or energy conditions. mTORC2 
phosphorylates Akt and some other protein kinases regulating actin cytoskeleton and cell 
survival in response to growth factors and hormones. The physiological functions of mTOR 
continue to expand. It should be stressed, that the signaling throughout the complicated 
mTOR network, including branched pathways and feedback loops, is regulated 
predominantly by phosphorylation and includes myriads of phosphorylation events. 
Moreover, the complexity of mTOR regulation is amplified by the crosstalk with other 
signaling pathways, such as MAP kinase- or TNFα-dependent cascades, which activity is 
also determined by vast number of phosphorylations. The complication of mTOR signaling 
additionally increases due to the hierarchical character of multiple site-specific 
phosphorylations of the main mTOR targets. Up to date there are no full clarity, concerning 
which kinase is responsible for each site phosphorylation as well as functional role and 
precise mechanisms of each phosphorylation event. The better understanding of underlying 
molecular mechanisms is now especially essential since inhibitors of mTOR signaling are 
widely used as drugs in the therapy of cancer and neurodegenerative diseases. 

2. mTOR kinase structural organization 

Although mTOR has limited sequence similarities in eukaryotes, it demonstrates a high level 
of conservation in its key cellular functions. mTOR, also known as FRAP (FKBP12-rapamycin-
associated protein), RAFT1 (rapamycin and FKBP12 target), RAPT 1 (rapamycin target 1), or 
SEP (sirolimus effector protein), is a large 289 kDa atypical serine/threonine (S/T) kinase [15-
18] and is considered a member of the phosphatidylinositol 3-kinase (PI3K)-kinase-related 
kinase (PIKK) superfamily since its C-terminus shares strong homology to the catalytic 
domain of PI3K [19, 20]. mTOR and yeast TOR proteins share > 65% identity in carboxy-
terminal catalytic domains and about 40% identity in overall sequence [21]. At the amino-acid 
level, human, mouse and rat TOR proteins share a 95% identity [22, 23]. The knockout of 
mTOR in mice is embryonic lethal, indicating its physiological importance [24, 25].  

Structurally, mTOR contains 2549 amino acids and the region of first 1200 N-terminal amino 
acids contains up to 20 tandem repeated HEAT (a protein-protein interaction structure of 
two tandem anti-parallel α-helices found in Huntingtin, Elongation factor 3 (EF3), PR65/A 
subunit of protein phosphatase 2A (PP2A), and TOR) motifs [26]. Tandem HEAT repeats are 
present in many proteins and may form an extended superhelical structure responsible for 
protein-protein interactions. HEAT repeats region is followed by a FAT (FRAP, ATM, and 
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TRRAP (PIKK family members)) domain and FRB (FKPB12-rapamycin binding domain), 
which serves as a docking site for the rapamycin -FKBP12 complex formation. Downstream 
lies a catalytic kinase domain and a FATC (FAT Carboxyterminal) domain, located at the C-
terminus of the protein (Figure 1A). The FAT and FATC domains are always found in 
combination, so it has been hypothesized that the interactions between FAT and FATC 
might contribute to the catalytic kinase activity of mTOR via unknown mechanisms [26, 27]. 

 
Figure 1. A. The domain structure of mTOR. mTOR contains tandem HEAT repeats, central FAT 
domain, FRB domain, a catalytic kinase domain and the FATC domain. Rapamycin associates with its 
intracellular receptor, FKBP12, and the resulting complex interacts with the FRB domain of mTOR. 
Binding of rapamycin–FKBP12 to the FRB domain disrupts the association of mTOR with the mTORC1 
specific component Raptor and thus uncouples mTORC1 from its substrates, thereby blocking mTORC1 
signaling. B. Composition of mTORC1 and mTORC2. mTORC1 consists of mTOR, Raptor, PRAS40, 
mLST8 and Deptor. mLST8 binds to the mTOR kinase domain in both complexes, where it seems to be 
crucial for their assembly. Deptor acts as an inhibitor of both complexes. Other protein partners differ 
between the two complexes. mTORC2 contains Rictor, mSIN1, and Protor1. C. Schematic of the TSC1 
and TSC2 proteins. The functional domains (including GAP) on TSC1 and TSC2 are represented 
schematically. T2BD/T1BD — TSC2 and TSC1 binding domains respectively. 
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Up to date quite a few phosphorylation sites in mTOR have been reported, namely T2446, 
S2448, S2481 and S1261 and this list will be probably appended. S2481 is considered to be a 
site of autophosphorylation [28]. S2481 is the only site the phosphorylation of which is well 
established for regulating mTOR intrinsic activity [29, 30]; the significance of other 
phosphorylation sites for mTOR activity are not entirely clear. Recently, S1261 has been 
reported as a novel mTOR phosphorylation site in mammalian cells and the first evidences 
of this phosphorylation in regulating mTORC1 autokinase activity has been provided [31]. 
Although phosphorylation at T2446/S2448 was shown to be PI3K/Akt-dependent, mTORC1 
downstream kinase S6K has been also reported to phosphorylate these two sites [32]. The 
significance of this potential feedback loop is unknown, as it is not yet clear whether and 
how these phosphorylations influence mTOR activity  

Binding of rapamycin–FKBP12 to the FRB domain of mTOR disrupts the association of 
mTOR with mTORC1-specific component Raptor and thus divide mTORC1 from its targets, 
blocking mTORC1 signaling. However, whether rapamycin directly inhibits mTOR’s 
intrinsic kinase activity is still not entirely clear [3, 33, 34].  

The TOR complexes mTORC1 and mTORC2 

The mammalian mTORC1 and mTORC2 complexes perform non-overlapping functions 
within the cell. Thus, the best-known function of TORC1 signaling is the promotion of 
translation. Other mTORC1 functions include autophagy inhibition, promotion of the 
ribosome biogenesis and of the tRNA production. The main known mTORC2 activity is the 
phosphorylation and activation of AKT and of the related kinases — serum/glucocorticoid 
regulated kinase (SGK) and protein kinase C (PKC) [35]. It is also involved in cytoskeletal 
organization. Although both mTOR complexes exist predominantly in the cytoplasm, some 
data indicate that they could function in different compartments. Thus, upon nutrients and 
energy availability mTORC1 is recruited to lysosomes where it could be fully activated [36] 
and where it functions to suppress autophagy. Unlike mTORC1, mTORC2 according to the 
most recent data localizes predominantly in ER compartment where it could directly 
associate with ribosomes [37, 38]. Additionally, some data evidence that mTOR may actually 
be a cytoplasmic-nuclear shuttling protein. The nuclear shuttling could facilitate the 
phosphorylation of mTORC1 substrates under the mitogenic stimulation [39]. The unique 
compositions of mTORC1 and mTORC2 determine the selectivity of their binding partners. 
Up to date we know more about mTORC1 rather then mTORC2 probably due to the lack of 
available and wide-spreaded inhibitors of mTORC2 activity. 

TORC1 composition. Within the mammalian cells, TORC1 functions as a homodimer. Each 
monomer consists of mTOR, regulatory associated protein of mTOR (Raptor), proline-rich 
AKT substrate 40 kDa (PRAS40), DEP domain TOR-binding protein (Deptor) and 
mammalian lethal with Sec-13 protein 8 (mLST8, also known as GbL) [40, 41](Figure 1B). 

Raptor is a 150 kDa presumably non-enzymatic subunit of mTORC1 that is essential for the 
kinase mTORC1 activity in vitro and in vivo in response to insulin, nutrient and energy level. 
[42, 43]. It includes a highly conserved N-terminal region followed by 3 HEAT repeats and 7 
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WD40 (about 40 amino acids with conserved W and D forming four anti-parallel beta 
strands) repeats. The Raptor-mTOR interaction is very dynamic, and is thought to require 
the HEAT repeats of mTOR. It is established that Raptor is indispensable for mTOR to 
phosphorylate its main effectors p70S6 kinase (S6K1) and eukaryotic initiation factor 4E 
(eIF4E) binding protein 1 (4E-BP1), but whether Raptor positively or negatively regulates 
mTOR itself remains controversial [43]. Raptor is essential for mTORC1 complex formation 
and for the dimerization of TORC1 complexes as it provides direct interaction between TOR 
proteins from each monomer. Thus it can be considered to be a scaffolding protein that 
recruits substrates for mTOR thereby demonstrating a stimulating effect on mTOR activity 
[43]. Alternatively, other study has demonstrated that Raptor negatively regulates mTOR 
being tightly bound to the kinase [42]. There are also a hypothesis according to which at 
least two types of interaction exist between Raptor and mTOR depending on nutrients 
availability. One mTOR-Raptor complex that forms in the absence of nutrients is stable and 
leads to a repression of the mTOR catalytic activity. In contrast, the other complex that 
forms under nutrients-rich conditions is unstable, but it is important for in vivo mTOR 
function [42] (reviewed in [44]). Recent studies suggested that the phosphorylation status of 
Raptor could influence mTORC1 activity [45]. Phosphorylation on S722/792 is mediated by 
AMPK (AMP-activated protein kinase) and is required for the inhibition of mTORC1 
activity induced by energy stress [45], whereas phosphorylation of Raptor on S719/721/722 is 
mediated by the p90 ribosomal S6 kinases (RSKs) and contributes to the activation of 
mTORC1 by mitogen stimulation [45, 46]. Most recently, S863 in Raptor was identified as 
mTOR-mediated phosphorylation site responsible for the insulin-dependent activation of 
mTORC1 [47]. 

PRAS40, another subunit of mTORC1, has been defined as a direct negative regulator of 
mTORC1 function [48]. Initially, PRAS40 was identified as a novel substrate of Akt being 
directly phosphorylated at T246 near its C-terminus [49]. This phosphorylation releases 
inhibition of mTORC1 by PRAS40. Subsequent studies showed that PRAS40 associates with 
mTORC1 via Raptor and inhibits mTORC1 activity [48]. A putative TOR signaling motif, 
FVMDE, has been identified in PRAS40 and shown to be required for interaction with 
Raptor. Upon binding to Raptor, PRAS40 is phosphorylated on S183 by mTORC1 both in 
vivo and in vitro [50] Thus, PRAS40 has been implicated as a physiological substrate of 
mTORC1. Most recently, two novel sites in PRAS40 phosphorylated by mTORC1, S212 and 
S221, have been identified [51]. Rapamycin treatment reduced the phosphorylation of S183 
and S221 but not S212, indicating that besides mTORC1, other kinases may also regulate the 
phosphorylation of S212 in vivo [51].  

mLST8 has been identified after Raptor as a stable component of both mTOR complexes 
[52]. It consists almost entirely of seven “sticky” WD40 repeats, and has been initially shown 
to bind to the kinase domain of mTOR, leading to the hypothesis that mLST8 positively 
regulates mTOR kinase activity. It was proposed that mLST8 is essential for a nutrient- and 
rapamycin-sensitive interaction between Raptor and mTOR [52]. However, there is no 
substantial evidence to support this idea. It has been speculated, that mLST8 may 
participate in the amino acids mediated activation of TORC1 being insignificant for other 
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mechanisms of TORC1 activation [52]. Alternatively, recent studies demonstrated functional 
importance of mLST8 for the Rictor-mTOR interaction, evidencing that mLST8 is involved in 
mTORC2 rather than in mTORC1 activity. 

Deptor binds to mTOR at the FAT domain thus originally proposed to be a part of TORC1. 
Recently it has been identified as mTOR inhibitor that acts on both TORC1 and TORC2. The 
upstream regulators of Deptor still remain unknown [41]. 

mTORC2 composition and distinctions from mTORC1 

In 2004, mTORC2, containing mTOR, mLST8 and Rictor was identified [3, 4]. Since mTORC2 
complex was discovered later than mTORC1, its functions and regulatory mechanisms are 
less understood [3]. TORC2 and TORC1 contain common subunits, as is mTOR itself, 
mLST8 and Deptor, but instead of Raptor, mTORC2 includes two different subunits, Rictor 
(rapamycin-insensitive companion of mTOR) and mSin1 (mammalian stress-activated 
protein kinase (SAPK)-interacting protein 1) [3, 4, 53]. In addition, Protor (protein observed 
with Rictor) was also considered a component of mTORC2 (Figure 1B) [54, 55]. mTORC2 
was originally thought to be rapamycin-insensitive [3], however, further studies 
demonstrated that prolonged rapamycin treatment inhibits the assembly of mTORC2 as 
well as its activity towards Akt phosphorylation in certain cell lines [56].  

Rictor is the first identified TORC2 specific component [3, 4]. It represents a large protein 
with a predicted molecular weight of about 200 kDa. Although Rictor contains no apparent 
catalytic domain motifs [4], knockdown of Rictor results in the loss of actin polymerization 
and cell spreading, the main known mTORC2 functions [4]. It was shown that the Rictor-
mTOR complex does not affect the mTORC1 effectors S6K1 and 4E-BP1, but influence the 
activities of several proteins known as mTORC2 downstream targets, including 
phosphorylation of Akt, PKC and the focal adhesion proteins. 

mSin1 was recently identified as a novel component of mTORC2, which is important for 
both the complex assembly and function [57-59]. Sin1 is conserved among all eukaryotic 
species especially in the middle part of the sequence [60]. A Ras-binding domain and a C-
terminal PH domain have been identified recently [61]. The several experimental techniques 
showed the importance of Sin1 for mTORC2 function [62]. The interaction in vivo between 
Sin1 and Rictor is more stable than their interactions with mTOR probably due to the ability 
of Sin1 and Rictor to stabilize each other [59]. Thus knockdown of Sin1 decreases the 
interaction between mTOR and Rictor, suggesting that Sin1 is important for mTORC2 
assembly. Knockdown of Sin1 by RNAi in Drosophila and mammals crucially diminishes the 
Akt phosphorylation on S473 in vitro. The same effect was observed in Sin1−/− cells [58].  

Protor-1 and Protor-2 (also known as Proline rich protein 5 (PRR5) [54, 55] and PRR5-like 
(PRR5L) [63] are two newly identified mTORC2 interactors which have been identified as 
Rictor-binding or SIN1 binding proteins [54]. Up to date their functions remain unclear. It is 
currently accepted that they are dispensable for mTORC2 assembly as well as for its 
catalytic activity [54], although Protor stability is dependent on the production of other 
TORC2 components. It is possible that Rictor and Sin1 act as scaffold proteins for various 
complexes involving different kinases.  
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mLST8 and Deptor, as was mentioned above, are the components of both mTORC1 and 
mTORC2 complexes. 

3. Upstream regulation of mTOR signaling 

3.1. PI3K-AKT-TSC1/2 -“Classical” pathway of mTOR regulation 

Although this pathway is still considered to be the main way exerting multi-faceted control 
over mTORC1 activity which sense insulin and growth factors signals to regulate cell 
growth, at present it becomes clear that at least some of its components also function to 
mediate responses on other stimulus, such as energy, stress or nutrients which are provided 
by discrepant signaling pathways, described below. 

3.1.1. TSC1/TSC2 complex and Rheb protein 

The TSC1/TSC2 complex (tuberous sclerosis complex 1/2, TSC1/2) has been established as the 
major upstream inhibitory regulator of mTORC1 [64, 65]. This complex mediates signals from 
a large number of distinct signaling pathways to modulate mTORC1 activity predominantly 
via different phosphorylations of TSC2. Functioning as a molecular switch, TSC1/2 
suppresses mTOR’s activity to restrict cell growth during the stress, and releases its inhibition 
under the favorable conditions. The TSC1 and TSC2 genes were identified in 1997 and 1993 
respectively as the tumor-suppressor genes mutated in the tumor syndrome TSC 1(tuberous 
sclerosis complex) [66-68]. TSC is a multisystem disorder characterized by the development 
of numerous benign tumors (e.g. hamartomas) most commonly detected at the brain, 
kidneys, skin, heart and lungs. Genetic studies of TSC1 and TSC2 in humans, mice, Drosophila 
and yeast strongly suggest that these proteins act mainly as a complex. The 140 kDa TSC1 
(also known as hamartin) and 200 kDa TSC2 (also known as tuberin) proteins share no 
homology with each other and very little with other proteins (Figure 1C) TSC1 and TSC2 
associate through certain regions [69] giving a heterodimeric complex. The only known 
functional domain throughout these two proteins is a region of homology at the C-terminus 
of TSC2 to the GAP domain of small G-protein Rap1. Searches for a GTPase target regulated 
by the TSC2 GAP (GTPase-activating protein) domain revealed the small G-protein Rheb. 
Mammalian TSC2 was shown to accelerate the rate of GTP hydrolysis of Rheb, converting 
Rheb from the active GTP-bound to the inactive GDP-bound state [69, 70]. This evidences 
that Rheb is a direct target of TSC2 GAP activity, and TSC2 suppress Rheb function. While 
the GAP activity of TSC2 is necessary for the complex functionality, TSC1 is required to 
stabilize TSC2 and prevent its ubiquitin-mediated degradation [71, 72]. Under growth 
conditions, the TSC1/2 complex is inactive, thereby allowing Rheb-GTP to activate TORC1.  

Rheb is a member of the Ras superfamily that appears to be conserved in all eukaryotes and, 
despite the term ‘brain’ in its name, is in fact ubiquitously expressed in mammals. Whether 
a GEF protein (guanine-nucleotide exchange factor responsible for reverse process, i.e. 
change GDP-bound to GTP-bound state) for Rheb exists remains unknown. Several 
evidences demonstrate that Rheb positively regulates mTORC1. In particular, Rheb 
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overexpression stimulates S6K1 and 4EBP1 phosphorylation, which are indicators of 
mTORC1 activity. This effect can be reversed by mTOR inactivation or by rapamycin 
treatment, suggesting that Rheb primarily functions through TORC1 [59]. Although genetic 
and biochemical studies strongly suggest that GTP-bound Rheb potently activates mTORC1, 
the molecular mechanism is still unclear. Overexpressed Rheb was shown to bind to mTOR 
[73, 74]. Associations between endogenous Rheb and mTORC1 components have not been 
reported. In general, Ras-related small G-proteins bind to their downstream effectors mostly 
in the GTP-bound state. Surprisingly, Rheb has been found to bind stronger to mTOR in its 
GDP-bound or nucleotide-free states [74]. At the same time it has been shown that GTP-
bound Rheb rather than the GDP-bound stimulates mTOR kinase activity in vitro [74]. 
Although the mechanism by which Rheb-GTP activates mTORC1 has not been fully 
understood, it needs Rheb farnesylation and can be blocked by farnesyl transferase (FT) 
inhibitors. Recently, it was found that Rheb can directly interact with the FKBP12 
homologue FKBP38 (named also FKBP8), and this binding seems to be tighter with Rheb-
GTP [75]. That study suggests that Rheb-GTP binds to FKBP38 and triggers its release from 
mTORC1, stimulating mTORC1 activity (Figure 2). In support of this model, an 
independent study carried out that decreasing FKBP38 expression with antisense 
oligonucleotides blocked the growth inhibitory effects of TSC1–TSC2 overexpression [76]. 
Although more studies are needed, these findings suggest that FKBP38 might be a Rheb 
effector that regulates mTORC1 and, perhaps, unknown targets downstream of the 
TSC1/TSC2 complex and Rheb. 

3.1.2. The PI3K-AKT pathway joins TSC-mTORC1 regulation 

The responsiveness of mTORC1 signaling to growth factors and insulin is provided through 
activation of PI3K (phosphatidylinositol-3-kinase) and Akt kinase, but the precise 
mechanism is still not clear. Through PI3K signaling, Akt also termed PKB (serine/threonine 
protein kinase B) is activated by most growth factors to phosphorylate several downstream 
substrates [77]. 

PI3K is a heterodimeric protein containing an 85-kDa regulatory and a 110-kDa catalytic 
subunits (PIK3CA) [78, 79]. PI3K acts to phosphorylate a number of membrane phospholipids 
to form the lipid second messengers phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2 or 
PIP2) and phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3 or PIP3). In response to 
the upstream inputs, PI3K at the cell membrane is activated through the association of a 
ligand with its receptor, stimulating p85 to bind phosphorylated tyrosine residues of Src-
homology 2 (SH2) domain on the receptor. This association promotes the p110 catalytic 
subunit to transfer phosphate groups to the membrane phospholipids [78, 80]. Consequently 
these lipids, particularly PtdIns(3,4,5)P3, attract several kinases to the plasmalemma initiating 
the signaling cascade [78, 80]. PIP3 accumulation is antagonized by the well-known tumor 
suppressor, lipid phosphatase PTEN (phosphatase and tensin homolog deleted on 
chromosome 10), which converts PIP3 to PIP2. One important function of PIP3 is to recruit 
Akt as well as PDK1 (or PDPK1, 3-phosphoinositide-dependent protein kinase-1) [81] via 
their PH (pleckstrin homology) domains to the plasma membrane (Figure 2).  
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Akt, known as one of the major survival kinases, belongs to the AGC (PKA/PKG/PKC) 
protein kinase family and is involved in regulating a vast number of cellular processes, 
including transcription, proliferation, migration, growth, apoptosis and various metabolic 
processes [3, 82]. Being translocated to the plasma membrane, Akt undergoes partial 
activation through the phosphorylation of T308 residue within the activation loop by PDK1 
and following full activation through the additional phosphorylation at the hydrophobic 
motif site S473 by PDK2 [83]. After activation Akt quits the cell membrane to phosphorylate 
intracellular substrates. Particularly, Akt can translocate to the nucleus [80] where it 
influences the activity of transcriptional factors, including CREB (cAMP response element-
binding), E2F (eukaryotic transcription factor 2), NF-κB (nuclear factor kappa from B cells) 
through Iκ-K (inhibitor kappa B protein kinase), the forkhead transcription factors, in 
particular, FOXO1 and FOXO3 and murine double minute 2 (MDM2) which regulates p53 
activity [84, 85]. In addition, Akt is able to target some other molecules to influence cell 
survival including GSK-3β (glycogen-synthase kinase-3β), which regulates β-catenin protein 
stability, and BAD (the pro-apoptotic molecule Bcl-2-associated death promoter).  

Akt was the first kinase demonstrated to phosphorylate directly the TSC1/TSC2 complex in 
response to growth factors. Human TSC2 contains five predicted Akt sites (S939, S981, 
S1130, S1132 and T1462 on full-length human TSC2), all of which have been suggested to be 
subjects of phosphorylation by Akt (Figure 2). Importantly, the two sites were shown 
definitively to be targeted by Akt in mammalian cells, S939 and T1462 [86]. There is also 
evidence that either S1130 or S1132 is phosphorylated by Akt in vivo [87]. Finally, Akt can 
phosphorylate a peptide corresponding to the sequence surrounding S981 in vitro [88]. This 
residue has been identified as an in vivo phosphorylation site on TSC2 by tandem-MS 
analyses [89]. However, whether Akt phosphorylates S981 on full-length TSC2 within cells 
has not been conclusively demonstrated. 

The majority of studies postulated that activated AKT promotes TORC1 signaling by 
phosphorylating multiple sites on TSC2, thereby relieving inhibition of Rheb and activating 
TORC1 [86, 87, 90, 91]. The data obtained using phosphorylation-site mutants of TSC2 
demonstrate that Akt mediated phosphorylation of these sites inhibits the function of the 
TSC1–TSC2 complex in cells, however the molecular mechanism of this inhibition has been 
the subject of much debate (reviewed in [92]). One proposed mechanism involves disruption 
of the TSC1–TSC2 complex. However, this does not occur rapidly and, although it might 
contribute to the long-term effects of Akt on mTORC1 signaling, it cannot explain the 
immediate effects of Akt activation on mTORC1, which are blocked by Akt 
phosphorylation-site mutants of TSC2. Another proposed mechanism is based on the 
possibility that phosphorylation of TSC2 alters its subcellular localization, such that it can no 
longer act as a GAP for Rheb. One study supporting this mechanism found that growth 
factor stimulation led to increase of the TSC2 levels within the cytosolic fraction [93]. This 
effect was PI3K-dependent, stimulated by activated Akt and required both S939 and S981 on 
TSC2. In that study, both TSC1 and Rheb were found exclusively in the membrane fraction, 
and unlike TSC2, did not show an increase in the cytosolic fraction following growth-factor 
stimulation. From these findings it was concluded that Akt-mediated phosphorylation of  
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Figure 2. Growth factors and insulin regulation of mTORC signaling. mTORC1 activity is modulated 
by a number of positive (shown in red) and negative (shown in blue) regulators. Growth factors activate 
mTORC1 indirectly by suppressing the function of its negative regulator TSC1/TSC2 complex. TSC2 
contains a GAP domain that converts Rheb to its inactive, GDP-bound form. PI3K-AKT dependent 
phosphorylation inhibits the TSC1/2 complex, thereby relieving the TSC1/2-mediated repression of 
Rheb and allowing activation of TORC1. AKT also activates mTORC1 through negative 
phosphorylation of mTORC1 suppressor, PRAS40. FKBP38 appears to associate through the FRB 
domain of mTOR and trigger its release from mTORC1, thereby stimulating mTORC1 activation. 

TSC2 on S939 or S981 inhibits the TSC1/TSC2 complex by triggering release of TSC2 from 
TSC1 at an intracellular membrane also occupied by Rheb. This model points on the 
significant and rapid dissociation of TSC2 from TSC1 upon phosphorylation – something that 
has not been detected in the majority of studies to date. Recent studies have suggested that 
AKT mediated phosphorylation of TSC2 at S939 and S981 creates a binding site for a cytosolic 
anchor protein, 14-3-3 (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, theta polypeptide also known as YWHAQ, 1C5; HS1), a mechanism of regulation 
shared by several other Akt substrates [77]. Examining interactions between endogenous 14-
3-3 proteins and TSC2, another study found that S939 and T1462 were both required for 14-3-
3 binding to TSC2 downstream of PI3K signaling. It seems likely that 14-3-3 binding to TSC2 
(provided by some combination of phosphorylated S939, S981 and T1462) contributes to Akt-
mediated inhibition of TSC2. Binding of 14-3-3 to TSC2 can disrupt binding TSC2 to TSC1 
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and RHEB, which are associated with endomembranes [93]. However, in 14-3-3 pull-down 
experiments, both TSC1 and TSC2 were found to bind, and 14-3-3 did not affect the 
association between TSC1 and TSC2 [94, 95]. It also remains unclear whether TSC2 binding 
to14-3-3 hindered its GAP activity towards Rheb. Importantly, TSC2 is not an essential target 
of AKT during normal D. melanogaster development [96], suggesting the presence of possible 
additional targets for the AKT mediated regulation of mTORC1. 

Growth factors control mTORC1 independently of the TSC complex 

As was mentioned above, the PRAS40 binds Raptor and thereby inactivates mTORC1 [48, 
50, 57, 63]. In response to growth factors, Akt phosphorylates PRAS40 at T246. This 
phosphorylation leads to the dissociation of PRAS40 from mTORC1 resulting in a reduced 
ability of PRAS40 to inhibit TORC1 [48, 49, 57]. This was proposed to be mediated through 
14-3-3 binding of the phosphorylated PRAS40 [57]. Thus, bypassing TSC2, AKT 
phosphorylates PRAS40 and prevents its ability to suppress mTORC1 downstream effectors. 
The inhibition of PRAS40 by AKT is conserved; in Drosophila, the PRAS40 ortholog Lobe 
regulates TORC1 signaling [97]. PRAS40 is in turn a substrate of mTORC1, and mTORC1 
mediated phosphorylation of PRAS40 S183, [50, 63] has been proposed to negatively 
regulate mTORC1 signaling by competing with 4EBP1 and S6K for interaction with Raptor. 
PRAS40 is a direct inhibitor of mTORC1 and antagonizes the activation of the mTORC1 by 
Rheb•GTP. However, constitutive mTORC1 signaling in TSC2 null mouse embryonic 
fibroblasts, in which AKT signaling is largely inhibited owing to a negative feedback 
mechanism (see below), indicates that hyperactive Rheb can overcome PRAS40 mediated 
inhibition of mTORC1 [48]. Thus, the AKT pathway might stimulate mTORC1 through two 
interconnected mechanisms: by activating Rheb and/or by inhibiting PRAS40. 

3.2. mTORC1 activation by nutrients 

3.2.1. hVps34 PI-3-P kinase and Rag GTPases 

It has long been known that mTORC1 signaling is strongly inhibited in cells under the 
conditions of nutrient deficiency and that the re-addition of amino acids to starved cells can 
strongly stimulate mTORC1 activity [22, 98]. However, the mechanisms by which amino 
acids convey signals to mTORC1 remain largely unknown. Earlier studies demonstrated 
that silencing expression of TSC1/2 confers resistance to amino acid deprivation, indicating 
that TSC1/2 is involved in the regulation of mTOR function by amino acids [90]. It has been 
suggested that branched-chain amino acids, (such as leucine), activate mTORC1 by 
inhibiting TSC1/TSC2 or stimulating Rheb [62]. Consequently, inhibition of Rheb binding to 
mTOR is critical for the inhibitory effect of amino acid withdrawal on mTOR signaling [99]. 
However, other studies do not support this idea. Thus, in TSC-null cells (that lack either 
TSC1 or TSC2), the mTORC1 activity remains sensitive to amino acid deprivation, 
suggesting that other than TSC2, additional mechanisms may also be involved in the 
regulation of mTOR by amino acids [100]. Although Rheb is required for the amino acid 
stimulation of mTORC1, starving of amino acids has no effect on GTP loading [99-102]. 
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Therefore, while there is a requirement for GTP-bound Rheb to induct of mTORC1 by amino 
acids, amino acids probably do not affect Rheb activity – indicating that regulation of Rheb 
does not stimulate mTORC1 in response to amino acids. 

Recently, Ste20-related kinase MAP4K3 (mitogen activated protein kinase kinase kinase 
kinase 3) and the class III PI3K hVps34 (human vacuolar protein sorting 34) were proposed 
to be activated by amino acid and be involved in the transduction of signals from amino 
acids to mTORC1 [103-107]. While the mechanism by which MAP4K3 regulates mTORC1 
remains unknown, a mechanism for hVPS34 was recently proposed (Figure 3). According to 
this proposed mechanism, amino acids induce an extracellular calcium influx that activates 
calmodulin, which in turn binds and activates hVps34 [108]. hVps34 then generates PI-3-
phosphate (PI-3-P) instead of the PI-3,4,5-tris-phosphate generated by type I PI3Ks [109], 
that somehow activates mTORC1. The mechanism also involves the formation of a 
calmodulin-hVps34-mTORC1 supercomplex. However, the regulation of mTORC1 by 
hVps34 is thought to be specific to mammalian cells because in flies Vps34 does not regulate 
TORC1 [106]. This is unexpected because regulation of TORC1 by amino acids is known as 
very conserved. Furthermore, in certain mammalian cells, amino acids appear to inhibit 
rather than activate mVps34 [110]. However, additional studies are needed to clarify the 
roles of these proteins in TORC1 activation.  

Most recent studies identified Rag GTPases as activators of mTORC1 by sensing amino acid 
signals [111, 112]. Rag-mediated activation of TORC1 still requires Rheb, indicating that, 
during amino acid signaling, Rag complexes act upstream of Rheb. Rag family members 
(Rag A-D) belong to the Ras superfamily of GTPases. They are unique in their ability to 
dimerize through long C-terminal extensions. In the presence of amino acids, the dimeric 
Rag complex, which consists of a Rag A/B monomer and a Rag C/D monomer, binds Raptor 
and transport mTORC1 to lysosomes, the same intracellular compartment that contains 
Rheb [36, 111, 112]. Rag complexes are recruited to the lysosomal membrane by the trimeric 
Ragulator complex [36], which contains the proteins MP1 (MEK partner 1), p14 and p18. The 
GTP-loading of Rag A/B appears to be regulated by amino acids, and binding to TORC1 is 
observed most robustly under nutrient-rich conditions – when Rag A/B is in the GTP-bound 
state and Rag C/D is in the GDP-bound state [111, 112]. This model answers the question 
why mTORC1 activity cannot be stimulated by growth factors in the absence of amino acids. 
It also explains why Rag GTPases are not able to activate mTORC1 activity in vitro [111]. 
mTORC1 can be fully activated only under the conditions of amino acids availability, Rab-
dependent mTORC1 translocation to a Rheb-containing compartment, and Rheb activated 
by growth factors. However, there are many key aspects that remain to be discovered, such 
as how branched amino acids are detected by Rag GTPases and the identification of the Rag 
guanine exchange factor (GEF). 

3.2.2. PLD joins to amino acids dependent mTORC1 regulation  

Several data evidence that phosphatidic acid (PA) is essential for mTORC1 activation. The 
main mechanism for generating PA is the hydrolysis of phosphatidylcholine (PC) by 
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phospholipase D (PLD). In mammals PLD exists as two isoforms (PLD1 and PLD2) 
possessing different mechanisms of regulation and subcellular distribution [113]. PLD1 is 
predominantly localized under steady-state conditions at the Golgi complex, endosomes, 
lysosomes and secretory granules, and is regulated by two major signaling categories: 
growth factors/mitogens like EGF, PDGF, insulin and serum that implicate tyrosine kinases, 
and the small GTPase proteins from Arf, Ral and Rho families. PLD2 is largely associated 
with lipid rafts on the membrane surface. [113]. Both PLD1 and PLD2 have a strong 
requirement for PIP2 as a co-factor [113]. It has been shown that PLD1 activation stimulates 
PLD2 by increasing levels of PIP2 (product of PA metabolic modifications) [114]. This makes 
more clear the involvement of both PLD1 and PLD2 in the mTORC1 activation. The 
generation of PA by PLD can be suppressed by primary alcohols (such as 1-butanol) 
through the transphosphatidylation reaction whereby inert phosphatidyl-alcohol is 
generated instead of PA. This reaction has been widely used to examine PLD significance, 
and several studies have demonstrated that the activation of mTOR was sensitive to 
primary alcohols. Thus, 1-butanol was able to block almost completely the serum-stimulated 
phosphorylation of mTOR downstream targets, S6K1 and 4E-BP1 [115]. From these findings, 
it can be asserted that PLD production of PA plays an essential role in the mTOR signaling 
pathway). In skeletal muscle, PA stimulated S6 kinase phosphorylation, and 1-butanol 
suppressed S6 kinase phosphorylation [116]. Nutrient-dependent multimerization of mTOR 
was also suppressed by 1-butanol [117]. Therefore, primary alcohols-dependent suppression 
of PLD activity has been shown to suppress mTORC1 signaling in several cell models [114]. 

Several laboratories have shown that mTORC1 is activated in response to exogenously 
supplied PA. For example, exogenously provided PA stimulated the activation of S6 kinase 
and phosphorylation of 4E-BP1 in cancer HEK293 cells. The effect of PA was sensitive to 
rapamycin [115, 118] and was dependent on the presence of amino acids [115]. Coexpression 
of TSC1/2 was shown to inhibit PA-dependent stimulation of S6K. This indicates that PA-
induced S6K activity is mediated through TSC1/2-mTOR signaling. PA was also shown to 
activate mTOR in macrophages in an Akt-dependent manner [119].  

In addition, several studies have explored the influence of PLD1 and PLD2 expression on 
mTORC1 activation. Particularly it was reported that PLD2 overexpression increases S6K 
phosphorylation in MCF7 cells [120]. Overexpression of PLD1 also stimulated S6K 
phosphorylation in rat fibroblasts [121]. siRNA-mediated knockdown of PLD1 blocked S6K 
phosphorylation in B16 melanoma cells, and suppression of either PLD1 or mTOR led to 
melanoma cells differentiation [122]. 

At the same time, up to date the precise mechanism of PA-dependent stimulation of mTOR 
signaling remains unclear. One possibility is that PA binds to mTOR at the FRB domain, the 
region where the rapamycin-FKBP12 molecule binds mTOR as well. This binding was 
specific for PA as other phospholipids were unable to bind the FRB with such specificity. It 
was hypothesized that the competition between the rapamycin-FKBP12 complex and PA for 
the FRB site may be one of the regulating factors in mTOR activation [115]. According to the  
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Figure 3. Nutrients regulation of mTORC signaling. mTORC1 could be activated by amino acids 
through few proposed molecular mechanisms. In the response to amino acid sufficiency Rag complex is 
recruited to the lysosomal membrane by the trimeric Ragulator complex which consists of MP1, p14 and 
p18 thereby allowing Rheb to activate mTORC1. Amino acids also induce an extracellular calcium 
influx that activates calmodulin, which in turn binds and activates hVps34 that generates PI-3-P, what 
leads somehow to the mTORC1 activation. One model puts PLD downstream of hVps34 suggesting 
hVps34(PI-3-P)-PLD-mTORC1 pathway mediating response to amino acids. According to this model 
nutrient activation of PLD requires interaction with small G proteins RalA and Arf6. In addition, several 
studies evidence that PLD probably via generation of PA contributes to the mTORC1 activation in 
response to the nutrient stimulation. Particularly, PA could compete with rapamycin-FKBP12 complex 
for the mTOR FRB domain binding or reduce the pH around mTOR. PLD2 has also been reported to 
form a functional complex with mTOR and Raptor through a TOS (TOR signaling) motif. It has also 
been proposed that branched-chain amino acids could activate mTORC1 by inhibiting TSC1/TSC2 or 
stimulating Rheb. 

other hypothesis the pH locally around mTOR is reduced by PA-generated PLD, which 
eventually promotes its kinase activity, or allows for interaction with yet unknown 
promoter substrates [114]. It was shown that PLD1 is an effector of the small GTPase Rheb 
(see above) within the mTORC1 signaling pathway [123, 124] (Figure 3). It was also reported 
that PLD2 forms a functional complex with Raptor and mTOR via a TOS (TOR signaling) 
motif in PLD2, and this interaction was essential for mitogen stimulation of mTORC1 [125]. 
More recently, dominant negative mutants of both PLD1 and PLD2 were able to suppress 
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the activation of mTORC1 [126]. Therefore, besides PA ability to activate mTORC1, there are 
several data indicating requirement of PLD itself for the activation of mTORC1. Very recent 
study provided additional evidence that nutrient stimulation of mTORC1 is dependent on 
PLD activity which in turn is activated by small GTPases RalA and Arf6 [127]. According to 
this study, amino acids dependent activation of PLD is mediated trough generated by Vps34 
PI-3-phosphate [127], that could interact with PX domains of PLD1 and PLD2 which are 
known to be critical for PLD activity [128]. This activation also requires PLD interaction with 
both RalA and Arf6. Interestingly, these small GTPases have been earlier shown to be 
implicated in both responding to nutrients and the stimulation of PLD activity. RalA is 
constitutively associated with PLD1, but does not activate PLD1 by itself. RalA contributes 
to the activation of PLD1 by recruiting ARF6, which does activate PLD1 activity, into 
RalA/ARF6/PLD1 complex. While it is still not clear how the presence of nutrients activates 
RalA and ARF6, the data provided in this study indicate that PLD is a key target of RalA 
and ARF6 for the stimulation of mTORC1. In concordance with these findings data from our 
lab evidence that expression of constitutively active Arf6 stimulates PLD activity which 
leads to the mTORC1 dependent phosphorylation of downstream targets 4E-BP1, S6K1 
kinase and its effector ribosomal protein S6 (rpS6). We also show that mTORC1 signaling 
stimulation contributes to the Arf6 promitogenic activity [129].  

3.3. Control of mTOR signaling in response to energy stress 

AMPK (the AMP-activated protein kinase, also known as PRKAB1) is activated under the 
low level of intracellular ATP and found in all eukaryotes. It was initially identified as a 
serine/threonine kinase that negatively regulates several key enzymes of the lipid anabolism 
[130]. At present, AMPK is considered to be the major energy-sensing kinase that activates a 
whole variety of catabolic processes in multicellular organisms such as glucose uptake and 
metabolism, while simultaneously inhibiting several anabolic pathways, such as lipid, 
protein, and carbohydrate biosynthesis (reviewed in [130]). AMPK is upregulated under 
energy stress conditions in response to nutrient deprivation or hypoxia when intracellular 
ATP level decreases and AMP increases [131]. In response, AMPK turns on ATP generating 
pathways while inhibiting ATP consuming functions of the cell [131]. AMPK functions as 
heterotrimeric kinase complex, which consists of a catalytic (α) subunit and two regulatory 
(β and γ) subunits. Upon energy stress, AMP directly binds to tandem repeats of 
crystathionine-β-synthase (CBS) domains in the AMPK γ subunit [132]. Since the ratio of 
AMP to ATP represents the most accurate way to precisely measure the intracellular energy 
level, both AMP and ATP are able to oppositely regulate the activity of AMPK. While AMP 
binding to the γ–subunit allosterically enhances AMPK kinase activity and prevents the 
dephosphorylation of T172 [133], ATP is known to counteract the activating properties of 
AMP [130]. Although ADP does not allosterically activate AMPK, it also binds to AMPK 
and enhances phosphorylation at T172 [134, 135]. The phosphorylation of the activation loop 
T172 is absolutely necessary for AMPK activation. At present, several AMPK-
phosphorylating kinases have been identified. In addition to the ubiquitously expressed and 
constitutively active kinase LKB1, Ca2+-activated Ca2+/calmodulin-dependent kinase kinase β 
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(CaMKKβ) [136] and transforming growth factor β-activated kinase-1 (TAK1) are both 
known as AMPK activators. Genetic and biochemical studies in worms, flies, and mice have 
identified the serine/threonine liver kinase B1 (LKB1) as major kinase phosphorylating the 
AMPK activation loop at T172 residue, under conditions of energy stress [130]. Within the 
TOR signaling pathway, LKB1 dependent activation of AMPK inhibit mTORC1 activity by 
two ways (Figure 4). Firstly, AMPK directly phosphorylates the TSC2 on S1387 and T1227 
[2, 64, 70, 87, 137, 138]. AMPK phosphorylation of TSC2 has also been reported to act as a 
primer for the phosphorylation and enhancement of TSC2 function by glycogen synthase 
3(GSK3). GSK3β dependent phosphorylation of TSC2 on S1341 and S1337 stimulates its 
GAP activity towards Rheb, leading to the inhibition of mTORC1 [138]. It is possible that 
GSK3β cooperates with AMPK to fully activate the GAP activity of TSC2. The second, TSC2 
independent mechanism by which AMPK can signal to mTORC1, [45] is a direct 
phosphorylation of Raptor at two highly conserved residues — S722 and S792. These 
phosphorylation events induce Raptor direct binding to 14-3-3 protein, which leads to a 
suppression of mTORC1 kinase downstream activity [45]. Therefore, mTORC1 itself serves 
as an AMPK substrate for inhibiting phosphorylation.  

3.4. mTOR signaling regulating by hypoxia 

mTOR signaling pathway is strictly regulated by hypoxia [139, 140], since the sufficiency of 
oxygen is also essential for cellular metabolism. Hypoxia inhibits mTORC1 signaling via 
multiple signal pathways, two of them being mediated through activation of the TSC1/TSC2 
complex (Figure 4). First, activation of AMPK by hypoxia can enhance TSC complex 
function. Particularly, it was shown, that brief hypoxia exposure prevents insulin-mediated 
stimulation of mTORC1 and phosphorylation of its targets p70S6K and 4E-BP1 [139]. Under 
these conditions mTOR suppression is mediated through a HIF1α (hypoxia-inducible factor 
1α)-independent pathway involving AMPK-dependent activation of TSC1/TSC2 [2, 87, 141]. 
Second way includes the upregulation of TSC1/TSC2 through transcriptional regulation of 
stress-induced protein REDD1 (Regulated in Development and DNA damage responses, 
also known as DDIT4 or RTP801) [142, 143]. This response is mediated in part through a 
mechanism that involves HIF1α, a transcription factor that is stabilized under hypoxic 
conditions and drives the expression of several genes, including REDD1. Induction of 
REDD1 can activate the TSC1/2 complex by competing with TSC2 for 14-3-3 proteins 
binding [142, 144]. Thus, increased REDD1 levels that occur following exposure to hypoxia 
prevent the inhibitory binding of 14-3-3 to TSC2 [144], which eventually leads to the 
inhibition of mTORC1 signaling. Therefore inhibitory effect of REDD1 on mTOR signaling 
seemed to be dependent on the presence of the TSC1/2 complex, but independent on the 
LKB1-AMPK signaling [142, 145, 146]. However, most recent studies proposed that hypoxia 
and the LKB1-AMPK signaling are highly interrelated at least in some type of cells [140]. In 
response to prolonged hypoxia, REDD1 expression was enhanced by AMPK activation, 
leading to the inhibition of mTOR pathway. Indeed, it was demonstrated that prolonged 
hypoxia induced ATP depletion and eventually activate AMPK [140]. Taken together, under 
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hypoxic stress, the inhibition of mTOR activity by REDD1 activation may be mediated either 
through AMPK-independent or -dependent mechanisms. 

Hypoxia may also downregulate mTORC1 through proteins that hinder the the Rheb–
mTOR interaction. The PMl (promyelocytic leukaemia tumour suppressor) has been found 
to bind mTOR during hypoxia and inactivate it via sequestration in nuclear bodies [147]. 
Likewise, the hypoxia-inducible proapoptotic protein BNIP3 (BCl2/adenovirus E1B 19 kDa 
protein-interacting protein 3) was found to regulate mTOR by direct association with Rheb 
[148]. (Reviewed in [149]).  

 

 
Figure 4. mTORC1 regulation in response to energy deprivation and hypoxia. Low cellular energy 
levels (conveyed by AMP) and hypoxia activate AMPK, which represses mTORC1 both through direct 
negative phosphorylation of TSC2 and through Raptor inhibition. LKB1, CaMKK and TAK1 are known 
as AMPK activators. AMPK- and GSK3β-mediated phosphorylation of the TSC1/2 complex positively 
regulates the GAP activity of TSC2 towards Rheb, abrogating its stimulative activity towards mTORC1. 
Under hypoxic stress, the inhibition of mTOR activity could be mediated by REDD1 either through 
AMPK-independent or -dependent mechanisms. Hypoxia-inducible proapoptotic protein BNIP3 is 
reported to regulate mTOR by direct binding to Rheb, while PML can binds mTOR and inactivate it 
through sequestration in nuclear bodies. 
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4. Signaling downstream of mTOR 

4.1. TORC1 regulates translation machinery 

The protein synthesis stimulation and the inhibition of autophagy are two mostly known 
biological outputs controlled by this pathway under the favorable conditions, such as 
nutrient and oxygen availability. By sensing the presence of growth factors and the 
sufficiency of nutrients, activated mTORC1 mediates the signals to various components of the 
translation initiation machinery through direct or indirect phosphorylation events [22]. 
Several data also evidence that mTOR regulates the synthesis of many classes of lipids (such 
as phosphatidylcholine, phosphatidylglycerol, and sphingolipids, unsaturated and saturated 
fatty acids) that are required for membrane biosynthesis and energy storage (For the detailed 
review see [150]. Since the best characterized effectors of mTOR signaling are proteins 
controlling the translational initiation machinery it is important to understand how mTORC1 
signal transduction pathways contribute to protein synthesis regulation (reviewed in [151]).  

The earliest identified and best-studied mTORC1 targets are S6K kinases (p70 ribosomal 
protein S6 kinase 1 and 2) and 4EBP1 (eIF4E binding protein 1); both proteins involved in 
the translation initiation process [152] (Figure 5A). Protein synthesis is one of the most 
energy consuming processes within the cell and translation rates are strictly regulated 
mostly through modification of the eukaryotic initiation factors (eIFs). In eukaryotes, several 
mRNAs are translated in a cap-dependent manner. The cap structure, m7GpppN (where N 
is any nucleotide), is present at the 5’ terminus of the majority cellular eukaryotic mRNAs 
(except those in organelles) [153]. The cap structure is bound by the eIF4F (eukaryotic 
initiation factor 4F) complex, which contains three initiation factors — the mRNA 5’ cap-
binding protein eIF4E, an ATP-dependent RNA helicase eIF4A and a large scaffolding 
protein eIF4G, which provides docking sites for the other proteins. Briefly, to assemble the 
eIF4F complex, eIF4E binds the 5′ cap and recruits eIF4G and eIF4A. eIF4A along with eIF4B 
acts to unwind the mRNA 5’ secondary structure to facilitate ribosome binding [153]. It is 
especially essential, since stable secondary structures are often found in the 5′ UTR of 
specific mRNA species, many of which encode proteins that are involved in promoting cell 
growth and proliferation, and significantly suppress their translation efficiency [154]. As the 
translation preinitiation complex is recruited near the 5′ end of mRNA, this requires the 
structured UTR to be ‘linearized’ — not only for the initial binding of the 40S ribosome but 
also for subsequent searching for the downstream initiation codon. Although eIF4A alone 
exhibits low levels of RNA helicase activity the last one is substantially stimulated by its 
regulatory cofactor, eIF4B. Thus, eIF4B enhances the affinity of eIF4A binding to ATP, 
which, in turn, increases the processivity of the eIF4A helicase function [155]. eIF4G recruits 
the small ribosomal subunit to the mRNA (and the poly(A)-binding protein, PABP) through 
the ribosome associated large multisubunit factor eIF3. As a result the assembly of the 48S 
translation preinitiation complex takes place, allowing for the ribosome scanning and 
translation initiation [22, 26]. The translation initiation factors and cofactors that are 
regulated by mTORC1 signaling include eIF4G, eIF3, eIF4B, eIF4E and 4EBP1, of which 
4EBP1 is considered to be the most well-known mTORC1 direct effector protein. 
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eIF4G serving as a modular scaffold for the translation preinitiation complex formation, is 
phosphorylated in response to growth factor stimuli at multiple sites, some of which are 
dependent on mTORC1. These sites are clustered in a hinge region of eIF4G that joins two 
structural domains, and it has thus been predicted that the modification might induce 
conformational changes in the protein that affect its activity [22]. Nevertheless, the precise 
molecular mechanism by which eIF4G phosphorylation regulates its function remains to be 
determined. Regulation of the mRNA cap binding protein eIF4E is mediated mainly in two 
ways, firstly, through phosphorylation at S209 in its C-terminus by MAP kinase signaling 
integration kinases 1 and 2 (Mnk1/2) [156] and, secondly, through the sequestration by 
small, heat stable phosphoproteins termed 4E-binding proteins, 4E-BPs [153] belonging to 
the 4E-BPs translation repressors family. One of these proteins, 4E-BP1 is a direct mTORC1 
phosphorylation target. In quiescent cells, hypophosphorylated 4EBP1 binds tightly to 
eIF4E. As 4EBP1 and eIF4G share the same eIF4E-binding motif 4EBP1 competes with eIF4G 
for an overlapping binding site on eIF4E, and prevents eIF4G from interacting with eIF4E. 
On mTORC1 activation, hyperphosphorylated 4EBP1 dissociates from eIF4E, allowing for 
the recruitment of eIF4G and eIF4A to the 5’ end of an mRNA. Thus, the effects of 4E-BP1 on 
protein translation are not limited to switching ‘off ’ or ‘on’ protein synthesis; they can also 
alter the range of nascent proteins by mediating a switch between cap-dependent and cap-
independent translation. Indeed, during specific stress conditions, such as nutrient 
depletion, hypoxia or metabolic stress, the cell can reduce the activity of mTORC1, resulting 
in the cessation of cap-dependent translation and the concomitant promotion of cap-
independent translation of essential pro-survival factors. Rapamycin inhibits mTORC1-
dependent 4E-BP1 phosphorylation, stimulating the interaction between eIF4E and 4E-BP1, 
what leads to cap-dependent translation inhibition [157].  

Control of the 4E-BPs by mTOR 

Upon the stimulation (by growth factors, mitogens and hormones), human 4E-BP1 is 
phosporylated at 7 sites, 4 of which are involved in mTOR signaling [157, 158]. These are 
T37, T46 and T70, and S65. The 4E-BP1 phosphorylation is proceeded in a hierarchical 
manner (first T37 and T46, then T70 and last S65) [157]. S65 and T70 are located near the 
eIF4E-binding site. Often phosphorylation of these residues is stimulated by insulin in a 
rapamycin-sensitive manner. Some data evidence that phosphorylation of S65 is required 
for release of eIF4E from 4E-BP1, however the role of phosphorylation of this site is unclear 
[159]. Molecular dynamics findings [160] and earlier biophysical data suggest that 
phosphorylation of S65 and T70 is insufficient to bring about release from eIF4E. 
Phosphorylation of both S65 and T70 depends upon the prior phosphorylation of the N-
terminal threonines, and modification of T46 is considered to be essential for 
phosphorylation of T37 [157, 161]. The phosphorylation of T70 and S65 in human 4E-BP1 
depends upon a further site, S101 [162]. The phosphorylation of the N-terminal threonin 
residues in 4E-BP1 depends upon a certain sequence in the N-terminus, which includes the 
Arg-Ala-Ile-Pro (‘RAIP’ motif) [91, 163]. This phosphorylation is not significantly influenced 
by TOS motif inactivation and according to some data is rather insensitive to rapamycin 
[158]. This suggests that it could be mediated independently of mTORC1. However, several 
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data evidence that phosphorylation is mediated by mTORC1: (i) it is inhibited by starvation 
of cells for amino acids; (ii) it is activated by Rheb; (iii) it is suppressed by TSC1/2; (iv) it is 
sensitive to inhibitors of the kinase activity of mTOR and (v) it is decreased in cells in which 
mTOR levels have been knocked down [158]. Therefore, further study of this process needs 
to clarify the molecular mechanisms of mTOR downstream signaling. 

Control of the S6Ks by mTOR 

Another important target of mTORC1 is the S6 kinases family, including S6K1 and S6K2. 
Ribosomal protein S6 (rpS6) is highly phosphorylated protein containing at least five 
phosporylating sites in its C-terminus. There are two main classes of protein kinases which 
are responsible for rpS6 phosphorylation in vitro, namely the p70 S6 kinases (S6Ks) and the 
p90 ribosomal protein S6 kinases, also known as RSKs [164, 165], (reviewed in [151]). The 
observed sensitivity of rpS6 to rapamycin lead to the speculation that S6K are responsible 
for rpS6 phosphorylation as their activation is mediated by mTOR. Unlike S6Ks, the RSKs 
are not influenced by rapamycin since they are known to be activated through the classical 
MAP kinase (ERK) pathway (see below). There are two similar S6 kinase proteins, S6K1 and 
S6K2, in mammals [166], which show 70% of amino acid homology. Each p70S6K gene 
encodes two distinct proteins due to alternative splicing of the mRNAs. Several data 
confirm that activation of both the S6K1 and S6K2 are regulated by mTORC1 [118, 167, 168]. 
S6K1, which was discovered earlier than S6K2, is ubiquitously expressed and appears to be 
more critical for the control of cell growth. S6K1 can be activated by a wide variety of 
extracellular signals and is known as the major rpS6 kinase in mammalian cells and key 
player in the control of cell growth (cell size) and proliferation [169, 170].  

Earlier it was thought that activated S6K1 regulates translation of a class of mRNA 
transcripts that bear a 5’-terminal oligopolypyrimidine (5’-TOP). Particularly, it was shown 
that S6K1 phosphorylates eIF4B on S422, which is located in the RNA binding region that is 
necessary for promoting the helicase activity of eIF4A [171]. Few data indicate that eIF4B 
phosphorylation by S6K1 is both sufficient and necessary for its recruitment to the 
translation preinitiation complex [172]. However, there are also some data that disprove this 
model. In S6K1/2–/– cells, 5’-TOP mRNA translation is intact and still rapamycin-sensitive 
[173]. These results are in concordance with earlier data showing that mitogenic-stimulated 
or amino acid dependent 5’-TOP mRNAs translation is dependent on PI3K mediated 
signaling, and does not require S6K1 activity and ribosomal protein S6 phosphorylation 
[174, 175]. Instead, a role for the S6 kinases in controlling the cell size has been suggested as 
deletion of S6K leads to animal size decrease [173]. Studies performed on ‘knock-in’ mice in 
which all sites phosphorylated by the S6 kinases were mutated also indicated a role for S6 
phosphorylation in cell growth [176]. These knock-in cells still demonstrated faster rates of 
protein synthesis at the same time being decreased in size. This could be explained by 
elevated access of the S6K to other substrates involved in translation, such as eIF4B and 
eEF2 kinase (see below) [151].  

Another pool of data connecting S6K1 activity and translation initiation occurs from the 
study of potential tumor suppressor, Programmed cell death 4 (PDCD4) protein (Figure 
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5A). PDCD4 binds to eIF4A and is thought to inhibit its helicase activity [177]. PDCD4 is 
also thought to prevent eIF4A from incorporating into the eIF4F complex by competing with 
eIF4G for eIF4A binding [178]. S6K1 phosphorylates PDCD4 on S67 in response to growth 
factor stimulation resulting in its subsequent degradation through the ubiquitin ligase 
βTrCP101. Therefore, S6K1-dependent phosphorylation of PDCD4 prevents the inhibitory 
effect of PDCD4 towards eIF4A helicase function within the eIF4F complex. 

Recent data give new evidence on interconnection of the mTOR/S6K1 pathway and translation 
preinitiation complex assembly [172, 179]. Under the poor growth conditions, S6K1 but not 
mTORC1 binds with multisubunit initiation factor eIF3 that was identified as a dynamic 
scaffold for mTORC1 and S6K1 binding [172] (Figure 5B). Upon growth factors or nutrients 
availability, the mTORC1 is recruited to eIF3 and phosphorylates S6K1. Based on polysome 
analysis and cap-binding assays, it is thought that the mTORC1–eIF3 complex associates with 
the mRNA 5′ cap, bringing mTORC1 into proximity with 4EBP1. Phosphorylation of S6K1 at 
T389 leads to its dissociation from eIF3. T389-phosphorylated S6K1 binds to PDK1 (Figure 5A), 
which phosphorylates S6K1 at T229. The fully activated S6K1 is able to phosphorylate eIF4B 
and S6. Phosphorylation of eIF4B by S6K1 at S422 promotes its association with eIF3 [172, 180]. 
The interaction of mTOR with eIF3 also strengthens the association between eIF4G and eIF3 
[181]. Described interactions cooperate to enhance the assembly of translation initiation 
complex and facilitate cap-dependent translation.  

The S6 kinases are activated by phosphorylation at multiple sites. Several of them lie within 
the C-terminus, while two others lay immediately C-terminal to the catalytic domain. One of 
these, T389 in the shorter form of S6K1, which is located at a hydrophobic motif 
carboxyterminal to the kinase domain, is directly phosphorylated by mTOR as part of the 
mTORC1 complex [182, 183]. Phosphorylation here is required for the consequent 
phosphorylation of S6K1 by PDK1 at a T229 in the activation loop of the catalytic domain. 
Phosphorylation at T229 allows full activation of S6K1. S6K2 is likely regulated in a similar 
manner. Both S6K1 and 2 contain a TOS motif within their N-terminus region, which interacts 
with Raptor, promoting phosphorylation of S6Ks by mTORC1 [184]. The phosphorylation 
within the C-terminal region seems to open access to the sites T389/T229, phosphorylation of 
which provides the complete activation. It is not known exactly which kinase is responsible for 
C-terminal phosphorylation sites. Nevertheless mTOR also indirectly contributes to the 
phosphorylation of the C-terminal sites. A motif RSPRR exists in this region probably plays a 
significant role in the inhibitory effect of the C-terminal region. It has been speculated that a 
negative S6K1 regulator binds S6K via this motif and that mTOR could broke this binding 
[184]. The C-terminal region of S6K1 also determines whether S6K1 can be phosphorylated by 
mTORC2. Mutant S6K1 with deletion of this region is a substrate for mTORC2 [185]. Some 
data indicate that for S6K1 activation, mTOR can directly phosphorylate S371 in vitro, and this 
event modulates T389 phosphorylation by mTOR [186, 187]. 

In addition to the discussed above mTORC1 targets, S6Ks and 4E-BP1, both of which 
modulate translation initiation, mTOR signaling also regulates the translation elongation 
process through the phosphorylation of eukaryotic elongation factor 2 (eEF2). eEF2 is a GTP 
binding protein that mediates the translocation step of elongation [188]. eEF2 is 
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phosphorylated at T56 within the GTP-binding domain and this phosphorylation impedes its 
ability to bind the ribosome, thus inhibiting its function [188, 189]. Insulin and other stimuli 
induce the dephosphorylation of eEF2, and this effect is blocked by rapamycin, indicating 
that this effect is also mediated through mTOR [190]. The eEF2 phosphorylation function is 
attributed to a highly specific enzyme called eEF2 kinase (eEF2K) [190]. Phosphorylation of 
eEF2 at T56 by eEF2 kinase impedes the eEF2 binding of to the ribosome and the 
translocation step of the elongation [188]. The calcium/calmodulin-dependent protein kinase 
eEF2K is an atypical enzyme since the sequence of its catalytic domain differs substantially 
from that of other protein kinases, and it is not a member, e.g., of the main Ser-Thr-Tyr kinase 
superfamily [191]. The C-terminal half of the eEF2K polypeptide contains several sites of 
phosphorylation including the binding site for the substrate eEF2 at the C-terminus [192]. 
mTOR negatively regulates eEF2 kinase and consequently activates eEF2. mTOR is 
considered being able to phosphorylate 3 sites, as was determined by their rapamycin- and/or 
amino-acid starvation sensitivities [188, 193]. S366 in the C terminus of the catalytic domain 
has been identified as the site being phosphorylated by S6K and by p90RSK [190]. The 
phosphorylation at S359 has been shown to be also regulated in a rapamycin-sensitive 
manner in response to insulin-like growth factor 1 (IGF1) and inactivates eEF2K [194], but the 
kinase responsible for this phosphorylation remains to be determined. Recently, a novel 
phosphorylation site located immediately adjacent to the CaM-binding site in eEF2K that is 
regulated markedly in response to insulin in an mTOR dependent manner has been 
identified. This site (S78) is not known to be phosphorylated by any known protein kinase in 
the mTOR pathway. Phosphorylation at this third site also causes the inactivation of eEF2 
kinase, in this case by inhibiting the binding of CaM, which binds immediately C-terminal to 
S78 [193]. eEF2K is thought to be a target of signaling from mTOR independently of other 
known targets of this pathway, which implies the existence of a novel (probably mTOR-
controlled) protein kinase that could acts upon S78 in eEF2K. These data provide a molecular 
mechanism by which mTOR could regulate peptide chain elongation. 

Since the protein synthesis depends on the amount of ribosomes and transfer RNAs (tRNAs) 
it is important to know that mTOR signaling also contributes to the regulation of tRNA 
production, promotion of rRNA synthesis and ribosome biogenesis. Thus mTOR signaling 
tightly regulates transcription of ribosomal RNAs (rRNAs) and tRNAs by RNA polymerases 
I and III [195]. mTOR can associate with general transcription factor III C (TFIIIC) and 
relieve its inhibitor Maf1, leading to increased tRNA production. mTORC1 activity also 
promotes association between transcription initiation factor 1A (TIF-1A) and polymerase I 
(PolI), thereby promoting rRNA synthesis [35]. The activity of several other transcription 
factors, such as signal transducer and activator of transcription-1 and -3 (Stat-1 and Stat-3) is 
also suggested to be regulated by mTORC1-mediated phosphorylation in a rapamycin-
sensitive manner [196]. 

4.2. TORC1-mediated repression of autophagy 

Autophagy is a lysosomal-dependent cellular degradation process that generates nutrients 
and energy to maintain essential cellular activities upon nutrient starvation. A term  
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Figure 5. mTORC1 downstream signaling and translation regulation.  
A. mTOR phosphorylates two major targets: 4E-BP1 and S6Ks. Hypophosphorylated 4E-BP1 binds 
tightly to eIF-4E, thereby preventing its interaction with eIF-4G and thus inhibiting translation. 
Phosphorylated 4E-BP1 is released from eIF-4E resulting in the recruitment of eIF-4G to the 5′-cap, 
and thereby allowing translation initiation to proceed. Phosphorylation of p70S6K stimulates its activity 
towards several substrates, including 40S ribosomal protein S6, translation initiation factor eIF-4B, 
elongation factor kinase eEF2K, and PDCD4 protein. Following S6K-mediated phosphorylation, eIF-4B 
is recruited to the translation pre-initiation complex and enhances the RNA helicase activity of eIF-4A. 
S6K1dependent phosphorylation of PDCD4 prevents its inhibitory effect towards eIF-4A helicase. 
mTORC1 also contributes to the translation elongation through the regulation of eEF2. mTOR 
negatively regulates eEF2 kinase (either directly or via p70S6K activation) and thereby activates eEF2. 
mTOR signaling also contributes to the regulation of tRNA production, promotion of rRNA synthesis 
and ribosome biogenesis activating TFIIIC and promoting the association between transcription 
initiation factor 1A and polymerase I respectively.  
B. In the absence of extracellular stimuli, S6K1 is associated with eIF3 while 4E-BP1 binding to eIF-4E 
prevents its interaction with eIF-4G and thus inhibiting translation. In response to extracellular stimuli, 
such as growth factors or nutrients, the mTOR complex is recruited to eIF3 to phosphorylate S6K1 and 
4E-BP1. Phosphorylation and activation of S6K1 leads to its dissociation from eIF3. Activated S6K1 then 
phosphorylates eIF4B and S6. Phosphorylation of eIF-4B 2 promotes its association with eIF3. mTOR 
also stimulates the association between eIF3 and eIF-4G. 
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autophagy appeared from Greek “auto” (self) and “phagy” (to eat), refers to an 
evolutionarily conserved, multi-step lysosomal degradation process in which a cell degrades 
long-lived proteins and damaged organelles. Three forms of autophagy have been 
identified, namely macroautophagy, microautophagy and chaperone-mediated autophagy 
that differ with respect to their modes of delivery to lysosome and physiological functions 
[197]. Macroautophagy (hereafter autophagy) is the major regulated catabolic mechanism 
that involves the delivery of cytosolic cargo sequestered inside specific intracellular double-
membrane vesicles, called autophagosomes to the lysosomal compartment and subsequent 
fusion with lysosomes to form single-membrane-bound autophagolysosomes, in which the 
sequestered material is degraded by acidic lysosomal hydrolases. On one hand, autophagy 
is crucial for cell survival under extreme conditions through degradation of intracellular 
macromolecules, which provides the energy required for minimal cell functioning when 
nutrients are deprived or scarce. Also, autophagy-mediated elimination of altered cytosolic 
constituents, such as aggregated proteins or damaged organelles, preserves cells from 
further damages, indicating that autophagy plays a protective role in early stages of cancer 
[198]. On the other hand, autophagy plays a death-promoting role as type II programmed 
cell death (type II PCD), compared to apoptosis (type I PCD), as a bona fide tumor 
suppressor mechanism in cancer [199]. 

The ability of mTORC1 to regulate autophagy is as highly conserved as well as the process 
of autophagy itself. AMPK has been indicated as a main upstream regulator of mTORC1 
mediated autophagy inhibition.  

The mechanism by which TORC1 negatively regulates the autophagic machinery has first 
been described in yeast. Genetic screenings for autophagy defective mutants led to the 
identification of more than 30 essential autophagy-related genes (Atg).These proteins can be 
classified into several groups depending on their function and interdependency. Most 
upstream is a protein complex that comprises the serine/threonine kinase Atg1, as well as 
two accessory proteins Atg13 and Atg17. In mammals, two homologs of Atg1, 
uncoordinated 51-like kinase 1 (ULK1) and ULK2 have been identified. Accumulating 
evidence suggests that ULK1 is a key regulator of autophagy initiation. ULK1 is directly 
phosphorylated by TORC1 [200-202]. Recently, it has also been shown that mTORC1-
mediated phosphorylation of ULK1 impairs its activation by AMPK and results in an overall 
decrease in autophagy [203]. ULK1 and ULK2 are found in a stable complex with 
mammalian autophagy-related protein 13 (mAtg13), the scaffold protein FAK-family 
interacting protein of 200 kDa (FIP200) [204] [201] and Atg101, an additional binding partner 
of Atg13 that has no ortholog in yeast [205]. In contrast to yeast, the composition of this 
complex does not change with the nutrient status. Several data evidence that the 
phosphorylation status within the Ulk1/2-Atg13-FIP200 complex dramatically changes with 
the nutrient availability. Under rich growth conditions, mTORC1 associates with the Ulk1/2-
Atg13-FIP200 complex, via direct interaction between Raptor and Ulk1/2 (37). The active 
mTOR phosphorylates Atg13 and Ulk1/2 [201], thereby downregulating Ulk1/2 kinase 
activity and suppressing autophagy (Figure 6). In response to starvation, the mTORC1-
dependent phosphorylation sites in Ulk1/2 are rapidly dephosphorylated by yet unknown 
phosphatases, what stimulates Ulk1/2 autophosphorylation and phosphorylation of both 
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Atg13 and FIP200. Several serine and threonine residues in human Ulk1 whose 
phosphorylation was decreased after starvation have been recently identified from which 
S638 and S758 have been proposed to be most probable mTORC1 negative phosphorylation 
sites [203, 206]. Ulk1/2 autophosphorylation and following FIP200 and Atg13 
phosphorylation in turn leads to translocation of the entire complex to the pre-
autophagosomal membrane and to autophagy induction [200, 201, 205]. However, the 
functional relevance of Ulk1/2-mediated phosphorylation of Atg13 and FIP200 for this 
recruitment and the relevant phosphorylation sites has not been verified yet. Interestingly, 
another Ulk1-dependent phosphorylation site in human Atg13 (S318) has been identified 
recently [207]. The authors of that study could show that the Hsp90-Cdc37 chaperone 
complex selectively stabilizes and activates Ulk1. 

 
Figure 6. mTORC1 downstream signaling and autophagy regulation. Ulk1 and Ulk2 form a stable 
complex with Atg13, FIP200 and Atg101. Under fed conditions mTORC1 phosphorylates Ulk1/2 and 
Atg13, thereby inhibiting the Ulk1/2 kinase activity and complex stability. In response to starvation, the 
mTORC1-dependent phosphorylation sites in Ulk1/2 are rapidly dephosphorylated, and Ulk1/2 
autophosphorylates and phosphorylates Atg13 and FIP200 resulting in translocation of the entire 
complex to the pre-autophagosomal membrane and autophagy induction. Alternatively, Ulk1/2 is 
phosphorylated by AMPK and thereby activated. In addition, AMPK indirectly leads to the induction of 
autophagy by inhibiting mTORC1 through phosphorylation of Raptor or TSC2. 

In yeast, autophagosomes originate from a single preautophagosomal structure. Although 
an equivalent structure seems to be absent from mammalian cells, a special subdomain in 
the endoplasmic reticulum (ER) termed the “omegasome” has been suggested as a putative 
origin of autophagosomes. This structure is enriched in PI(3)P, a product of the 
phosphatidylinositol 3-kinase (PI3K). A hierarchical analysis of the mammalian Atg proteins 
could recently confirm the recruitment of Ulk1 proximal to these omegasomes [208]. The 
translocation of Ulk1, presumably in a complex with Atg13 and FIP200, is the initial step of 
autophagosome biogenesis and is completely abrogated in FIP200–/– cells [208]. The 
subsequent recruitment of the PI3K depends on Ulk1 and its kinase activity [208]. Recently, 
two groups found evidence for the mechanism by which Ulk1 and Ulk2 in turn negatively 
regulate mTORC1 signaling. Particularly, the phosphorylation of Raptor at numerous sites 
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was strongly enhanced after overexpression of Ulk1. Interestingly, one of these residues 
(T792) is the abovementioned effector site through which AMPK negatively regulates 
mTORC1 activity [45]. The multiple Ulk1-dependent phosphorylation of Raptor either 
results in direct inhibition of mTORC1 kinase activity [209], or interferes with Raptor-
substrate interaction [210], thus finally leads to reduced phosphorylation of mTORC1 
downstream targets. 

Apart from mTOR, Ulk1/2 is phosphorylated (probably on S317 and S777 or S555 according 
to different studies) by AMPK under glucose starvation and thereby activated [112, 203, 211, 
212]. Under nutrient sufficiency phosphorylation of ULK1 S758 by active mTORC1 disrupts 
ULK1 interaction with, and hence activation by, AMPK [203]. Although the data concerning 
the role of ULK1/2 certain sites phosphorylation is rather discrepant it is clear that in 
mammals, phosphorylation of ULK1 by AMPK is strongly required for ULK function in the 
response to nutrient deprivation. Therefore, AMPK could control ULK1 via a two-pronged 
mechanism, ensuring activation only under the appropriate cellular conditions – firstly, by 
direct phosphorylation and secondly, by suppression of mTORC1-mediated ULK1 
inhibition [212]. Several studies demonstrated that Ulk1 in addition directly interferes with 
mTORC1 downstream signaling and negatively regulates S6K1 activity, both in Drosophila 
and mammalian cells [213]. Taken together these data evidence that mTOR subnetwork 
occupy the key position in autophagic pathways.  

5. Signaling up and downstream of mTORC2 

In contrast to mTORC1, very little is known about the upstream regulation of TORC2. 
Rapamycin–FKBP12 complex does not bind directly to mTORC2, but long-term rapamycin 
treatment disrupts mTORC2 assembly in ~20% of cancer cell lines through an unknown 
mechanism [56]. It remains to be determined why rapamycin-mediated inhibition of 
mTORC2 assembly only occurs in certain cell types. One hypothesis suggests that some 
mTORC2 subunits could prevent the binding of rapamycin/FKBP12 complex to the mTOR 
FRB domain by the competing mechanism (reviewed in [62]). However, there are no enough 
data to support this model. 

It seems that mTORC2 is activated in response to growth factors but is insensitive to 
nutrients and energetic stress, [214]. Thus, like TORC1, TORC2 can be stimulated by growth 
factors through PI3K [3]. Consequently, treatment with PI3K inhibitors can inhibit TORC2-
mediated target phosphorylation [85]. Thus it was suggested that mTORC2 lies downstream 
of PI3K signaling [85]. Rheb which is known as a key upstream activator of mTORC1 
showed negative and indirect effect on the regulation of mTORC2 both in Drosophila and 
mammalian cells [59]. Some data pointed on TSC1-TSC2 function in mTORC2 regulation 
[92]. Moreover, the TSC1/TSC2 complex was found to physically associate with mTORC2, 
but not with mTORC1. The molecular mechanism through which the TSC1/TSC2 complex 
promotes mTORC2 activation is unclear. It is also currently unknown whether some 
pathways that regulate TSC1/TSC2 ability to inhibit mTORC1, also influence on mTORC2 
activation. 
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The best-characterized target of mTORC2 is AKT, which is phosphorylated at S473 upon 
TORC2 activation [53, 58, 85]. Numerous studies attempted to identify the crucial kinase(s) 
(often referred to as PDK2) responsible for the phosphorylation of S473 in Akt. Several 
enzymes are in the candidate list, including PDK1, integrin-linked kinase (ILK), Akt itself, 
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and mTORC2 [215]. Since 
mTORC2 complex fulfills the role of the Akt S473 kinase, mTORC2 has been identified as 
the PDK2 [85]. Akt is a member of the AGC kinase family (see above), which also includes 
S6Ks, serum glucocorticoid-induced protein kinase (SGKs), RSKs, and PKCs [62, 216]. 
mTORC2 has been shown to phosphorylate AKT, SGK and PKC [85]. mTORC2 seems to 
regulate Akt by phosphorylation of its two different sites. The mTORC2-mediated Akt 
hydrophobic motif phosphorylation on the regulatory S473 site is dependent on growth 
factor signaling, whereas a basal activity of mTORC2 maintains the constitutive 
phosphorylation of Akt on T450 site in its turn motif [217]. This difference indicates that 
phosphorylation of the T450 and S473 sites on Akt by mTORC2 are separate events and 
might take place at different locations. It has been proposed that translocation of Akt to the 
plasma membrane coupled with its phosphorylation on T308 and S473 is a critical step in 
activation of Akt by growth factor signaling [217]. Phosphorylation of AKT on S473 
enhances the activation phosphorylation motif at T308, which is absolutely required for 
AKT activity. 

The major functions of mTORC2 include the regulation of cytoskeletal organization and the 
promotion of cell survival. If the last one is mediated apparently through AKT activation, 
the mechanisms, which realize mTORC2 function in cytoskeletal reorganization, are not 
obvious. Paxillin, which functions as a docking protein, localizing to the focal adhesions of 
adherent cells [218] has been shown to be highly phosphorylated at Tyr118. Knockdown of 
mTORC2 inhibited the phosphorylation of paxillin [3]. Rho, Rac and Cdc42, three best-
characterized members of the Rho family of small GTPases, were demonstrated to be 
involved in actin cytoskeleton assembly and disassembly [219]. It was reported that 
mTORC2 may function as upstream regulator of Rho GTPases to regulate the actin 
cytoskeleton [3].  

Interestingly, the TORC2-mediated activation of AKT places TORC2 upstream of TORC1 in 
the TOR signaling cascade. A most recent publication has highlighted a role for ribosomes in 
the activation of TORC2 [38]. The authors have found that active mTORC2 was physically 
associated with the ribosome, and insulin-stimulated PI3K signaling promoted mTORC2-
ribosome binding. Interaction of mTORC2 with NIP7 (nuclear import 7, a protein 
responsible for ribosome biogenesis and rRNA maturation) was shown to be required for 
full activation of mTORC2 by insulin. Noteworthy, inhibition of protein translation had no 
effect on mTORC2 activation, supporting the notion that mTORC2 is activated by the 
ribosome, but not translation. Ribosome associated mTORC2 displays kinase activity 
toward AKT in vitro. Inhibition of PI3K activity blocks the interaction between the ribosome 
and mTORC2, as well as inhibits mTORC2 activation in response to insulin, confirming that 
NIP7-ribosome assembly activates mTORC2 downstream from PI3K. It appears that the 
mTORC2 components, Rictor and/or Sin1, which are not found in mTORC1, interact with 
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the 60S subunit of ribosome. Interestingly, another study [220] has also recently reported the 
association of mTORC2 with the ribosome and proposed that the ribosomal association is 
important for the cotranslational phosphorylation of the AKT turn motif. These findings are 
coherent with very recent data that point on endoplasmic reticulum (ER), the cellular 
organelle highly enriched with ribosomes, as a major compartment of mTORC2 localization. 
Moreover, the signaling from growth factor does not change the ER localization of mTORC2 
as well as its translocation to the plasma membrane. Besides it was suggested that the 
mTORC2-dependent phosphorylation of Akt on S473 occurs on the surface of ER [37]. These 
observations raise many interesting questions regarding the regulation of TORC2 and its 
ribosomal interactions, but it also indicates that additional levels of interplay between 
TORC2 and TORC1 may exist, as both complexes are linked to the process of ribosome 
biogenesis. 

6. Crosstalk of mTORC1/2 and major cytokine signaling pathways 

6.1. mTORC1/2 and Ras-MAP kinases pathways 

Ras-Erk-RSKs 

In addition to the PI3K–Akt pathway, activation of Ras-MAPK signaling can also stimulate 
mTORC1 activity. The Ras–mitogen-activated protein kinase (MAPK) pathway is a key 
signaling pathway that is involved in the regulation of normal cell proliferation, survival, 
growth and differentiation. This pathway includes the whole number of kinases, being 
regulated through phosphorylation in consecutive order. The Ras–MAPK signaling network 
has been the subject of intense research because mutations in (or overexpression of) many of 
the signaling components from this pathway are a hallmark of several human cancers and 
other human diseases [221]. The Ras–ERK (extracellular signal-regulated kinase-1 and -2) 
pathway has an established role in regulating transcription [222], but a connection between 
this pathway and translational regulation is less clear. Over the past few years, mitogen 
activated Ras–ERK pathway has been shown to trigger the activation of mTORC1 signaling. 
This is mediated by ERK and RSK dependent phosphorylations of TORC1 pathway 
components. 

p90RSKs (also known as MAPKAP kinase 1 (mitogen-activated protein kinase-activated 
protein) kinase-1) are a family of Ser/Thr kinases that lies downstream of the Ras–MAPK 
cascade and has overlapping substrate specificity with Akt. The RSK isoforms are directly 
activated by ERK1/2 in response to growth factors, many polypeptide hormones, 
neurotransmitters, chemokines and other stimuli. RSKs phosphorylate several cytosolic and 
nuclear targets and they are involved in the regulation of different cellular processes, including 
cell survival, cell proliferation, cell growth and motility. Following the stimulation of cells with 
growth factors, RSKs are phosphorylated at multiple Ser and Thr residues by several kinases; 
these phosphorylation events are directly or indirectly initiated by the activation of the 
ERK/MAPK cascade [223]. Six different phosphorylation sites have been mapped in RSK1/2 
(and are conserved in RSK3/4), of which four have been shown to be important for their activity 
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(S221, S363, S380 and T573 in human RSK1). Following mitogen stimulation, ERK1/2 
phosphorylates T573 at the C-terminal domain (CTKD) activation loop of RSK, resulting in 
CTKD activation. ERK1/2 might also phosphorylate S363 (the turn motif) and T359 (unknown 
function) in the RSK linker region. The activated CTKD of RSK then autophosphorylates S380 in 
the hydrophobic motif, creating a docking site for PDK1. After binding, PDK1 phosphorylates 
the NTKD activation loop S221, leading to the complete activation of the protein and following 
phosphorylation of the substrates by the NTKD. The NTKD also phosphorylates S749 in the 
CTKD domain of RSK, differentially modulating the interaction of RSK isoforms with ERK1/2 
and thereby completing a sequence of coordinated phosphorylation events and protein–protein 
interactions that culminate in RSK activation and downstream signaling throughout the cell 
[224]. Other factors that have been shown to be involved in the activation of RSK include the 
p38 MAPK, the ERK5 MAPK and fibroblast growth factor receptor-3 (FGFR3). RSK was found 
to phosphorylate TSC2 at the C-terminus S1798 [225] and, to a lesser extent, the two conserved 
Akt sites (S939 and T1462) and inactivates its suppressor function, thereby promoting mTOR 
signaling and translation (Figure 7). RSK mediated phosphorylation of TSC2 is additive to AKT 
mediated inhibitory modifications of TSC2, but how these phosphorylation events lead to TSC2 
inhibition remains unclear. 

Erk1/2 kinase itself also impacts the mTORC1 regulation. Thus, a number of additional sites 
on TSC2 were found to be weakly induced by PMA [89], including an ERK consensus site 
S664. This site, and a second site on TSC2, S540, was independently found to be directly 
phosphorylated by ERK and to contribute to ERK-mediated activation of mTORC1 signaling 
[226]. Strikingly, phosphorylation of S540 and/or S664 by ERK was found to disrupt the 
association between TSC1 and TSC2. This effect was also detected following 
phosphorylation of the TSC1/TSC2 complex in vitro, suggesting that it is direct and does not 
require other proteins.  

In addition, it was recently shown that RSK also directly impacts the mTORC1 complex 
phosphorylating Raptor, and thereby promotes mTORC1 kinase activity [46]. RSK 
phosphorylates at least two evolutionarily conserved Raptor serine residues that lie within a 
region with no homology to known functional domains. Whereas S721 lies within a classical 
RSK consensus sequence (RXRXXpS/T), S719 is located within a minimal phosphoacceptor 
sequence (RXXpS) that was found to be sufficient in other RSK substrates, such as DAPK, c-
Fos, and CREB. Although the underlying molecular mechanism of this was not fully 
defined, this study provided new insights into Ras–ERK signals to mTORC1. As tumor 
promoting phorbol esters and some growth factors activate mTORC1 signaling 
independently of AKT, phosphorylation of Raptor by RSK might provide a mechanism to 
overcome the inhibitory effects of PRAS40 inhibitory phosphorylation of TSC2 at S664 and 
S1798, respectively [89, 226, 227]. Collectively, these data suggest that ERK signaling 
activates mTORC1 through multisite phosphorylation events by both ERK and its 
downstream target RSK. 

Erk1/2-RSK pathway also contributes to the mTORC1 downstream signaling, this includes 
RSK dependent in vivo and in vitro phosphorylation of eukaryotic translation initiation 
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factor-4B (eIF4B) and rpS6 [180]. Although early studies indicated S6K1 and S6K2 as the 
major rpS6 kinases in somatic cells [228, 229], the role of RSK in regulating site-specific rpS6 
phosphorylation and translation in somatic cells has been recently readdressed [230]. 
Particularly, in vitro and in vivo evidence suggests that S6Ks phosphorylate every site in 
rpS6, while RSK predominantly phosphorylates S235 and S236 [230]. Studies from 
S6k1/S6k2-knockout mice showed that there was minimal phosphorylation of rpS6 at 
S240/244, but there was persistent phosphorylation at S235/236 [173]. In accordance with this 
finding, RSK1 and RSK2 were shown to phosphorylate rpS6 on S235/236 in response to Ras–
MAPK-pathway activation, using an mTOR-independent pathway [230]. The RSK mediated 
S235/236 phosphorylation correlated with formation of the translation pre-initiation 
complex and increased cap-dependent translation, pointing that RSK provides an additional 
mitogen- and oncogene-regulated input that links the ERK pathway to the regulation of 
translation initiation [230]. Translation initiation factor-4B is also phosphorylated by RSK 
and S6K on S422 [171, 180]. Therefore, phosphorylation and regulation of eIF4B function by 
RSK and S6K exemplifies the convergence of two major signaling pathways that are 
involved in translational control. Together, these findings suggest that the mitogen-
activated Ras–ERK–RSK signaling module, in parallel with the PI3K–AKT pathway, 
contains several inputs to stimulate mTORC1 signaling. 

6.2. mTORC1 and TNFα-IKKβ-TSC1 pathway 

Although the activation of mTORC1 downstream of most cytokines including insulin and 
growth factors is likely to occur through the Akt and ERK signaling mechanisms described 
above, accumulating evidence suggests that other cytokines, such as tumor necrosis factor α 
(TNFα), can also induce mTORC1 activity. TNFα is a proinflammatory cytokine that is 
involved in many human diseases, including cancer [231, 232]. Early studies implicated the 
TNFα pathway in mTORC1 activation [233]. Recently, it has been shown that IKKβ 
(inhibitor of nuclear factor κB (NFκB) kinaseβ; also known as IKBKB), a major downstream 
kinase in the TNFα signaling pathway, can associate with and phosphorylates TSC1 at S487 
and S511, resulting in the inhibition of TSC1–TSC2 and, therefore, the activation of mTORC1 
[234]. Tsc1−/− mouse embryo fibroblasts expressing TSC1 mutants lacking these sites lose 
their responsiveness to TNFα for activation of mTORC1, whereas phosphomimetic mutation 
lead to a basal increase in mTORC1 signaling. Authors proposed a mechanism involving 
rapid dissociation of the complex and increased degradation of TSC1. However, the results 
suggest minimal effects on the stability of the TSC1–TSC2 complex, and the precise 
mechanism of acute complex inhibition by phosphorylation of these sites is not known. In 
certain human cancers, TNFα promotes vascular endothelial growth factor (vEGF) 
expression and angiogenesis through activated mTORC1 signaling as a result of IKKβ 
mediated suppression of TSC1 [234]. This has provided a plausible mechanism that could 
link inflammation to cancer pathogenesis. Moreover, TNFα also signals to AKT [231]. 
Activated AKT in turn induces IKKα (also known as CHUK), [232]. It has been shown that 
IKKα associates with mTORC1 in an AKT dependent manner [235]. Importantly, IKKα is 
required for efficient induction of mTORC1 activity by AKT in certain cancer cells [235, 236]. 
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It remains unclear, however, how the association of IKKα with mTORC1 can result in the 
activation of mTORC1.  

 

 
Figure 7. mTORC1 crosstalk with the major cytokine signaling pathways. MAPK pathway impinges 
on the mTORC1 signaling in a few ways. RSK phosphorylates TSC2 at the C-terminus and, to a lesser 
extent, the two conserved Akt sites thus inactivating its suppressive effect on mTORC1. RSK also 
directly impacts the mTORC1 complex by phosphorylation of Raptor and thereby upregulates mTORC1 
kinase activity. Besides, RSK phosphorylates the rpS6 and eIF-4B to promote cap-dependent translation 
in response to Ras–MAPK-pathway activation. ERK1/2 kinase contributes to the activation of mTORC1 
signaling through direct phosphorylation of TSC2 and probably through the disruption of the 
association between TSC1 and TSC2. Stress activated signaling pathway might also influence mTORC1 
signaling through TSC2 phosphorylation by p38-activated MAPKAPK2 kinase. IKKβ, a major 
downstream kinase in the TNFα signaling pathway, can associate with and phosphorylate TSC1 
leading to the inhibition of TSC1/TSC2 and, therefore, the activation of mTORC1. 
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7. Conclusion 

Maintenance of cellular energy homeostasis and life-sustaining activity requires their 
appropriately adaptation to the continually varying surrounding environment. This 
adaptation is provided by the differential expression of genes that is strictly controlled at the 
levels of transcription and translation. To provide the rapid response to the environmental 
cues cells switch vast number of intracellular signaling cascades that define the activity of 
key proteins responsible for transcription and translation regulation. This implies operative 
and directed changes in the activities of proteins mediating the signal transduction. 
Phosphorylation represents one of the most important intracellular regulatory molecular 
mechanisms since it provides the rapid and reversible activation or downregulation of 
protein activities. Not surprisingly, mTOR signaling network, which integrates and 
promotes the prompt respond to environmental changes is mainly regulated through this 
type of posttranslational modification. mTOR is known as a “switch master” that converts 
vast array of nutrient-, cytokine-, energy- and stress-sensitive signals into the alterations of 
cellular metabolism including protein and lipid biosynthesis and autophagy. Indeed such 
resources consuming processes as growth and proliferation could occur only under the 
conditions of nutrient and energy sufficiency. When energy or amino acids become limiting, 
cell growth needs to be restricted and protein production needs to be downregulated so that 
cells can use their limited resources to survive. mTORC1 contributes to overall cap-
dependent translation including initiation and elongation steps by several different 
pathways. Significantly, all of these pathways use phosphorylation as common molecular 
mechanism of regulation. Most of the proteins from mTOR-dependent pathways (for 
instance TSC2, Akt, S6K, etc.) contain multiple phosphorylating sites, which mediate 
stimulating or negative effect on their activity. Some of mTOR partners are characterized by 
the hierarchical mode of phosphorylation (rpS6, Akt as the examples), whereby each 
previous phosphorylation opens the opportunity for the subsequent ones. Interestingly, one 
certain site could serve as phosphorylation target for more than one kinase, therefore 
implementing the competitive mechanism of regulation (for instance, eIF4B S422). The 
complexity of mTOR signaling increases due to the presence of positive or negative 
feedback loops as well as crosstalk with other pathways. The number of reported 
phosphorylation sites throughout mTOR pathways constantly increases although the 
precise molecular meaning of several already discovered phosphorylation events remains 
unclear. This is also true to some molecular mechanisms of mTORC1 and especially 
mTORC2 functioning. About mTORC1 signaling, a number of issues remain unresolved. 
For example, aside from S6K, 4EBP1 and ULK1, the downstream direct targets that mediate 
the cellular effects of TORC1 signaling are largely unaccounted for. In addition, how the 
specificity of TORC1 signaling is achieved and how multiple signals are integrated is not 
known. Concerning TORC2, the upstream regulators are poorly defined. This knowledge 
seems to be of great significance since mTOR is considered a central node of intracellular 
signaling network and deregulation of its activity strongly contributes to the wide spectrum 
of human diseases. Further studies will give us a better understanding of the whole picture 
of mTORC1/mTORC2 functioning that could be applied to the development of new 
approaches to the treatment of mTOR-associated diseases. 
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1. Introduction 

The strength of the mechanisms involved in the control of health and lifespan determines 
the rate of aging in any organism. Aging is fueled by the accumulation of damage in a 
multitude of tissues, causing many age-related diseases including cardio-vascular diseases, 
neuro-degenerating diseases, metabolic syndrome and cancer[1]. We know that a healthy 
life-style, good habits, exercise and positive attitude are all factors that support a healthy, 
long life while the consumption of unhealthy, low nutritional and high caloric diet, bad 
ecology, bad habits and constitutive stress are known to shorten life and lead to the 
accumulation of a number of pathologies. However, exposure to low level stresses, for 
example induced by exercise, increases our resistance to detrimental stress insults, this 
process is referred to as hermesis[2]. With respect to what is beneficial and what is 
detrimental for health, we still do not fully understand the underlying processes that 
support our health and long life nor what allows us to become more resistant to a constantly 
changing, and sometimes unfriendly, environment. 

The causative link between aging and age-related diseases emphasizes how 
understanding the mechanisms that control aging could aid in the development of 
approaches for the prevention and treatment of many human diseases. The involvement 
of similar signaling pathways in the control of aging and defense against different 
diseases supports this concept. Two protein kinases, Target of Rapamycine (TOR) and 
AMP-activated protein kinase (AMPK), are central regulators of aging that are often 
found to be malfunctioned in many human diseases and, according to different animal 
models, play a role in cancer, diabetes, neurodegeneration and other syndromes[3, 4]. 
Strikingly, AMPK directly regulates the TOR activity, indicating that these proteins have 
overlapping functions and are involved in the same pathways[3]. The proteins involved in 
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the AMPK activation and the TOR suppression are potential regulators of longevity and 
aging. Among the modulators of AMPK and TOR, tumor suppressors p53 and members 
of the Forkhead Box O (FoxO) family play a central role in defense from stress, 
determination of lifespan and protection from age-related pathologies via activation of the 
stress-responsive Sestrin genes.  

2. The function of the AMPK –TOR pathway and its role in lifespan 
regulation  

2.1. TOR 

The kinase TOR was originally identified as protein that can be inhibited by rapamycin, a 
macrolid found in the soil of Easter island, named after local name for the island - Rapa 
Nui[5]. Rapamycin is produced by the bacteria Streptomyces hygroscopicus and acts as an 
antifungal metabolite. Mutagenesis analysis in Saccharomyces cerevisiae led to the isolation of 
strains resistant to rapamycin and the identification of the two genes TOR1 and TOR2 that 
are responsible for this effect[5]. TOR genes encode proteins belonging to 
phosphatidylinositol kinase-related kinase (PIKK) family of Ser/Thr protein kinases[5]. 
Protein products of TOR genes form two complexes called TOR complex-1 (TORC1) and 
TOR complex-2 (TORC2)[5]. Later TOR orthologs were identified in all studied eukaryotic 
organisms including mammals, although the mammalian genome contains only one 
functional TOR gene (mammalian TOR or mTOR)[5]. The mammalian TORC1 (mTORC1) 
and TORC2 (mTORC2) complexes share several subunits: mTOR itself, lethal with Sec13-
protein 8 (mLST8, also known as GL), DEP-domain containing mTOR-interacting protein 
(DEPTOR) and Tti1/Tel2[3]. TORC1 contains unique regulatory-associated protein of mTOR 
(raptor) and proline-rich Akt-substrate 40 kDa (PRAS40)[3]. TORC2 includes the rapamycin-
insensitive mTOR companion (rictor), mammalian stress-activated MAP kinase-interacting 
protein-1 (mSIN1) and protein observed with rictor-1 and -2 (protor1/2)[3, 6]. Raptor and 
Rictor determine the specificity of mTORC1 and mTORC2 toward their substrates that are 
responsible for mTOR-dependent processes[5, 6]. Among the two complexes, mTORC1 is 
sensitive to inhibition by rapamycin, although prolonged rapamycin treatment can also 
inhibit mTORC2[6]. Rapamycin inhibits mTORC1 via interaction with 12 kDa FK506-
binding protein (FKBP12), which in complex with rapamycin, binds and inhibits 
mTORC1[5] (Fig.1). 

mTORC1 and mTORC2 have different substrate specificity, dictated by different subunit 
composition. Two well-established substrates of mTORC1 are S6 kinase-1 (S6K1) and the 
eukaryotic translation initiation factor (eIF) 4E (eIF4E) binding protein-1 (4EBP1), 
involved in regulation of protein synthesis [3] (Fig.1). S6K was originally identified as a 
kinase phosphorylating ribosomal S6 protein although other substrates involved in the 
regulation of protein translation were discovered later. Among the targets of S6K1 that 
support translation initiation and elongation, are eukaryotic elongation factor 2 kinase, 
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(eEF2K), S6K Aly/REF-like target (SKAR), and 80 kDa nuclear cap-binding protein 
(NCBP1) and eIF4B. eIF4B, activated via S6K-dependent phosphorylation, stimulates the 
activation of eukaryotic translation initiation factor 4A (eIF4A), an RNA helicase that 
enhances translation, unwinding structured 5’-untranslated regions of many RNA[6]. 
4EBP1 is another regulator of translation which, in its hypo-phosphorylated form, 
inhibits initiation of cap-dependent translation via interaction with cap-binding protein 
eIF4E, a component of eIF4F translation initiation complex. When phosphorylated by 
mTORC1, 4EBP1 dissociates from eIF4E allowing recruitment of translation initiation 
factor eIF4G and the subsequent stimulation of protein synthesis[3]. mTORC1 also 
phosphorylates unc-51-like kinase-1 (ULK1/ATG1) and mammalian autophagy-related 
gene-13 (ATG13), the components of ULK1/ATG13/FLP200(focal adhesion kinase family-
interacting protein of 200 kDa) required for the activation of autophagic proteolysis 
(Fig.1). mTORC1 also regulates other proteins involved in autophagy such as suppressor 
of autophagy death-associated protein-1 (DAP1) and regulator of early autophagosome 
formation WIPI2, a mammalian ortholog of yeast Atg18. Additionally, mTORC1 is 
involved in lysosomal biogenesis through phosphorylation and inhibition of 
transcription factor EB (TFEB)[3].  

The mTORC2 substrates appear to be members of AGC kinase family which includes AKT, 
serum- and glucocorticoid-induced protein kinase-1 (SGK1), and protein kinase C- (PKC), 
involved in the regulation of metabolism and viability. AKT, phosphorylated by mTORC2 
in hydrophobic motif on Ser473, is an important regulator of metabolism and cell viability, 
while SGK1 controls growth and ion transport, and PKC is involved in actin cytoskeleton 
regulation via paxilin and Rho GTPases[3, 7].  

The mTOR-containing complexes have different, although in some aspects overlapping, 
functions[5, 6]. mTORC1 supports many anabolic processes in the cells such as protein and 
lipid biosynthesis, and ribosomal biogenesis[5]. mTORC1 also influences energy 
metabolism through the stimulation of mitochondrial respiration and glycolysis[8-
11](Fig.1). The importance of mTOR in mitochondrial function is supported at several 
levels of control including: (i) regulation of mitochondrial biogenesis via the stimulatory 
effect on Ying-Yang-1 (YY1) - PPAR- coactivator-1 (PGC1) transcriptional complex, 
involved in transactivation of mitochondrial genes and intensification of mitochondrial 
respiration[8]; (ii) direct effects on mitochondrial function potentially through interaction 
with regulatory mitochondrial proteins such as VDAC1 and Bcl-xL, which regulate 
mitochondrial substrate permeability and mitochondrial integrity[9]; (iii) activation of 
Hypoxia-Inducible Factor-1 (HIF1), composed of stable HIF1 and inducible HIF1 
subunit, the activator of the genes involved in glycolysis, glucose transport and 
mitochondrial respiration[12]. mTORC1 activates HIF1 via the upregulation of HIF1 
translation[13]. 

Another important function of TOR, critical for the control of metabolism and cell integrity, 
is the negative regulation of macroautophagy (therein called autophagy)[3, 5] (Fig.1). 
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Autophagy is the process of double membrane encapsulation and lysosomal degradation 
of cellular constituents such as organelles, protein aggregates, lipid droplets and portions 
of cytoplasm[14]. The process of autophagy involves a nucleation step via the formation of 
a preautophagosomal structure (PAT), continuing to the formation of phagophore and 
autophagosome vesicles. Finally, the autophagosome fuses with a lysosome allowing 
lysosomal degradation of the autophagosome content[14]. Autophagy plays three major 
roles in cells. Firstly, it provides energy through digestion of cellular constituents during 
starvation and other conditions affecting nutrient availability. This allows cells to survive 
nutrient limitations and autophagy might be vital for cell survival during stress such as 
ischemia. Secondly, autophagy regulates cell integrity by removing deposits and 
aggregates that affect normal cell physiology as well as damaged and malfunctioning 
organelles, which are the major source of oxidative stress[1]. In agreement, reactive oxygen 
species (ROS) produced by damaged mitochondria or through other mechanisms stimulate 
autophagy, results in suppression of oxidative stress[15]. Thirdly, completed autophagy 
might cause cell death, referred to as type II cell death, although the physiological 
relevance of this is unclear and disputable[16]. Autophagy is often associated with 
apoptosis and can be activated by many pro-apoptotic proteins such as p53 upregulated 
modulator of apoptosis (Puma) and Bcl-2–associated X (Bax) and inhibited by antiapoptotic 
proteins of the Bcl2 family[17-19]. In some cases, autophagy can be activated in response to 
pro-apoptotic stimuli as a potential pro-survival control mechanism or as a by-stander of 
the cell death associated with energy decline. In the other experimental settings, it was 
shown that autophagy mediated apoptosis in response to genotoxic stress[20]. 
Nevertheless, autophagy can modulate many effects of stress on cell viability and 
consequently, can be an important factor in anticancer treatment, which often involves 
extensive stress response[21].  

Hyperactivity of TORC1, which leads to dysregulation of metabolism and inhibition of 
autophagy, is associated with extensive ROS production[1, 15, 22]. ROS, not being properly 
decomposed, induces oxidative stress, the major source of cell damage such as DNA-
oxidation, lipid peroxidation and protein carbonylation. The accumulation of damage 
associated with oxidative stress is the driving force of aging, and, accordingly, TORC1 is the 
critical controller of aging in all eukaryotes from yeast to mammals[5, 6]. This data 
demonstrates that inhibition of TORC1 via mutagenesis or rapamycin treatment extends 
lifespan of yeast, worms, flies and mice [3, 23, 24]. Interestingly, two well-established 
mechanisms of lifespan extension such as caloric restriction and suppression of 
Insulin/Insulin growth factor-1(IGF1) -dependent signaling pathway control TORC1 
activity, indicating that TORC1 inhibition may be critical for lifespan extension and 
suppression of age-associated pathologies imposed by low-calorie diet and inhibition of 
Insulin/IGF1-regulated pathway[3]. 

Stimulation of metabolism, cell growth and ROS by mTORC1 contributes to different 
pathologies including carcinogenesis, and mTORC1 is often activated in human cancers[3]. 
Many tumor suppressors found inactivated in cancers such as Tuberoses Sclerosis -1 and -2 
(TSC1 and TSC2), liver kinase-B (LKB1), phosphatase and tensin homolog (PTEN), p53 and 
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neurofibromatosis type 1 (NF1) are inhibitors of mTORC1, while proto-oncogenes Ras, PI3K 
and AKT are mTORC1 activators[3, 5]. Obesity and type II diabetes are associated with 
chronic mTORC1 activation in metabolically active tissue, and mTORC1 impairs insulin 
sensitivity, stimulates hyperinsulemia and hyperglycemia[3, 5]. Obesity-associated 
mTORC1 activation also is a major risk factor for the development of nonalcoholic fatty liver 
disease (NAFLD), a risk factor of cirrhosis and hepatocellular carcinoma[3]. mTORC1 can 
also be involved in the pathogenesis of neurodegenerative disorders such as Parkinson-, 
Alzheimer-, Huntington- diseases, amyotrophic lateral sclerosis and frontotemporal 
dementia[3, 6]. All of these pathologies share similar etiology defined by the accumulation 
of toxic protein aggregates, which generate cellular damage, oxidative stress and cause cell 
death. These inclusions are cleared by autophagy, with mTORC1 potentially contributing to 
these syndromes via regulation of autophagy and protein synthesis, two processes affecting 
deposit accumulation[1, 3].  

mTORC1 activity is regulated by nutrients (the source of ATP), insulin and growth factors, 
and amino acids through small GTPases Ras homolog enriched in brain (Rheb) and the 
members of Ras-related GTP-binding (Rag) protein family RagA, RagB, RagC and RagD 
(Fig.1). Active GTP-bound Rheb directly interacts with mTORC1 and stimulates its activity 
through undefined mechanism. The members of Rag family control mTORC1 in a 
sophisticated manner, forming heterodimers between either RagA or RagB with either 
RagC and RagD. Interestingly, the RagA and RagB are active in GTP-bound form, whilst 
RagC and RagD are functional when loaded with GDP. [6]. According to a contemporary 
model, active Rag complexes directly interact with the mTORC1 subunit raptor directing 
mTORC1 into the surface of endosomes and late lysosomes, enabling its interaction with 
activated Rheb[6]. As Rags do not have any membrane-targeting signals, they are delivered 
to lysosomal surface by Ragulator protein complex, composed of p14, MAPK scaffold 
protein 1(MP1) and p18[6]. The activity or Rag proteins is regulated by amino acids with 
Rags being critical transducers of the activating signal from amino acids to mTORC1[3]. As 
described recently, Rag activation in response to amino acids is mediated by leucyl-tRNA 
synthetase, which binds Rag proteins and acts as GTPase-activating protein (GAP) for 
Rags[25]. The other proposed mechanisms of mTORC1 activation by amino acids involve 
mitogen-activated protein kinase kinase kinase (MAP4K3), inositol polyphosphate 
monokinase (IPMK) and mammalian vacuolar protein sorting 34 homolog (hVps34), 
belonging to class 3 PI3K[3, 26]. hVps34 is required for activation of phospholipase-D 
(PLD) in response to availability of amino acids. Amino acids induce interaction between 
phosphatidylinositol 3-phosphate and the Phox homology (PX) domain of PLD1, which 
causes PLD translocation to the lysosomal compartment, required for mTORC1 
activation[27]. 

Rheb GTPase is a critical regulator of mTORC1 in response to insulin, growth factors, 
energy and stress[1, 6]. Rheb is negatively controlled by the TSC1:TSC2 protein complex 
where TSC2 is GAP for Rheb, while TSC1 plays a supporting role stabilizing TSC2[28]. The 
TSC1:TSC2 complex integrates signals from different signaling pathways that positively or 
negatively modulate the TSC1:TSC2 activity [1]. Insulin and IGF1, the activators of cell 
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growth, stimulate mTORC1 via inhibitory phosphorylation of TSC2 by AKT[3]. 
Insulin/IGF1 stimulate Insulin/IGF1 receptor (In/IGF1R), which through the engagement of 
insulin receptor substrate-1 (IRS1) tethers and activates phosphatidylinositol-3-kinase 
(PI3K), which then converts phosphatidylinositol-4,5-biphosphates (PIP2) into 
phosphatidylinositol-3,4,5-triphosphates (PIP3). PIP3 induce AKT phosphorylation on 
Thr308 by phosphoinositide-dependent kinase-1 (PDK1) kinase recruiting both kinases to 
cytoplasmic membrane via their pleckstrin homology (PH) domains. PI3K also stimulates 
phosphorylation of AKT on Ser473 by mTORC2 which is required for full AKT 
activation[3, 7, 15]. The PI3K activity is counteracted by the tumor suppressor PTEN, which 
is a PIP3 phosphatase[3]. Activated AKT directly phosphorylates TSC2 on multiple sites, 
causing mTORC1 activation. In parallel AKT also stimulates mTORC1 via phosphorylation 
of mTORC1 interacting protein PRAS40, an inhibitor of mTORC1, and inhibitory 
phosphorylation of both TSC2 and PRAS40 cooperates in mTORC1 activation[3]. IGF1 also 
activates Ras GTPases, activating extracellular-signal-regulated kinase (ERK) and 
ribosomal S6 kinase (RSK1)[3]. Both ERK and RSK1 directly phosphorylate TSC2, which 
cause inhibition of its activity and TORC1 activation[3]. Inflammation, accompanied by 
production of pro-inflammatory cytokines such as tumor necrosis factor- (TNF), 
stimulates mTORC1 via IB kinase (IKK)-mediated phosphorylation of TSC1[3]. The 
canonical Wnt signaling pathway, the regulator of embriogeneis, provides another 
important mechanism of mTORC1 regulation. The Wnt pathway inhibits glycogen 
synthase kinase-3 (GSK3), which under normal conditions phosphorylates and activates 
TSC2[3] (Fig.1). 

2.2. AMPK 

While Insulin, growth factors and nutrients inhibit the TSC1:TSC2 complex and stimulate 
mTORC1, many stress insults have the opposite effect, activating TSC2 and inhibiting 
TORC1. Inhibition of mTORC1 under stress conditions allows cells to stop cell growth and 
proliferation in the unfavorable conditions switching to high-economy mode and 
supporting stress-relieving measures. Nutrient deficiency and many metabolic 
derangements cause an accumulation of AMP and ADP, which, in turn, activate AMPK. 
AMPK inhibits mTORC1 through phosphorylation of TSC2 and raptor[4]. Besides AMP 
accumulation, AMPK can be activated by different insults such as oxidative stress, DNA-
damage or the accumulation of Ca2+ potentially through an AMP-independent mechanism. 
Also some hormones such as leptin and adiponectin are able stimulate AMPK through 
mechanisms that are yet to be defined[4].  

AMPK is a protein complex composed of 3 subunits catalytical AMPKα, (encoded by 
AMPK1 and 2 genes scaffold AMPK subunit, (encoded by AMPK1 and 2 genes) and 
regulatory AMPK subunit, (encoded by AMPK1, 2 and 3 genes) in mammals. AMPK is 
activated via phosphorylation of AMPKa subunit on Thr172, although phosphorylation of 
other sites on AMPKα,  and  subunits are also involved in AMPK regulation[4]. The 
upstream AMPK kinase critical for AMPK activation in response to energy deficiency is 
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LKB1, which constantly phosphorylates AMPKα subunit on Thr172. The most established 
mechanism of AMPK activation involved binding AMP by AMPKg subunit which 
stimulates conformational changes in AMPKα subunit making it less accessible for AMPK 
phosphatases[4, 29]. Several protein phosphatases (PP) have been shown to be involved in 
the regulation of AMPK phosphorylation including PP2C[30], PP2A[31, 32], PPM1E[33], 
PP1[33, 34]. LKB activity can be stimulated by oxidative stress via the phosphorylation by 
ataxia telangiectasia mutated (ATM) kinase, leading to AMPK activation[35]. Other AMPK 
kinases shown to directly phosphorylate AMPK are Ca2+/Calmodulin-dependent protein 
kinase II (CaMKII), activated by accumulation of Ca2+ ions, and TAK kinase[36], activated in 
response to treatment with TNF-related apoptosis-inducing ligand (TRAIL) [37](Fig.1). 
Some proteins such as kinase repressor of Ras-2 (KSR2) can also regulate AMPK 
phosphorylation working as scaffold protein through regulation of access of either protein 
kinases or phosphatases to AMPKα subunit[38]. 

Activated AMPK phosphorylates many targets involved in the regulation of glucose 
metabolism: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), glycogen 
synthase-1 (GYS1), glutamine:fructose-6-phosphate amidotransferase (GFAT1), TBC1D1; 
lipid metabolism: acetyl- CoA Carboxylase-1 and -2 (ACC1 and ACC2), 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGR), PLD1; polarity: cytoplasmic linker protein-170 
(CLIP170), golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 
(GBF1), kinesin light chain-2 (KLC2); transcription: (PGC1, sterol regulatory element-
binding protein-1 (SREBP1), FoxOs, Histone-2B, p300 and HDAC4,5,6; and mitosis: 
protein phosphatase-1 regulatory subunit 12C (PPP1R12C), p21-activated protein kinase 
(PAK2)[4, 39]. AMPK also contributes to mitochondrial function stimulating 
mitochondrial biogenesis via phosphorylation of PGC1 co-activator and regulating 
expression of mitochondrial genes[4]. AMPK regulates cell growth and autophagy in part, 
through TORC1 inhibition, although as shown recently AMPK can stimulate autophagy 
through direct phosphorylation of autophagy ULK1 protein. AMPK is also involved in the 
regulation of cell death in response to genotoxic stress, although the mechanisms are yet 
to be described[40-42]. 

Interestingly, lipid biosynthesis and autophagy controlled by mTORC1 via SREBP1 and 
ULK1, are under direct control by AMPK. AMPK directly phosphorylates and inhibit 
SREBP1 protein, suppressing lipogenesis[43]. AMPK also phosphorylates and activates 
ULK1 stimulating autophagy [44]. The redundancy of the mechanisms of regulation of lipid 
biosynthesis and autophagy though direct and indirect effects of AMPK demonstrates the 
critical role of AMPK in these processes and the importance of accurate regulation of these 
processes by mTORC1 and AMPK. 

The regulation of metabolism and autophagy by AMPK potentially contributes to lifespan 
regulation. Accordingly, the inactivation of one of the AMPK subunits (AMP-activated 
kinase-2 (AAK-2)) in Caenorhabditis elegans shortened lifespan by 12%, while animals with 
increased AAK-2 expression lived 13% longer than their wild type (WT) counterparts[45]. 
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The mechanism of life extension by AMPK involves CRTC-1 and FoxO transcriptional 
factors[46, 47]. Interestingly, the activity of AAK-2 is also required for protection against 
oxidative stress [48]. Similar results were obtained in Drosophila Melanogaster model, where 
the inhibition of drosophila AMPK shortened lifespan and increased susceptibility to 
oxidative stress and starvation[49] In accordance, gain-of-function LKB1 mutant extended 
lifespan in flies[50]. Although there is no such evidence for mammals, mammalian AMPK 
presumably plays a similar role in lifespan regulation. This idea is supported by the 
observation that AMPK activity is decreased in old animals potentiating the aging 
process[51]. 

Although the effects of AMPK on the lifespan regulation in mammals are not known, 
AMPK is involved in protection from different diseases[4, 52]. AMPKα2 subunit controls of 
glucose metabolism and AMPKα2 mice have pro-diabetic phenotype associated with 
diminished insulin secretion and glucose intolerance[53]. AMPK can also affect lifespan via 
the suppression of inflammation, a process associated with aging and many age-related 
diseases, including cancer[54]. Metformin, the most commonly prescribed anti-diabetic 
drug, activates AMPK and its activation is required for effect of metformin on glucose 
production in hepatocytes and, potentially, in glucose uptake in muscle[55]. Resveratrol, the 
plant-derived polifenol, which prolongs lifespan and improves health conditions of mice 
kept on high-calorie diet, also activates AMPK, which can potentiate the effects of 
resveratrol on health and aging [56].  

 
Figure 1. Regulation of the AMPK-mTORC1 axis and the role of mTORC1 in cellular processes. 
mTORC1 is activated by insulin and IGF1 via stimulation of the PI3K-AKT pathway, followed by 
inhibitory phosphorylation of TSC2 by AKT. The other signaling pathways stimulate mTORC1 through 
activation of ERK, RSK and IKK kinases in a TSC1:TSC2-dependent manner. TSC1:TSC2 inhibition 
leads to stimulation of Rheb, an activator of mTORC1. mTORC1 activation also required amino acids 
(AA) which stimulate mTORC1 via Rag complexes. Many stress insults activate AMPK which inhibits 
mTORC1 modulating many mTORC1-dependent processes such as metabolism, protein synthesis, cell 
growth and autophagy. 
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3. p53 and its role in aging and diseases 

Among the proteins involved in the lifespan regulation, the tumor suppressor p53 plays 
a central role. Originally identified as interactor of human polioma SV40 virus large T 
antigen, accumulated in transformed cells[57], it was proposed to be involved in cell 
transformation. Studies further demonstrated that p53 suppressed cell transformation 
and carcinogenesis[58]. Furthermore, p53 gene is mutated in more than 50% of human 
tumors, supporting the idea that p53 inactivation is a critical step in carcinogenesis[58]. 
The patients with Li-Fraumeni syndrome, characterized by predisposition to different 
form of cancer at early age, often carry a mutant p53 allele[58]. In the following study the 
tumor suppressive function of p53 was confirmed in mouse knockout model where p53-
deficeint mice developed cancers and chronic inflammation and the median of survival 
of p53-null mice is six months [59]. The extensive efforts to understand the function of 
p53 led to characterization of many p53 activities such as the regulation of genomic 
stability, control of cell cycle, induction cell death and senescence, and suppression of 
angiogenesis. All these mechanisms potentially contribute to tumor suppressive function 
of p53, although the mechanisms most critical for tumor suppression are yet to be 
defined[58]. 

The vast majority of processes controlled by p53 are exhibited through the regulation of 
gene expression. Being a transcription factor, p53 directly activates many genes involved in 
DNA repair such as growth arrest and DNA damage-45 (GADD45) and p53R2; cell cycle 
arrest and senescence: p21, 14-3-3and plasminogen activator inhibitor-1 (PAI-1); cell death: 
Bax, Puma, apoptosis inducing factor (AIF), Noxa; and inhibition of angiogenesis: 
trombospondin-1 (TSP-1)[60] (Fig.2). p53 activity is regulated through several mechanisms, 
many involving protein stabilization. p53 trancriptionally activates its negative regulators 
murine double minute 2 (MDM2), p53-induced protein with a RING-H2 domain (Pirh2) and 
constitutively photomorphogenic 1 (COP1), which bind and stimulate p53 degradation 
working as p53 E3-ubiquitine ligases[61].  

The elimination of damaged and modified cells, imposing the threat to the organism, is not 
the only strategy to fight cancer. It seems reasonable that many functions of p53 in the 
prevention of carcinogenesis operate via the regulation of metabolism and stress response. 
Not being properly controlled the derangements of these processes can lead to the 
accumulation of damage, the major source of mutations[15]. We have described that one of 
the mechanism involves the regulation of ROS, which being accumulated, might fuel 
mutagenesis and genomic instability[15]. ROS can also stimulate the cell cycle, migration 
and angiogenesis, so they can support initiation, promotion and progression of 
carcinogenesis[62]. Accordingly, our studies showed that inactivation of p53 via different 
mechanisms such as knockout, knockdown with shRNA, over-expression of Mdm2 or 
dominant-negative form of p53 led to ROS accumulation causing oxidative DNA-damage, 
increased rate of mutagenesis and genomic instability[62]. A xenograft study with lung 
adenocarcinoma A549 cells showed that p53 silencing accelerated tumor growth, and it was 
reverted by treatment with an antioxidant N-acetylcysteine (NAC)[62]. Moreover, p53-
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knockout mice, predisposed to carcinogenesis, were protected from the disease by NAC 
treatment and had significantly extended lifespan as compared to vehicle-treated 
controls[62]. A number of p53 targets with antioxidant activities including Sestrins, 
glutathione peroxidase 1 (GPx1), manganese superoxide dismutase (MnSOD), catalase, 
aldehyde dehydrogenase 2 (ALDH1), gutaminase 2 (GLT2) and p53-induced nuclear protein 
1(INP1)[1, 15] were identified (Fig.2).  

Some of the p53-inducible proteins such as TP53-induced glycolysis and apoptosis regulator 
(TIGAR), an inhibitor of glycolysis, regulate ROS via control of metabolism. TIGAR lowers 
the fructose-2,6-bisphosphate levels and suppresses activity of phosphofructokinase-1 
(PFK1) [63]. It can lead to the re-direction of glycolytic intermediates into the pentose 
phosphate pathway providing cells with NADPH, the important reducing equivalent for 
antioxidant reactions in the cell[64]. p53 also coordinates bioenergetic processes such as 
mitochondrial function regulating mitochondrial respiration via activation of cytochrome C 
oxidase 2 (SCO2), regulator of complex IV, subunit I of complex IV and apoptosis inducing 
factor 1 (AIF)[64]. In addition Parkin (PARK2), a gene associated with Parkinson disease, is a 
p53 target, inactivation of which leads to enhancement of glycolysis, suppression of 
mitochondrial respiration and ROS accumulation[65]. As a result, p53 may control different 
metabolic pathway involved in ROS production. On the contrary when stress is too high 
and damages are irreparable, imposing the threat of mutations and genomic instability, p53 
induces ROS production through up-regulation of proapoptotic genes Puma, Bax and PIG3, 
facilitating cell disorganisation during apoptosis[62, 66] (Fig.2). 

The protective effects of p53 can also be mediated by regulation of the AMPK-mTORC1 
axis[15]. Elevated activity of mTORC1 is associated with the accumulation of damage and 
oxidative stress[15, 67], resulting in exacerbated aging and imposing health risks. 
Overactivation of mTORC1 might be even more detrimental under stress conditions such as 
genotoxic stress, when the anabolic and catabolic processes should be coordinated to enable 
the repair and elimination of the damage. Accordingly, it was shown that p53, activated by 
DNA-damage and via other mechanisms, inhibited mTORC1 and mTORC1-dependent 
translation[68, 69]. p53 inhibits mTORC1 through activation of genes involved in negative 
regulation of mTORC1, such as a suppressor of insulin signaling insulin-like growth factor 
binding protein 3 (IGF-BP3), PTEN, TSC2, AMPKb1, Sestrin1 (Sesn1) and Sestrin2 
(Sesn2)[15]. mTORC1 inhibition by p53 is also mediated by stimulation of AMPK 
phosphorylation on Thr172[70]. The other potential mechanism involves the clearance of 
epithelial growth factor receptor, the activator of PI3K-AKT-mTORC1 pathway from the 
surface, disabling the signaling from the receptor[71, 72].  

Autophagy is another mechanism imposed by p53 to protect cells from the accumulation of 
damage [71] (Fig.2). p53 activates autophagy via transcriptional activation of genes 
involved in the regulation of the AMPK-mTORC1 pathway[70, 73], although other p53 
targets are directly involved in the autophagic process or operate through other 
mechanisms. The list of pro-autophagic genes regulated by p53 includes lysosomal protein 
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damage-regulated autophagy modulator (DRAM), ULK1[74], p53INP1 (which interacts 
with ATG8 and promote autophagic cell death)[75], Bax, Puma[18] and a new gene with 
unknown function ISG20L1[76]. Interestingly that autophagy also contributes to p53-
induced cell death, potentially providing the ground for elimination of damaged cells, if 
they are irreparable. The cytoplasmic form of p53 can negatively regulate autophagy, 
counteracting the effects of the nuclear form of p53[77]. This potential mechanism involves 
interaction with components of autophagic machinery, such as family kinase interacting 
protein 200 (FIP200/ATG17)[78].  

The effects of p53 on the control of stress response, metabolism, ROS and autophagy 
connect p53 with the lifespan regulation and longevity. p53 knockout mice develop cancer 
and die by the age of 6 months, indicating a critical role of p53 in the lifespan regulation 
through suppression of carcinogenesis[59]. Nevertheless, this model precluded 
characterization of the role of p53 in aging and longevity. To study the effects of p53 on 
aging several models were established and these models show different, sometimes 
contradicting, phenotypes.  

In the first model, mice expressed a truncated p53 lacking exons 1-6 (called m allele in 
p53+/m mice). The p53m locus produced a 24K C-terminal part of the p53 protein[79]. 
Interestingly, these mice demonstrated 23% reduction in median of longevity. Although 
young (3-12 months old) mice did not show any difference compared with WT mice, 
after 18 months p53+/m mice revealed exacerbated aging-related phenotype exhibiting 
weight loss, lordokyphosis, and an absence of vigor[79]. Tissue analysis demonstrated a 
decrease in muscle and adipose tissue as well as reduced kidney, liver, spleen and testes 
mass, typical features of aging. Also, mice showed thickness in both bone density and 
dermal thickness, and defects in wound healing. Moreover, the mice had reduced 
survival in response to stress[79]. Surprisingly the frequency of many other pathologies 
associated with aging including liver diseases, brain atrophy, hair graying and alopecia, 
skin ulceration, amyloidal deposits and cataract were not increased in this  
model[79]. The feature reported in the p53+/m mice was a decreased predisposition to 
cancer[79]. 

As reported in another study, mice with increased levels of expression of natural N-
terminally truncated p53 (p44) had an accelerated aging phenotype, deteriorated health and 
decreased lifespan, characterized by defects in fertility linked with testicular degeneration, 
lordokyphosis and decrease in bone density, cognitive decline and synaptic deficit early in 
life[80, 81]. These mice demonstrated overactivated IGF1R signaling and many phenotypes 
were rescued by IGF1R heterozygosity. p44 also exacerbated a neurodegenerative 
phenotype in the mouse model of Alzheimer’s disease based on the overexpression of 
human amyloid precursor protein (APP), where p44 facilitated degeneration of memory-
forming and memory retrieving areas of the brain[81].  

A common phenotype observed in these two models is accelerated aging and decreased 
susceptibility to carcinogenesis[79, 80]. As it was suggested, p53 is overactivated by short 
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form and stimulated an aging phenotype, it also provided better protection from cancer[79, 
80]. An alternative explanation of the effects of truncated p53 on lifespan and aging involves 
suppression of many p53 activities and downregulation of some critical genes involved in 
the stress response and metabolism, resulting in an effect on viability, although the 
expression of some p53 targets was still retained and even increased. Both artificial 24K, and 
natural p44 forms of p53 lack transactivation domains, which are required for the most of 
p53 activities including tumor suppression[82]. Both truncated forms bind full-size p53 and 
counteract many of its activities similar to the effects of N-terminally truncated forms of the 
other p53 family members p63 and p73 on full size proteins[83]. Accordingly, 
overexpression of p44 causes accumulation of p53 and disability of full-size p53 to 
transactivate most of its targets[80, 84, 85]. The truncated p53 retains a full form in 
cytoplasm, inhibiting the p53 nuclear function [86]. Also, an inhibitory effect of truncated 
p53 is evident as p44 may be selected in human cancers, supporting carcinogenesis[87]. 
Thus truncated p53 might compromise p53 activities rather than enhance them. 
Simultaneously, some p53 functions, for example those involved in ROS production and 
senescence, might be intact or even increased causing accelerated aging phenotype. A more 
widespread analysis of p53 targets is required in these models to better understand the 
impact of truncated p53 in this phenotype. 

Other models indicate that tumor suppressive and aging-regulatory functions of p53-
dependent might be separated. In one model, a genomic segment containing whole p53 
gene was integrated in the mouse genome (p53Tg mice). These mice exhibited increased 
p53 response to DNA-damage and were able to rescue the cancer-prone phenotype of 
p53-deficient mice. The p53Tg mice were resistant to carcinogenesis, but in contrast to 
previous models, they did not reveal any signs of accelerated aging. Interestingly, a 
similar phenotype was observed with Mdm2 hipomorphic (haploinsufficient) mice, 
characterized by increased p53 activity, which were cancer resistant but aged 
normally[88, 89].  

MDM2 binds p53 and stimulates protein degradation, inhibiting p53 activity. The Arf 
tumor suppressor, a product of the INK4A locus, stimulates p53 activity antagonizing 
MDM2-dependent degradation. Transgenic mice with an extra copy of the Arf gene, along 
with an extra-copy of p53 gene (super-Arf/p53 (s-Arf/p53) mice) demonstrated increased 
activity of p53 and enhanced expression of p53-dependent p21 and antioxidant Sesn1 and 
Sesn2 genes. These mice were resistant to cancer, similar to the p53Tg mice, and 
fibroblasts from s-Arf/p53 mice were resistant to immortalization and transformation, 
implying low susceptibility of these mice to carcinogenesis. In contrast to previous 
models, these mice had an extended average lifespan of 16% and show signs of delayed 
aging as evident by the test on neuromuscular coordination (tightrope success test) and 
hair re-growth test. Aging is associated with the accumulation of DNA-damage and 
oxidative stress, and s-Arf/p53 mice exhibited decreased levels of DNA damage as 
illustrated by H2AX staining and decreased oxidative stress evident from analysis of ROS 
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in splenocytes, decreased lipid peroxidation and low abundance of carbonylated proteins 
in liver. The s-Arf/p53 mice were also resistant to oxidative stress, emphasizing the 
potential role of the mechanisms of stress response in suppression of aging and 
carcinogenesis[90]. This data is in concordance with previous observations that showed 
that inactivation of p53 or its upstream regulator ATM decreased lifespan and caused 
accumulation of oxidative damage in mice[62, 91]. Both p53- and ATM-null mouse strains 
were predisposed to cancer, and these phenotypes were prevented by antioxidant NAC 
treatment[62, 92]. Interestingly, the activity of p53 is decreased with age supporting a 
concept that p53 might be an important anti-aging factor[93]. 

Suppression of carcinogenesis was not the primary function of p53 in evolution as p53 is 
found in the organisms, such as Caenorhabditis elegans and Drosophila Melanogaster, which do 
not develop cancer. In the Drosophila model, overexpression of p53 in adult flies increased 
the lifespan of males, but limited lifespan in female flies. Also, the moderate overexpression 
of p53 during larvae stage extended lifespan in both male and female flies. p53-deficient flies 
were sick and had a decreased lifespan[94]. It is possible that p53 controls the accumulation 
of damages as well as other functions. Interestingly, the overexpression of dominant-
negative form of p53 in flies brain extended their lifespan [94]. This data suggests that p53 
can play an opposite role in lifespan regulation and aging in the peripheral organs and in 
the brain, where it can potentiate hormone production or other processes affecting aging. 
p53 can also regulate hermesis in response to -irradiation[95] and, moreover, p53 also 
potentiates life extension in response to the mitochondrial stress associated with 
downregulation of mitochondrial genes[96]. Accordingly, it was reported that the positive 
and negative effects of p53 on lifespan was dependent on the level of mitochondrial 
bioenergetic stress[97]. 

 
Figure 2. Tumor-suppressor p53 regulates lifespan and suppresses age-related diseases. p53 is 
activated in response to different stress insults and dependent on the stress intensity triggers different 
sets of genes either supporting pro-survival or cell death programs. p53 can support longevity and 
suppress age-related diseases via regulation of DNA-repair, cell cycle, metabolism and antioxidant 
response. Otherwise p53 eliminates damaged and potentially dangerous cells through activation of 
apoptosis or senescence, suppressing carcinogenesis. 
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4. Role of FoxO family in cellular processes and longevity 

Another group of proteins playing a critical role in the lifespan regulation and aging are the 
transcription factors of the FoxO family. Analysis of Caenorhabditis elegans mutants, which 
extended lifespan of the worms, led to the identification of DAF2 and AGE1 genes, the 
orthologues of the mammalian In/IGF1R and PI3K genes respectively. Simultaneous 
inactivation of DAF16 suppressed extended lifespan phenotype of the DAF2- and AGE1- 
mutants providing a link between DAF2, AGE1 and DAF16. There is only one FoxO gene in 
invertebrate genome (DAF16 in Caenorhabditis elegans; dFoxO in Drosophila Melanogaster) 
while a mammalian genome is composed of four members FoxO1, FoxO3A, FoxO4 and 
FoxO6[98]. In spite of high sequence similarity and recognition similar sequences in the 
promoters of target genes, the mammalian FoxO family members have different tissue-
specific expression and potentially different, although overlapping, functions in the 
organism. According to knockout studies, inactivation of FoxO1 is embryonically lethal due 
to insufficient vascularisation of the embryo. FoxO3A-deficient animals are viable, although 
demonstrate defects in ovarian follicle activation, while FoxO4-deficient animals are viable 
with no significant abnormalities[98].  

Insulin/IGF1 signaling inhibits FoxO via activation of the PI3K-AKT pathway(Fig.3), 
followed by phosphorylation the FoxO proteins by AKT on highly conserved residues. AKT 
phosphorylation makes FoxOs susceptible for interaction with 14-3-3 proteins, which bind 
and retain FoxOs in the cytoplasm masking their nuclear localization signal[98]. Thus, AKT 
phosphorylation invalidates the transcriptional activity of FoxOs, inhibiting FoxO-
dependent processes. On the contrary, FoxO can be phosphorylated and activated by Jun N-
terminus kinase (JNK) and STE20-like protein kinase 1 (MST1). JNK and MST1 can be 
activated by different stress insults, most evidently oxidative stress, with activating 
phosphorylation of FoxOs by JNK and MST1 having predominate inhibitory effects of 
AKT[98, 99]. Strikingly, prolonged activation of In/IGF1R stimulates ROS production, which 
leads to JNK activation followed by FoxO phosphorylation and nuclear translocation, 
counteracting effects of AKT on FoxO suppression. Similar to FoxOs, JNK is an important 
regulator of longevity[100], extending lifespan in worms and flies by suppressing 
Insulin/IGF1 signaling pathway [101, 102].  

FoxOs impinge on the control of lifespan potentially via transcriptional regulation of genes 
involved in the stress-response, although the critical targets involved in this process are 
unknown. Potential candidates are ROS scavengers, such as: MnSOD, Catalase and 
peroxiredoxin3 (Prx3); regulators of protein synthesis, such as: 4EBP1 and regulators of 
autophagy, including BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), 
LC3 and Garabl12[98]. Interestingly, FoxO can also stimulate autophagy through a 
mechanism independent of its transcriptional activity[103]. Besides the activation of stress-
relieving pathways, FoxOs also inhibit cell cycle though several mechanisms, such as 
activation of cell cycle inhibitors p27 and p21, and suppression of cell cycle regulators c-Myc 
and cyclin D[98, 99]. Accordingly, overexpression of FoxO3A causes G2-M delay in 
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fibroblasts[98]. Regulation of the cell cycle by FoxOs might be important for stress-relieving 
mechanisms, as cells need to restrain proliferation in order to restore homeostasis and avoid 
accumulation of damages[98]. 

The activities of FoxOs are not limited to the activation of stress-relieving and pro-survival 
pathways. FoxOs also activate the expression of proapoptotic proteins Bim, Puma, Fas 
ligand (FasL) and TRAIL and stimulate cell death under certain conditions[98]. The exact 
mechanism that discriminates between pro-survival and pro-death programs regulated by 
FoxOs are unknown, the outcome of FoxOs activation might be dependent on severity of 
stress and cell type.  

The regulation of pro-survival stress-relieving genes and pro-apoptotic genes by FoxOs is 
reminiscent of the effects p53 on cell homeostasis, which protects under low stress 
conditions and induces cell death when stress is too strong and causes accumulation of 
damages within the cell[15]. Strikingly, FoxOs and p53 are able to activate the same targets 
including MnSOD, catalase, Sesn1, p21 and Puma[15, 98]. It is possible that there is some 
functional redundancy in the regulation of stress response by p53 and FoxO proteins, 
ensuring the proper outcome should one of the pathways be disabled. Interestingly, p53 and 
FoxOs are under mutual regulation. p53 positively regulate FoxO3A via transcriptional 
activation of FoxO3A gene[104], although p53 also stimulates expression of MDM2, which is 
involved in FoxO ubiquitination and degradation[105]. Surprisingly, in response to DNA-
damage p53 can inhibit FoxO3A via SGK1 kinase activation and subsequent FoxO3A 
retention in cytoplasm[106]. FoxOs can also regulate p53 in a positive or negative manner. 
FoxOs stimulate activity of AKT, which negatively regulates p53 via phosphorylation of 
MDM2[99]. FoxO3A can also impair p53 transactivational function, although can positively 
regulate p53-dependent cell death in serum starved cells[107]. Otherwise, FoxO3A directly 
interacts with the ATM kinase, upstream p53 activator, and stimulates ATM 
phosphorylation on Ser1981, regulating DNA-damage response which might be involved in 
p53 activation[108]. FoxOs can also upregulate p53 via activation of upstream p53 regulator 
Arf[109]. This complicated picture illustrates that there is a communication between p53 and 
FoxOs providing the mutual control of activity determining cell fate (Fig.3). 

The antioxidant function of FoxOs is especially important for control of stem cell 
maintenance. The mice with simultaneous inactivation of FoxO1, FoxO3A and FoxO4 in 
hematopoietic system had diminished number of hematopoietic stem cells (HSC) in bone 
marrow, paralleling expansion of myeloid progenitor cells in the blood. FoxO-deficient HSC 
had elevated levels of ROS in comparison to WT control and have strong defects in the 
ability to restore hematopoietic system of recipient mice, indicating the critical role of FoxO 
in self-renewal of stem cells. These defects were rescued by treatment with antioxidant 
NAC, confirming the critical role of FoxO in the regulation of HSC ROS, which is important 
for regulation of HSC quiescence and regenerating ability[98]. 

Another function of FoxOs is the control of metabolism. FoxO1 is highly expressed in 
insulin-responsive tissues and regulates glucose and lipid metabolism, ensuing adaptation 
to different feeding conditions. In response to the decrease of insulin levels, FoxO1 
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intensified gluconeogenesis in the liver through regulation of glucose-6-phosphatase 
(G6Pase) and phosphoenolpyruvate carboxykinase (PEPK). FoxO1 also stimulated 
transcriptional co-activator PGC1 and synergizes with PGC1 for G6Pase transactivation. 
The activation of G6Pase and PEPK ensures stable blood glucose levels in fast conditions. 
FoxO1 also regulates lipid metabolism via activation of an inhibitor of lipoprotein lipase 
apoliprotein (ApoCIII), which is involved in hypertrigyceridemia development in diabetic 
patients[98].  

 
Figure 3. Stress and the insulin/IGF1-PI3K-AKT pathway control cellular processes through 
regulation of FoxOs. While many stress insults activate FoxOs, the Insulin/IGF1-PI3K-AKT inhibits 
their activity. Thus FoxO factors integrate the information from different signaling pathways and 
control the expression of genes involved in regulation of cell proliferation and viability, autophagy, 
metabolism and cell death. As a result they contribute to regulation of longevity by FoxOs. 

The regulation of genes involved in glucose and lipid metabolism underlines the potential 
role of FoxOs in diabetes which might work in a protective fashion or exacerbate the 
diabetic phenotype. Insulin resistance and glucose intolerance, the hallmark of type II 
diabetes, are characterized by the suppression of the PI3K-AKT signaling pathway [110]. 
This might be due to the elevated activity of mTORC1 which phosphorylates and regulates 
IRS1 and Grb10 proteins[3]. IRS1 transduces signals from In/IGF1R toward PI3K and its 
phosphorylation by mTORC1-dependent p70S6K causes its degradation. Grb10 negatively 
regulates growth factor signaling through binding of IGF1R and its phosphorylation by 
mTORC1 stabilizes and activates Grb10[111, 112]. FoxOs can modulate insulin signaling 
through AMPK activation and TORC1 inhibition as well as via transcriptional activation of 
IRS2, PI3K (p110a) and InR [99] and the activation of these proteins potentially support 
insulin sensitivity. FoxOs also activate rictor, the critical component of TORC2 complex 
required for phosphorylation and full activation of AKT [7, 99]. In contrast, the diabetic 
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phenotype caused by InR deficiency was rescued by FoxO1 heterozygosity, where deletion 
of one FoxO1 allele restored insulin sensitivity[98], indicating that tight control of FoxO 
activity was required for proper protective function of FoxO factors. 

5. Identification and characterization of Sestrins 

Sestrins are highly conserved gene gamily found in all multicellular organisms of the 
animal kingdom. The invertebrate genome contains one Sestrin (Sesn) gene while there are 
three genes in vertebrates Sesn1, Sesn2 and Sesn3[15]. Sesn1, originally named p53-
activated gene #26 (PA26), was identified as a p53-inducibe gene in a screening where p53 
was induced in a tetracycline–dependent manner[113]. The human SESN1 gene is found in 
6q21 position[114] and is transcribed into three different mRNA translated into proteins 
with Mw~46, 55 and 68kD[114]. The Sesn1 mRNAs are transcribed from 3 promoters using 
an alternative first exon (Exon 1,2 or 3), which is spliced with the common exon 4[114]. All 
protein products of SESN1 share the same C-terminal part encoded by exons 4-10. Among 
the three transcripts only short transcripts 2 and 3 are induced by p53, while transcript 1 is 
constantly expressed regardless of p53 status[114]. The gene is ubiquitously expressed in 
all tissues, although at different levels and predominantly in the pancreas, kidney, skeletal 
muscle, lung, placenta, brain, ovary and testis[114]. Sesn1 is a stress-responsive gene 
activated in response to genotoxic stress imposed by -irradiation, UV-light and 
doxorubicin treatment in a p53-dependent manner[114]. Sesn1 is induced with kinetics 
similar to the “classical” p53-inducible genes MDM2 and p21, indicating that this is a direct 
p53 target[114]. p53-responsive elements were identified within intron 1[115] and intron 
2[114] of the Sesn1 gene, although the exact role of either of these elements in Sesn1 
activation by p53 in vivo requires additional analysis. Besides genotoxic stress, Sesn1 is also 
activated in response to serum withdrawal[114], indicating the regulation by a 
transcription factor(s), which are under control by growth factors. Among them, FoxOs are 
the most prominent candidates, which expression is negatively regulated by insulin and 
IGF1 through activation of the PI3K-AKT signaling pathway followed by inhibitory 
phosphorylation of FoxOs by AKT[98, 99]. Accordingly, Sesn1 was identified by 
microarray analysis and real time PCR as a gene activated by FoxO3A[116] and FoxO1[117, 
118] (Fig.4).  

Sesn2 was identified by microarray analysis as a gene activated by severe hypoxia in 
glioblastoma A172 cells [119]. The human SESN2 gene is located in position of 1p35.3[119] 
and is transcribed into one mRNA that encodes a polypeptide with Mw~60 kDa[119]. 
Similar to Sesn1, Sesn2 is expressed in all tissues, but predominantly in the placenta, lung, 
liver, kidney, pancreas, testis and leucocytes (AVB and Chumakov PM, unpublished). 
Besides hypoxia, Sesn2 is activated in response to many stress insults including oxidative 
stress, DNA-damage and metabolic derangements[119]. In spite of the important role of 
HIF1 in the regulation of hypoxia-inducible genes, activation of Sesn2 by hypoxia was not 
dependent on HIF1[119]. This is supported by several observations: (i) the kinetics of Sesn2 
induction is significantly delayed compared to typical HIF1-dependent genes such as VEGF 
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and RTP801, but similar to induction of HIF1-independent GADD153 gene; (ii) no HIF1-
binding sites were found in the promoter or introns of the Sesn2 gene[119]; (iii) Sesn2 was 
induced in response to hypoxia mimetic deferoxamine mesylate in HIF1a-proficient but not 
HIF1-deficient immortalized astrocytes (ABV, unpublished). Nevertheless, HIF1 can 
contribute to Sesn2 expression under some conditions. Thus it was showed that HIF1 
protected airway epithelium against oxidative stress potentially via the activation of 
Sesn2[120]. Sesn2 is also activated by NO and hypoxia in a HIF1-dependent manner in 
macrophages[121], so it is possible that HIF1 plays a role in Sesn2 regulation in tissue-
specific manner. Genotoxic stress imposed by -irradiation, UV light, doxorubicin, etoposide 
and camptothecin induces Sesn2 expression in a p53-dependent manner[119, 122]. The 
activation of two of the three members of Sestrin family by p53 indicates the importance of 
Sestrins in p53-dependent processes. The p53-binding site was identified by chromatin 
immunoprecipitation (ChIP) with the paired-end ditag (PET) sequencing strategy in the 
region 9.6 kb downstream of SESN2 gene[115]. Oxidative stress activates Sesn2 in a p53-
independent manner, although p53, which is also activated by oxidative stress, contributes 
to transactivation of Sesn2[123]. The mechanism of Sesn2 activation in response to oxidative 
burst induced by NMDA receptor is described in neurons, where Sesn2 induction is 
mediated by C/EBP transcription factor via –378 to –249 and –249 to –107 regions in SESN2 
promoter[124] (Fig.4A).  

Another mechanism of Sesn2 regulation involves nerve growth factor-induced-B 
member Nur77 (NGFI-B/TR3), an orphan nuclear receptor expressed in multiple 
tissues[125]. Two Nur77 activators 1,1-Bis(3'-indolyl)-1-(p-methoxyphenyl)-methane 
(DIM-C-pPhOCH3) and 1,1-bis(3'-indolyl)-1-(p-phenyl)methane (DIM-C-pPhOH) 
induce Sesn2 and activation of Sesn2 in response to these compounds is inhibited by 
shRNA against Nur77[125]. Stimulated Nur77 inhibits cell proliferation and induces cell 
death. Moreover treatment with Nur77 activator DIM-C-pPhOCH3 suppressed growth 
of human bladder cancer cell line KU7, suggesting the impact of Sesn2 and several other 
genes co-activated with Sesn2 in suppression of tumor growth and tumor cells’ viability 
[125]. Accordingly we showed that Sesn2 suppressed colony-formation in  
different cancer cell lines originated from lung, colon, breast and kidney tumors[119] 
(Fig.4A).  

Other stimuli activate Sesn2 via a yet to be defined mechanisms. Sesn2 is activated in 
response to expression of HIV Tat protein in the brain potentially through induction of 
inflammation and oxidative stress[126]. Accordingly Sesn2 is also activated in response to 
-amyloid peptides associated with oxidative stress in neurons[127]. Impact inflammation 
in Sesn2 expression might be mediated by NO-production, and accordingly NO is the 
Sesn2 activator[128]. Sesn2 is also activated in the brain of Securin-deficient mice[129]. 
Securin is a protein, which in complex with Separase, regulates chromosomal separation 
and metaphase-anaphase transition[129]. Securin deficiency causes genomic instability 
and might regulate Sesn2 via p53 activation. Sesn2 transcriptional activity is also 
regulated by the mechanisms involved acetylation/deacetylation of histones, which can be 
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controlled by oxidative stress and other stimuli[130]. In accordance, treatment with the 
histone deacetylase inhibitor trichostatin A (TSA) induces Sesn2 expression in 
neurons[130]. 

Sesn2 modulates cell viability in response to stress, aggravating cell death in response to 
DNA-damage, induced by UV light and doxorubicin, and serum starvation but supporting 
cell viability in conditions of H2O2 treatment and hypoxia[119]. It might play an important 
role in tissue protection in response to ischemia/hypoxia and some other stress insults. 
According to our data, Sesn2 is activated in the brain in a model of acute ischemia induced 
by acute hypoxia in a model of stroke, created in rats by permanent middle cerebral artery 
occlusion (MCAO)[119].  

Sesn3 was originally identified in silico via search of databases for the sequences sharing 
homology with the Sesn1 and Sesn2 genes[119, 131]. The human SESN3 gene is located in 
position 11q21[119] and is transcribed into 2 mRNA which translated into proteins with 
Mw~53kDa and ~44kDa, lacking 72 AA at N-terminal part[118]. Similar to other Sestrins, 
Sesn3 is expressed in all tissues, and increased levels of expression are observed in skeletal 
muscle, placenta, small intestine, leucocytes, kidney, colon and brain[131]. Sesn3 was 
identified as a direct target of FoxO3A and FoxO1 transcription factors [117, 118]. FoxO1 
directly activates Sesn3 via binding of a 250bp region within 1st intron of human and mouse 
SESN3 gene[118] (Fig.4A).  

Protein products of Sesrin genes from different organisms display the highest similarity 
with Sesn1. According to prediction by GLOBE, (http://cubic.bioc.colum-
bia.edu/predictprotein) Sestrins are compact globular domain proteins composed of -
helical regions. Three of these -helical regions which include helices 3-8, 9-10, and 
11-16 are highly conserved among Sestrins and are separated by less conserved hinge 
regions. According to ProSite analysis (http://www.expasy.ch/prosite) Sestrins contain 
several Ser/Thr and Tyr phosphorylation sites, mainly located in -helical regions, 
including CK2 phosphorylation sites in 8 and 10, three PKC sites in 11, 15 and 16, 
one cAMP/cGMP-dependent protein kinase phosphorylation site in 10 and one tyrosine 
phosphorylation site within helix 14. There are also 13 potential tyrosine residues within 
helices 11-16, which can be phosphorylated by Tyr kinases[119]. Although these 
predictions require verification, phosphorylation of several residues was demonstrated in 
high-throughput screenings, thus S352 of Sesn1 is phosphorylated by ATM kinase, 
implying the role of Sesn1 in DNA-damage response and metabolism[132]. According to 
phosphopeptyde database (http://www.phosphosite.org) Sesn2 phosphorylations on 
Tyr342 and Tyr356 were found in acute myelogenous leukemia indicating involvement of 
Sesn2 in tyrosine-kinase signaling. 

Efforts to characterize Sestrins in the other organisms led to the identification of Sesn1 gene 
in Xenopus Laevis[133]. Although no function was assigned, it was showed that Sesn1 was 
accumulated in notochord at the onset of neurolation[133]. The reciprocal translocation 
(6;18)(q21;q21) observed in heterotaxia (abnormal organs arrangement in the body) patients 
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revealed breakpoint region within 1st intron of Sesn1 gene, which led to propose that Sesn1 
might be responsible for the heterotaxia phenotype[131]. These observations were followed 
by analysis of zebrafish model. Knockdown of Sesn1 in the zebrafish caused lateral 
disturbances in the heart and gut, providing evidence for a potential role of Sesn1 in the 
regulation of left-right asymmetry via Nodal signaling pathway[134]. Interestingly, Nodal 
auto-activation is mediated by a forkhead transcription factor FoxH1 (known as Sur in 
zebrafish) and Sesn1 is able to interact with FoxH1 in vitro[134].  

To gain insight into the physiological function of Sestrins we studied the functions of 
drosophila (d) Sesn (dSesn) in fly model[135]. The analysis of expression has been shown 
that the dSesn expression is increased in adult flies in comparison to larvae stage, and 
dSesn is highly expressed in thoracic muscle (analog of skeletal muscle in 
mammals)[135]. Interestingly, dSesn expression in fly muscles recapitulates the high 
expression level of the members of the Sestrin family in skeletal muscles in 
mammals[114, 119, 131]. Overexpression of dSesn in the dorsal wing region produces a 
bent up wing phenotype and Sesn2 activation in the eyes diminishes the eye size. Both 
phenotypes were evoked by decreased cell size, while dSesn overexpression did not 
affect cell number[135]. Knockout of dSesn do not seem to cause any developmental 
problems indicating no role of dSesn in morphogenesis. Nevertheless, the adult flies 
accumulated many age related defects, suggesting a role of Sentrins in the regulation of 
aging (see below)[135]. Interestingly, similar to mammalian Sestrins, dSesn is also under 
control of p53 and FoxO, although dFoxO appeared to be the predominant 
transcriptional activator of dSesn[135] (Fig.4B). 

 
Figure 4. Regulation of Sestrins’ expression. (A) Different stress insults regulate Sestrin genes via 
activation of p53, FoxOs, C/EBP and some other transcriptional factors in mammals. On the contrary 
AKT activated in response to insulin/IGF1 pathway or Ras can suppress activity of FoxOs. (B) Similar to 
mammals, drosophila (d) Sesn is activated by dp53 and dFoxO. Prolonged stimulation of InR stimulates 
dSesn expression through the TORC1-JNK-dFoxO axis, counteracting an inhibitory effect of AKT 
activation. 
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6. Antioxidant function of Sestrins 

Identification of Sestrin gene family did not provide any clues toward their functions due 
to low similarity with any other proteins [1]. To better understand Sestrins’ function, an 
iterative analysis of Sesn2 protein sequence using PSI-BLAST and structural analysis 
using 3D-PSSM programs were performed. We have observed that a fragment of protein 
around 75 amino acids in length (corresponding to region amino acids 100-175 of Sesn2) 
shares sequence and structural homology with Mycobacterial Tuberculosis AhpD protein 
and other related proteins[123]. The homology spans 5 a-helices of conserved region of 
Sestrins and C-terminal a-helical portion of AhpD[123]. Interestingly, some AhpD family 
members, such as caroboxymuconolactone decarboxylases, consist of this domain only. 
AhpD is a critical component Mycobacterium tuberculosis hidroperoxide reductase 
responsible for regeneration of bacterial peroxiredoxin AhpC, which is oxidized during 
reduction and decomposition of ROS or reactive nitrogen species (RNS). Peroxiredoxins 
are thiol-containing peroxidases conserved among prokaryotes and eukaryotes which 
catalytical center contains 2 conserved cysteines, one is a peroxidatic cysteine oxidized to 
SOH group during reaction with peroxides, and the other is resolving cysteine which 
forms disulfide bridge with catalytical cysteine. Oxidized cysteines are regenerated by 
AhpD in Mycobacterium tuberculosis or the thioredoxin/thioredoxin-reductase (Trx/TrxR) 
system in eukaryotes[15, 136]. AhpD contains two critical cysteines, whereas only one of 
them is conserved in Sestrins[123]. The major difference between prokaryotic and 
eukaryotic peroxiredoxins is that reactive cysteine of eukaryotic peroxiredoxins can be 
easily overoxidized to cysteine sulphinic acid (-SO2H) or sulphonic acid (-SO3H) forms 
and special enzymatic system is required for the regeneration of the overoxidized 
cysteine[136].  

The homology between Sestrins and AhpD indicates that Sestrins might be antioxidant 
proteins regulating mammalian peroxiredoxins. Accordingly, Sesn1- or Sesn2-silenced cells 
have elevated ROS levels and exhibit oxidative stress as supported by elevated levels of 
DNA-oxidation and increased mutagenesis[62, 123]. Sesn1- and Sesn2-silenced cells also 
have higher RNS levels comparatively to control implying the role of Sestrins in RNS 
metabolism as well. Complementary experiments have been shown that ectopic expression 
of either Sesn1 or Sesn2 downregulates ROS in different cell lines, indicating that Sestrins 
are stress-responsive antioxidant proteins[123]. The important role of the conserved cysteine 
was supported mutation analysis, demonstrating that substitution of the conserved cysteine 
impairs antioxidant activity of Sestrins. Sestrins co-localize and interact with peroxiredoxin1 
(Prx1) and peroxiredoxin2 (Prx2) proteins within the cell and support regeneration of 
overoxidized peroxiredoxins[123]. However, the following studies showed that sulfiredoxin 
protein, unrelated to Sestrin family, plays a major role in regeneration of peroxiredoxins in 
most eukaryotic species and Sestrins do not have intrinsic sulfinil reductase activity[137]. 
Thus, Sestrins play an indirect role in peroxiredoxin signaling working as auxiliary or 
regulatory proteins[1]. According to other observations, the important impact of Sestrins on 
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peroxiredoxin-mediated antioxidant response were demonstrated in macrophages and 
NMDA-stimulated neurons[121, 124].  

Being p53-activated proteins, Sesn1 and Sesn2 mediate antioxidant activities of p53, and 
ectopic expression of Sesn1 and Sesn2 partially restores normal ROS levels, elevated in 
p53-deficient cells[62]. Sesn1 and Sesn2 also suppress DNA-oxidation and mutagenesis 
in p53-silenced lung carcinoma A549 cells [62]. FoxO-inducible gene Sesn3 also inhibits 
ROS accumulation, and AKT stimulates ROS production via FoxO-dependent 
downregulation of Sesn3[117]. As mentioned, FoxOs, similar to p53, regulate ROS in a 
pro-oxidant and an anti-oxidant fashion, dependent upon conditions[15, 138]. In 
response to detrimental genotoxic stress induced by etoposide and doxorubicin, FoxO3A 
stimulates expression of the pro-apoptotic protein Bim and its induction is associated 
with oxidative burst and induction of cell death. Simultaneously, FoxO3A stimulates 
expression of the antioxidant Sesn3 protein, and silencing of Sesn3 accelerates the levels 
of FoxO3A-induced cell death[138]. It is possible that Sestrins set up a protective mode 
against misfired induction of cell death by FoxOs and p53 preventing undesirable cell 
death (Fig.5).  

The antioxidant activities of Sestrins play a potential role in carcinogenesis, and 
inactivation of Sestrins might be desirable for cancer cells, which can exploit the effect of 
Sestrin deficiency on mild ROS production. ROS are involved in mutagenesis and 
genomic instability, associated with selection of more malignant cells, stimulation of cell 
cycle, angiogenesis and epithelial-mesenchymal transition. At the same time, high ROS 
levels can be detrimental for viability of cancer cells, this feature is exploited by some 
anticancer treatments[139]. Mutant Ras proteins induce ROS, which are important for cell 
transformation by the Ras oncogene[140]. Accordingly, expression of Sesn1 and Sesn3 
genes are inhibited by Ras, supporting ROS accumulation in response to Ras 
expression[141]. The expression of both FoxO-dependent genes Sesn1 and Sesn3 were 
decreased in response to Ras, while Sesn2 was not affected [141]. Ras activates AKT 
through stimulation of PI3K and potentially inhibit Sesn1 and Sesn3 via suppression of 
FoxOs[1]. 

7. Regulation of AMPK-TOR signaling by Sestrins  

As antioxidant proteins, Sestrins are potential regulators of many cell signaling pathways 
which are sensitive to redox status in the cell. One of them is the mTORC1-dependent 
pathway, which is regulated by ROS on different levels. ROS directly affect activity of 
mTOR[15] or works upstream via inhibition of different phosphatases, such as PTEN or 
members of the tyrosine phosphatase family, which catalitical cysteine is sensitive to 
inhibitory oxidation [142]. Inactivation of these phosphatases can enhance the signaling 
pathways activated by receptor tyrosine kinases leading to the PI3K-AKT-mTORC1 
activation[15]. Ectopic expression of either member of the Sestrin family suppresses 
mTORC1 activity in different human and mouse cells (Fig.5), as indicated by inhibition of 
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phosphorylation of p70S6K, S6 and 4E-BP proteins[122], similar to effects of rapamycin[122]. 
In complementary experiments knockdown of either Sesn1 or Sesn2 stimulated mTORC1 
activation[122]. Surprisingly, ectopic expression of a redox-deficient mutant of Sesn2 
inhibited mTORC1 with the same efficiency as WT Sesn2 protein, indicating that Sestrins 
regulate mTORC1 in a ROS-independent manner[122].  

To gain insight into the mechanism of mTORC1 regulation, Sesn2 was co-expressed with 
different upstream mTORC1 activators including H-Ras, AKT or Rheb. Sesn2 was able to 
suppress mTORC1 activity in the cells transfected with H-Ras or AKT constructs, but all 
effects of Sesn2 were eliminated by co-expression of Rheb. This data indicates that Sestrins 
regulate mTORC1 downstream of H-Ras and AKT but upstream of Rheb[122]. Rheb-GTP 
analysis in breast carcinoma MCF7 cells demonstrated that induction of Sesn2 strongly 
inhibited Rheb-GTP loading, indicating an inhibitory effect of Sestrins on Rheb[122].  

Rheb activity is regulated by the TSC1:TSC2 protein complex and Sestrins inhibit Rheb in a 
TSC2-dependent manner. The following experiments showed that Sestrins regulated 
TSC1:TSC2 activity not trough regulation of upstream TSC2 kinases AKT and ERK [122]. 
AMPK is the kinase which directly phosphorylates and activates TSC2 in response to stress 
and we have shown that either Sesn1 or Sesn2 stimulate AMPK phosphorylation on Thr172 
followed TSC2 phosphorylation and activation by AMPK [122] (Fig.5). Moreover, it has been 
demonstrated that Sesn2 stimulates expression of AMPK subunits in response to DNA-
damage[143]. An inhibition of mTORC1 in an AMPK- and TSC2-dependent manner was 
demonstrated later for Sesn3[118]. 

To examine whether Sesn2 can be directly involved in TSC2 and AMPK activation, 
purification and analysis of Sesn2-containing protein complexes were performed in gel-
filtration experiments. As shown, Sesn1 and Sesn2 were co-eluted in a high molecular 
weight fractions (411-1175 kDa), together with the TSC1, TSC2 and AMPK proteins[122]. 
Immunoprecipitation of protein complexes with anti-Sesn2 antibodies allowed us to co-
purify AMPK1 and AMPK2 subunits and the TSC1:TSC2 complex with Sesn2, 
indicating an interaction of Sestrins with the AMPK, TSC1 and TSC2 proteins [122]. 
Moreover, we observed binding of GST-Sesn2 with AMPK proteins, supporting the idea 
that Sestrins activate AMPK via direct protein-protein interactions (AVB, 
unpublished)[122].  

The inhibition of mTORC1 by Sestrins has an impact on many mTORC1-dependent 
processes including translation, cell growth and proliferation. Accordingly, significant 
downregulation of CyclinD1 and c-Myc expression was observed in breast carcinoma MCF7 
cells in response to Sesn2 induction[122]. The mechanism of inhibition of protein synthesis 
by Sestrins involves formation of the 4EBP1- eIF-4E complex, which suppresses initiation of 
translation of the Cap-dependent mRNAs[122]. Being stress-inducible proteins, Sestrins are 
potential regulators of protein synthesis in response to stress. Accordingly, it has been 
shown that Sesn1 and Sesn2 play a critical role in inhibition of protein synthesis in response 
to -irradiation in breast epithelial MCF10A cells [144]. 
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Regulation of translation and metabolism via mTORC1 inhibition strongly affects cell 
growth, proliferation and cell viability. Accordingly, ectopic expression of Sestrins in 
different cell lines causes a decrease in cell size as compared to GFP control, supporting 
the inhibitory role of Sestrins on cell growth[122]. Cell growth is linked with cell 
proliferation, and we showed that Sestrins inhibited cell proliferation in many cell types 
such as human lung carcinoma H1299, human fibrosarcoma HT1080, human breast 
carcinoma MCF7 and human immortalized fibroblasts from Li-Fraumeni patient 
MDA041[119]. Using matched HCT116 cells with normal p53 and p21 status, p53-deficient 
or p21-deficient cells, we also showed that the inhibition of cell proliferation by Sestrins 
was p53- and p21- independent (AVB and Chumakov PM, unpublished). Sestrins 
inhibited cell proliferation as evident by accumulation of cells in the G1 phase of the cell 
cycle after Sesn2 overexpression[122]. To confirm the importance of mTORC1 in the 
regulation of cell growth and proliferation Sesn2 was ectopically expressed in TSC2-
deficient cells, and no effects on cell growth and proliferation were observed in the 
absence of TSC2 protein[122]. 

AMPK activation and mTORC1 inhibition also regulates autophagy through 
phosphorylation of ULK1 kinase and we showed that Sestrins stimulated autophagy in 
H1299 cells (AVB and Karin M, unpublished). It has been demonstrated that Sesn2 regulates 
autophagy in response to rapamycin, nutrient-free medium, thapsigargin (an activator of 
endoplasmic stress), and lithium in human colon carcinoma HCT116 cells [145]. The 
activation of autophagy in response to these stimuli requires p53, and autophagy was 
significantly inhibited in HCT116 p53-null cells. The potential explanation for this effect is 
that expression of Sesn2 and other p53-dependent proteins involved in autophagy such as 
Sesn1, DRAM, LC3 and ULK1 is supported by p53[15, 20, 74, 146]. Accordingly, silencing of 
DRAM, another important regulator of autophagy, had similar inhibitory effects on 
autophagy as Sesn2 knockdown [145] (Fig.5). 

The effects of Sestrins on cell physiology is not only limited to regulation of cell proliferation 
but also involves regulation of cell viability. Sesn2 overexpression in 293 cells stimulates cell 
death[119]. Sestrins also modulate cell viability under stress condition, protecting from 
oxidative stress, but supporting cell death in response to genotoxic stress[119, 123, 143, 147]. 
Cell death in response to -irradiation is regulated in an AMPK-dependent manner and 
Sesn2 plays a major role in regulation of AMPK phosphorylation in response to genotoxic 
stress[40, 41, 143].  

The prominent role of p53 in the regulation of Sesn1 and Sesn2, and FoxOs in the regulation 
of Sesn3, make Sestrins potential mediators of p53 and FoxO-dependent processes. We 
showed that silencing of either Sesn1 or Sesn2 released the inhibitory effects of p53 on 
mTORC1 in different experimental contexts including overexpression of p53 in p53-deficient 
H1299 cells, stimulation p53 by Nutlin-3 in U2OS cells and activation by the genotoxic drug 
camptothecin in mouse embryonic fibroblasts[122]. Moreover, Sesn2 regulates mTORC1 
activity in vivo in mouse liver in response to treatment with the alkylating liver-specific 
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poison diethylnitrosamine[122]. Another group also demonstrated that fangchinoline, bis-
benzylisoquinoline alkaloid, which is considered as new antitumor agents, activated Sesn2 
expression through p53 and regulates autophagy via activation of AMPK kinase[148]. 
Interestingly, fangchinoline is able to stimulate cell death through induction of autophagy, 
explaining the potential role of Sestrins in support of cell death in response to some 
stimuli[119]. p53 can be inactivated in many cancer cells through interaction with inhibitory 
proteins, which might be potential targets for anticancer treatment. In lung cancer cell lines 
p53 is bound to and inactivated by orphan nuclear receptor Nur77/TR3. Nur77 suppression 
by siRNA released p53, which in turn stimulated Sesn2. It led to AMPK activation and 
mTORC1 suppression, resulting in inhibition of growth and inducing apoptosis in lung 
carcinoma cells[149]. 

The regulation of the AMPK-TORC1 axis by Sestrins is highly conserved in evolution. We 
showed that similar to mammalian Sestrins, dSesn inhibited TORC1, as indicated by 
diminished levels of p70S6K phosphorylation, in an AMPK- and TSC2-dependent manner. 
Inactivation of dSesn led to many abnormalities associated with AMPK-TORC1 
dysregulation, such as metabolic derangements and oxidative stress. Interestingly, the 
effects of dSesn inactivation can be normalized by reconstitution with mammalian Sestrins, 
while dSesn activates mammalian AMPK and inhibits mTORC1, indicating the highly 
conservative functions of Sestrins[135]. 

8. Regulation of TGF signaling by Sesn2 

The AMPK-TOR axis is not the only signaling pathway modulated by Sestrins. A new role 
of Sestrins was described in the control of transforming growth factor- (TGF) signaling. 
TGF signaling is regulated by binding of a dimer of TGF ligands (composed of TGF1,2 3) 
with TGF receptor (TGFR 1 and 2), stimulating its heterodimerisation and activation of its 
intrinsic Ser/Thr kinase activity[150, 151]. Cells secrete TGF as large latent complex 
containing one of three latent TGF binding proteins LTBP1, LTBP2 and LTBP4 belonging to 
the fibrillin family of extracellular matrix (ECM) proteins[150]. LTBPs target TGF to ECM 
depositing them for mobilization when activation of TGF- signaling is required. Activated 
TGF-R transduces a signal to proteins of the Smad family, classified as receptor-associated 
Smads (R-Smads: Smad 1,2,3,5&8), cooperating Smads (Co-Smads: Smad4) and inhibitory 
Smads (i-Smads: Smad6&7). It was shown that R-Smads, Smad1-5, are substrates of TGF 
receptors, activated by TGF, while others are activated by other members of the TGF 
family via interaction with relevant receptors. Phosphorylated Smad2 and Smad3 form 
heteromeric complexes with Smad4, which translocate to the nucleus where they bind 
Smad-dependent promoters and activate expression of a number of genes such as -smooth 
muscle actin (SMA), connective tissue growth factor (CTGF) and matrix metalloproteinase 2 
(MMP2) involved in regulation of cell growth, differentiation and migration[147, 152]. TGF 
also controls other signaling pathways through RhoA, Cdc42, Rac1, Ras, PI3K, PP2A, 
MEKK1, TAK1 and DAXX proteins. Dysregulation in TGFb-dependent signaling contributes 
to fibrosis, cancer, cardiovascular and congenital diseases[150]. Sesn2-deficiency leads to 
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activation of TGF signaling pathways in lung as well as in mouse lung fibroblasts (MLF) as 
indicated by increased phosphorylation of Smad2 and Smad3, and elevated expression of 
TGFb targets such as -SMA, connective tissue growth factor (CTGF) and MMP2[147]. It has 
been also shown that inactivation of Sesn2 in MLF activates mTORC1, and TGF played a 
role in this process potentially stimulating the PI3K-AKT pathway[147] (Fig.5). TGF 
pathway is not the only receptor-activated cascade is regulated by Sestins. As reported 
recently, inactivation of Sesn2 also caused accumulation of platelet-derived growth factor 
receptor- (PDGFR) in glioblastoma U87 cells. PDGFR was accumulated in Sesn2-silenced 
cell due to impaired ubiquitination and degradation. These cells had increased ROS 
production and higher rate of autophagy, which can indicate a compromised 
metabolism[153]. 

 
Figure 5. Functions of Sestrins. Sestrins suppress ROS accumulation, inhibit the TGF pathway and 
activate AMPK causing suppression of mTORC1. As a result, Sestrins control many mTORC1-
dependent processes such as translation, metabolism, cell growth and autophagy. Inhibition of ROS by 
Sestrins prevents mutagenesis and genetic instability, the hallmarks of carcinogenesis. Being targets of 
p53 and FoxOs, Sestrins mediate many p53- and FoxO-regulated processes including regulation of ROS 
and metabolism potentially contributing to regulation of longevity by these transcriptional factors. 

9. Role of Sestrins in aging and diseases 

Aging and age-related diseases can be caused by deterioration of the mechanisms 
controlling stress responses which prevent accumulation of damaged organelles, 
macromolecular aggregates and ROS in cells through control of anabolic and catabolic 
processes. Two important functions of mTORC1, such as control of protein synthesis and 
autophagy are critical for lifespan regulation and fitness, and the pathways, which enhance 
or suppress mTORC1 activity, may contribute to longevity and health[6]. The members of 
the Sestrin family are antioxidant proteins involved in suppression of TORC1, so they are 
potential regulators of aging and longevity. 
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9.1. Role of Sestrins in aging 

The redundancy of the Sestrin family members in mammals complicates the analysis of 
function of Sestrins in aging and diseases. To gain insight into the role of Sestrins in the 
regulation of aging, Drosophila Melanogaster containing only one Sesn gene (dSesn), was 
chosen as a convenient model. TORC1 is a critical regulator of aging and lifespan in 
Drosophila, and activity of TORC1 is elevated in dSesn-null flies[135]. Also, we have shown 
dSesn is induced in response to activation of InR, which stimulate activity of dTOR. dTOR is 
involved in activation of dSesn through ROS production, which induces JNK followed by 
activation of dFoxO. AKT, stimulated in response to InR in the same system, is a negative 
regulator of dFoxO. Thus the signals from AKT and JNK compete for regulation of this 
transcription factor, with JNK providing the dominant signal. dSesn is induced in response 
to InR-JNK-dFoxO activation and inhibits TORC1, providing a negative feedback loop 
toward regulation of InR-AKT-dTOR signaling[135]. Overactivated InR signaling 
contributes to many age-related pathologies in flies including metabolic derangement and 
heart and muscle deterioration, so dSesn might have a protective role against these 
diseases[1, 135]. 

Accordingly, the dSesn-deficient flies have many health-related problems. First, the flies 
have impaired lipid metabolism and accumulate lipids (Fig.6). The mechanisms of lipid 
regulation involve two processes: lipogenesis and lipolysis. TOR controls lipolysis through 
activation of transcriptional factor SREBP. We observed that expression of dSREBP and its 
targets dFAC, dFAS, dACC and dACS were up-regulated in dSesn-deficient animals, while 
the expression of the genes involved in lypolisis such as dPGC1, lip3, CG5966, CG11055 
were downregulated. Interestingly, the accumulation of lipids in dSesn-deficient flies was 
prevented by treatment of flies with either AMPK activators AICAR or metformin, or TOR 
inhibitor - rapamycin[135].  

Second, dSesn-null flies demonstrated heart dysfunction manifested in arrhythmia and 
decreased heart rate due to expansion of diastolic period. This phenotype was largely 
prevented when flies were treated with AICAR and rapamycin, indicating the role of 
AMPK-TOR signaling in this process. The activated TOR signaling is associated with ROS 
accumulation. To examine whether ROS contribute to the phenotype, ROS were suppressed 
by antioxidant vitamin E or via expression of catalase in heart muscle. Strikingly, both 
conditions suppressed arrhythmia in dSesn-deficient flies but did not prevent the decrease in 
heart rate, indicating some ROS-independent effects of dSesn on heart protection. We also 
observed massive disorganization of myofibrils indicated by F-actin staining in dSesn-null 
flies. Thus, dSesn might be important for prevention of heart degeneration associated with 
activated TOR signaling[135] (Fig.6). 

Third, inactivation of dSesn had a detrimental effect on thoracic (skeletal) muscle. The flies 
were characterized by muscle degeneration as evidenced by loss of sarcomeric structure and 
diffused sarcomeric boundaries. The muscles exhibited mitochondrial abnormalities such as 
rounded shape, enlargement and cristae disorganization. Oxidative stress is the typical 
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feature of mitochondrial malfunction and muscle from dSesn-null flies showed an increased 
accumulation of ROS. The detrimental muscle phenotype evoked by dSesn inactivation was 
prevented by treatment with antioxidant vitamin E, supporting the idea that ROS contribute 
to muscle degeneration. Deterioration of muscle structure, associated with mitochondrial 
abnormalities and oxidative stress might be linked to impaired autophagy, the important 
mechanism for control of muscle cell integrity and function. The defects in autophagy, the 
controller of muscle integrity, in dSesn-deficient flies was evident from accumulation of 
ubiquitinated protein aggregates, which are cleared via autophagic proteolysis. To examine 
the potential impact of autophagy on regulation of cardiac and muscle homeostasis we 
knocked down the ULK1(ATG1) gene, the critical component of the autophagic machinery, 
which is inhibited by TOR and activated by AMPK. Silencing of ULK1 had effects similar to 
dSesn inactivation such as cardiac deficiency, muscle degeneration, mitochondrial 
abnormalities and oxidative stress[135]. 

The phenotypes observed in young (2-3 weeks old) dSesn-deficient flies resembled those 
in old WT flies, indicating that dSesn-null flies in early age have many features of aging 
animals[135]. Thus dSesn controls processes important for homeostasis, which being 
improperly regulated can accelerate aging. These processes potentially involve the 
mechanisms of stress response, which act to repair or remove damaging consequences of 
stress. Aging and age-related diseases might be a result of unresolved stress which lead 
to accumulation of damage causing more intense stress, supporting a vicious cycle 
(Fig.6).  

Although the data on the role of Sestrin in aging in vertebrates are scant, there is some 
evidence that Sestrins might play an important role in protection against aging and age-
related diseases in mammals. Strong activation of Sesn1 and Sesn2 was found in s-Arf/p53 
mice[90], which demonstrated delayed aging and were protected from carcinogenesis. The 
activities of AMPK and p53 decline with age as well as the levels of autophagic 
proteolysis[51, 93, 154]. Sestrins being a link between p53 and AMPK might be suppressed 
in aging animals, and as a result this dysregulation can weaken the mechanisms protecting 
their health. 

9.2. Sestrins and neurodegenerative diseases 

The pathogenesis of many neurodegenerative diseases, such as Alzheimer’s, Parkinson’s 
and Huntington’s disease are associated with accumulation of protein deposits, which can 
affect cell physiology and induce oxidative stress and cell death[1]. Inhibition of mTORC1 
has a protecting effect by suppressing accumulation of protein deposits, potentially via 
inhibition of protein translation and activation of autophagy[1, 3]. Sesn2 was activated in 
human neuroblastoma CHP134 cells in response to amyloid -peptides, the toxic deposits 
found in the brain of Alzheimer patients[127]. In another study Sesn2 was found to co-
localize with Tau, another protein forming deposits or tangles in neurons, in a subset of 
neurofibrillary lesions[155]. Pathogenesis of neurodegenerative diseases is associated with 
oxidative stress and accordingly Sesn2 was activated by ROS in neurons, where Sesn2 plays 
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an antioxidant role[124]. Thus, Sestrins can protect neuronal cells from the toxic effects of 
neuronal deposits and oxidative stress. The other member of the Sestrin family, Sesn1 was 
activated in response to the neuroprotective drug rosiglitazone, a member of the 
thiazolidinedione family of synthetic peroxisome proliferator-activated receptor (PPAR) 
agonists. Rosiglitazone protects retinal cells from cell death mitigating the effects of ROS 
and Ca2+, so Sesn1 might be a critical target of this drug involved in regulation of cell 
viability[156] (Fig.6).  

9.3. Sestrins and diabetes 

Dysregulation of the AMPK-mTORC1 pathway and ROS metabolism contributes to type II 
diabetes and Sestrins and their regulator p53 might play a protective role against this 
disease. According to resent observations, knockin mice where p53 Ser18 (analog of Ser15 in 
human) was replaced by alanine, showed increased metabolic stress and develop insulin 
resistance and glucose intolerance, the hallmarks of type II diabetes[157]. Ser18 is the site of 
phosphorylation of ATM kinase. Inactivation of ATM induces metabolic derangements and 
development of diabetic phenotype in mice. According to a hyperinsulinemic-euglycemic 
clamp study, diabetic phenotype of p53S18A mice was evoked by reduction of insulin-
stimulated whole-body glycogen synthesis and inefficient suppression of hepatic glucose 
production by insulin. These mice had decreased levels of expression of Sestrin family 
members in liver, muscle and white adipose tissue, suggesting that downregulation of 
Sestrins in the p53S18A mice contributed to the diabetic phenotype. Impressively, 
downregulation of Sesn2 and Sesn3 genes was also observed in ATM+/- mice where ATM 
activity was reduced[157]. The fibroblasts from p53S18A mice were characterized by increased 
ROS levels associated with reduced expression of all members of Sestrin family. Ectopic 
expression of Sesn2 in the p53S18A fibroblasts restored normal ROS levels, supporting the 
critical role of Sestrins in ROS regulation in p53S18A mice. To study whether the diabetic 
phenotype of the p53S18A mice was linked with oxidative stress, associated with a 
compromised p53 function, the mice were treated with butylated hydroxyanisole (BHA). 
BHA treatment suppressed diabetic phenotype in the p53S18A mice supporting the role of 
oxidative stress associated with p53 dysfunction in diabetes[157] (Fig.6). 

9.4. Sestrins and respiratory diseases 

Antioxidant effects of Sestrins might also be important in protection of respiratory 
epithelium via control of barrier function. Pollutant-induced inflammation compromises the 
barrier function, which leads to different respiratory diseases such as asthma, cystic brosis, 
and chronic obstructive pulmonary disease (COPD). The barrier function of the respiratory 
epithelium is protected by trasncriptional factor HIF1 fortifying an antioxidant defense, and 
this function is associated with activation of Sesn2, which seems to be a critical HIF1 target 
involved in this process[120]. Interestingly, according to another work, Sesn2 activity can 
complicate some aspects of COPD via negative regulation of TGFβ signaling which 
mitigates emphysema phenotype in mice. Thus, inactivation of Sestrins has some 
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therapeutic potential under some COPD conditions, although more work has to be done to 
elucidate the exact role of Sestrins in COPD and other respiratory diseases[147].  

9.5. Sestrins and cancer 

Tumor suppressor p53, the master regulator of Sesn1 and Sesn2, is inactivated in most of 
human cancers, and p53 inactivation causes downregulation of Sesn1 and Sesn2, which 
can be responsible for tumor suppressive activities of p53 [62, 114, 119, 123]. Tumor 
suppressor activity was also recently assigned for the members of the FoxO family. 
Somatic inactivation of three members of the FoxO family: FoxO1, FoxO3A and FoxO4 in 
mice stimulated development of lymphomas and hemangiomas[158, 159]. Sesn1 and 
Sesn3 are FoxO targets, which can potentiate the tumor suppressive effects of FoxOs via 
regulation of ROS. The potential tumor suppressive activity of Sestrins and their impact 
on p53 and FoxO-mediated tumor suppression might involve antioxidant defense 
imposed by Sestrins, which can protect from mutagenesis, genomic instability and 
angiogenesis, as well as can regulate some other cancer-relevant processes associated 
with dysregulation of ROS metabolism[62, 141]. The role of Sestrins in many types of 
cancer is strengthened by the importance of Sestrins in regulation of the LKB1-AMPK-
mTORC1 pathway[52, 122]. In agreement with this, it was observed that Sesn2-deficient 
cells are more susceptible to transformation than WT counterparts and Sesn2-silenced 
A549 tumor xenografts grow faster in nude mice, similar to p53-deficeint cells[62, 122] 
(Fig.6).  

Analysis of human tumors demonstrates that loss of heterozygosity (LOH) in Sesn1 
(6q21) found in non-Hodgkin lymphoma, acute lymphoblastic leukemia, bladder 
carcinoma, ovarian, mammary carcinomas, squamous cell carcinomas of the head and 
neck, T cell lymphomas[160] and Sesn2 (1p34) loci found in pancreatic 
adenocarcinoma[161], glioblastoma[162], T-cell lymphomas[160], ovarian cancers [163], 
thyroid cancers [164], and neuroblastomas[165]. LOH in the Sesn3 locus (11q21) is found 
in non-Hodgkin lymphoma[166], nasopharyngeal carcinoma[167, 168], pancreatic 
endocrin tumors[169], and melanomas[170]. Analysis of gene expression have shown 
that Sesn1 and Sesn2 are downregulated in lung cancers of different origin such as large 
cell carcinoma, adenocarcinoma, squamos cell carcinoma and small cell lung 
carcinoma[171-173]. Sesn1 is also found downregulated in breast cancers[174, 175], head 
and neck cancers[176], brain tumors[177] and T-cell leukemia/lymphoma[177]. Moreover, 
missense mutation of Sesn2 P87S was recently found in myeloproliferative neoplasm 
essential thrombocythemia (ET), characterized by increased proliferation of 
megakariocytes and accumulation of circulated platelets[178]. Another mechanism of 
inactivation of the members of the Sestrin family was described for endometrial cancers, 
where Sesn3 is methylated in 20% of cases, supporting the potential role of this gene in 
tumor suppression [179]. Although more extensive analysis is required to label Sestrins 
as tumor suppressors, these data clearly indicate the indispensable impact of Sestrins in 
control of carcinogenesis. 
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The regulation of the TGF pathway by Sestrins can also contribute to carcinogenesis. 
Although TGF can inhibit cell growth and suppress carcinogenesis at early stages, during 
the late stages of carcinogenesis cells often lose their growth-inhibitory response to TGF. 
Moreover, TGFstimulates invasion and metastasis of cancer cells supporting tumor 
progression. Accordingly, overexpression of TGF1 was found in breast, colon, esophageal, 
gastric, hepatocellular lung and pancreatic cancers. Moreover, high levels of TGF correlate 
with cancer progression, metastasis, angiogenesis and bad prognosis[152]. Inactivation of 
Sestrins can stimulate TGF signaling and potentiate TGF-dependent processes 
contributing to carcinogenesis. The link between Sestrins and TGF in human cancers and 
the impact of TGF-dependent pathway in regulation of carcinogenesis by Sestrins has to be 
addressed in the future studies. 

 
Figure 6. Sestrins protect from aging and age-related diseases. Drosophila Sestrin protect flies from 
aging, suppressing metabolic derangements, cardiac malfunction and muscle degeneration. In 
mammals, Sestrins are activated in the mice with delayed aging phenotype, while decreased expression 
of Sestrins is observed in diabetic mice. Moreover, Sestrins are found downregulated in many cancers. 
The conservatism of the mechanisms of regulation of longevity and aging between vertebrates and 
invertebrates via the AMPK-TORC1 pathway support the critical role of Sestrins in regulation of aging 
at mammals and their protecting activities against age-associated diseases. 

Being stress-inducible genes, Sestrins are activated by many anticancer treatments, which 
involve stress response. Although the stress might be detrimental for cancer cells inducing 
cell death and senescence, which suppress tumor growth, cancer cells can eventually 
accumulate mutation in genes critical for the beneficial effects of anti-cancer therapy. 
Sestrins are important for cell death in response to genotoxic stress[119, 143], so they might 
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be targets for inactivation in response to therapy. Presumably reactivation of Sestrins might 
be beneficial for treatments involving genotoxic stress. On the contrary, Sestrins might 
protect against oxidative stress, which also contributes to death of cancer cells, so under 
some circumstances inactivation of Sestrins might be beneficial for the treatment efficiency. 
Thus, the detailed characterization of the role of Sestrins in the efficiency of anticancer 
treatment is very important to set up the best treatment strategy for different forms of 
cancer. 

10. Conclusion 

A decade ago we identified a novel Sestrin gene family which happens to be in the 
intersection of two vital roads controlled by two important guards, p53 and FoxOs, the 
grants of our well-being and longevity. Sestrins convey the message from them to the 
AMPK-TORC1 executive branch, responsible for integration of numerous signals from 
nutrient and energy sources, growth factors, hormones and stress insults to tune up many 
metabolic, biosynthetic and disposing facilities providing good conditions for the organism 
well-being. Unfortunately, some hereditary or environmental factors, including an 
unhealthy life style, can impair the guards and release the malfunctioning machine of TOR 
signaling leading to non-synchronized anabolic and catabolic process resulting in the 
accumulation of damage, the major source of our demise. The absence of careful control of 
these processes also lead to disturbances in different tissues laying the ground for many 
detrimental age-related diseases, the major threat of developed societies in the 21st century. 
The restoration of the guards’ functions, in part, via enabling Sestrins that are important 
messengers of their orders, might prove to be a valuable approach to delay or prevent many 
undesirable manifestations of aging and unhealthy life style. Future experiments on mouse 
genetic models and detailed analysis of the role of Sestrins in human diseases let us establish 
the impact of Sestrins in the control of human health and longevity, understand the 
mechanisms of their action and exploit this knowledge for the development of efficient anti-
aging therapies. 
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1. Introduction 

Macroautophagy (hereafter called autophagy) is an intracellular lysosomal degradation 
process. Long-lived cytosolic proteins and entire organelles are enveloped by a double 
membrane. These vesicles are called autophagosomes and are transferred to lysosomes. The 
enclosed cargo is degraded by lysosomal hydrolases, and the resulting components are 
transported back to the cytosol and re-used for anabolic and catabolic processes. In recent 
years it became evident that autophagy is central for cellular homeostasis. Autophagy 
occurs at basal levels essentially in any cell type, and is actively induced under stress 
conditions, e.g. nutrient deprivation or infection. Additionally, the involvement of 
autophagy in human pathologies such as cancerogenesis and neurodegeneration is well-
documented and current therapeutic approaches hence target autophagy signaling 
pathways. 

During the past decade the molecular mechanisms for the induction and execution of 
autophagy have been partially resolved. The discovery of the yeast autophagy-related genes 
(Atgs) was central for this understanding. To date, 35 yeast Atgs have been identified, many 
of which have mammalian counterparts. However, autophagy induction is additionally 
controlled by a complex network of other cellular signaling pathways.  

The process of autophagy is mainly regulated by six functional units: 1) the Ulk1-Atg13-
FIP200 kinase complex, 2) the PI3K class III complex containing the core proteins Vps34, 
p150 and Beclin 1, 3) the PI3P-binding Atg2/Atg18 complex, 4) the multi-spanning 
transmembrane protein Atg9, 5) the ubiquitin-like Atg5/Atg12 system and 6) the ubiquitin-
like LC3 conjugation system (reviewed in [1]). These six modules participate in different 
steps of autophagy execution, i.e. vesicle nucleation, elongation and autophagosome 
completion. In the following we will summarize the current knowledge about regulatory 
phosphorylation events occurring during autophagy induction upstream and downstream 
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of the Ulk1-Atg13-FIP200 and PI3K class III “initiator complexes”, and during vesicle 
elongation, e.g. LC3 phosphorylation.    

2. The Ulk1-Atg13-FIP200 protein kinase complex  

Interestingly, Atg1/Unc-51-like kinase 1 is the only protein kinase among the Atg proteins. 
In 1993, Tsukada and Ohsumi reported the isolation of different autophagy-defective 
mutants of S. cerevisiae [2]. The apg1 strain was the first identified strain, and subsequently it 
was discovered that the corresponding gene encodes a serine/threonine protein kinase [3], 
which was subsequently termed Atg1. During the induction of canonical autophagy in 
yeast, Atg1 interacts with Atg13, Atg17, Atg29 and Atg31 [4-8]. Apparently a constitutive 
trimeric complex of Atg17, Atg29 and Atg31 serves as scaffold for the subsequent 
recruitment of other Atg proteins to the pre-autophagosomal structure (PAS) [9, 10]. In 
contrast, the interaction between Atg1 and Atg17 is dynamic and mediated by Atg13 [5, 11]. 
In 2000, Ohsumi and colleagues could nicely demonstrate that the association between Atg1 
and Atg13 is negatively regulated by target of rapamycin (TOR) signaling [7]. In their 
model, nutrient-rich conditions lead to a TOR-mediated hyperphosphorylation of Atg13, 
which prevents its association with Atg1. In turn, starvation conditions or rapamycin 
treatment result in an inactivated TOR and a dephosphorylated Atg13. Dephosphorylated 
Atg13 exhibits a high affinity for Atg1 and induces its kinase activity, ultimately leading to 
the induction of autophagy [7]. Recently the group could confirm this model by showing 
that the expression of an Atg13 mutant protein which cannot be phosphorylated by TOR 
anymore leads to the induction of autophagy under nutrient-rich conditions [12]. 
Apparently Atg13 mediates the self-association of Atg1, and the appearance of Atg1-Atg1-
dimers is correlated with the induction of autophagy [13].    

In vertebrates, the situation is a little bit more complex. There exist at least five Atg1 
homologs, designated as Unc-51-like kinases 1-4 (Ulk1-4) and STK36 (reviewed in [14-17]). 
Unc-51 (uncoordinated-51) is the single Atg1 homolog in C. elegans [3, 15]. Especially Ulk1 
and Ulk2 have been well characterized as the functional homologs of Atg1/Unc-51, and only 
these two Unc-51-like kinases exclusively exhibit high similarity in both the N-terminal 
catalytic domain and the rest of the protein, including a central proline/serine-rich (PS) and 
the C-terminal domain (CTD) [16, 17]. Although overexpression of Ulk3 was able to induce 
autophagy in the human fibroblast cell line IMR90 [18], only Ulk1 and Ulk2 are capable of 
interacting with mammalian Atg13 via their conserved CTD [19-22]. Based on an siRNA 
screen in HEK293 cells, Ulk1 has been proposed as the primary autophagy regulator, since 
the knockdown of Ulk1 but not that of Ulk2 inhibited the autophagic response upon 
starvation or rapamycin treatment [23]. Both Ulk1 and Ulk2 are ubiquitously expressed in 
most adult mammalian tissues [24-26]. Interestingly, in red blood cells only ulk1 mRNA is 
significantly up-regulated during terminal erythrocyte differentiation [27]. Accordingly, 
ulk1-/- mice reveal defects in the clearance of mitochondria and RNA-containing ribosomes in 
reticulocytes during erythrocyte maturation [27]. However, ulk1-/- mice are born viable and 
show normal autophagy induction upon starvation [27], which is in clear contrast to other 
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mouse models deficient for specific Atgs such as Atg5 or Atg7 [28, 29]. Furthermore, ulk2-/- 
mice are likewise viable and autophagy-competent [30, 31]. These observations suggest that 
Ulk1 and Ulk2 have partially redundant functions and that loss of one kinase can be 
compensated by the other during non-selective autophagy. However, the ability of Ulk2 to 
compensate Ulk1-deficiency appears to be cell type-specific and to depend on the type of 
autophagy. The selective role of Ulk1 for mitophagy described above has recently been 
confirmed by the observation that Ulk1-mediated phosphorylation of Atg13 at S318 is 
essential for mitophagy, but not for basal or starvation-induced autophagy [32]. 
Additionally, only Ulk1 is required for low potassium-induced autophagy in cerebellar 
granule neurons [31]. Finally, in Ulk1-silenced ulk2-/- MEFs or in ulk1-/- ulk2-/- MEFs 
autophagy induced by amino acid deprivation is blocked, further supporting the redundant 
functions of both kinases [30, 31]. Of note, starvation-induced autophagy was not inhibited 
in ulk1-/-ulk2-/- DT40 B lymphocytes generated in our laboratory, and ulk1-/-ulk2-/- MEFs 
display autophagy induction upon glucose deprivation [30, 33]. The molecular details of 
these Ulk1/Ulk2-independent autophagy pathways have to be deciphered in the future. 

As described above, the CTD of Ulk1 and Ulk2 can interact with mammalian Atg13. In 2007, 
mammalian Atg13 has been identified by an in silico protein and DNA database screen [34]. 
Subsequently, the essential role of Atg13 for autophagy has been confirmed in HEK293 cells 
[19]. Atg17, the other essential component of the yeast Atg1 complex, is conserved in 
different yeast strains and most filamentous fungi, but primary sequence homologs could 
not be identified in higher eukaryotes [34]. However, Mizushima and colleagues 
demonstrated that the focal adhesion kinase (FAK) family interacting protein of 200 kDa 
(FIP200) is an Ulk1-interacting protein and essential for autophagy induction [35]. FIP200 is 
a large coiled-coil domain containing protein and regulates diverse cellular functions 
including cell size, proliferation and migration [35]. FIP200 was initially identified as gene 
inducing retinoblastoma 1 (RB1) expression in different human cell lines [36] and 
accordingly termed RB1CC1. Mizushima and colleagues speculated in the original 
manuscript that FIP200 might represent the functional homolog of yeast Atg17 [35]. Both 
proteins have multiple coiled-coil domains, enhance the catalytic activity of Atg1/Ulk1, are 
essential for Atg1/Ulk1 puncta formation, have multiple binding partners and thus 
scaffolding properties, and are mutually exclusively present in different species [35]. Indeed, 
several almost simultaneously published articles describe the existence of a mammalian 
Ulk-Atg13-FIP200 kinase complex, which is directly regulated by the mammalian target of 
rapamycin complex 1 (mTORC1) [20-22]. The interaction between Ulk1/2 and FIP200 is 
mediated by Atg13. However, one group described the direct interaction of FIP200 with Ulk 
[20]. In contrast to the yeast Atg1-Atg13-Atg17 complex, the components of the mammalian 
Ulk-Atg13-FIP200 complex are constitutively associated, especially independently of 
nutrient supply [20-22]. However, apparently the phosphorylation status within the Ulk-
Atg13-FIP200 complex is considerably altered during autophagy induction (see below).  

A fourth component of the Ulk-Atg13-FIP200 complex has recently been characterized. Since 
it has no obvious homolog in yeast, it was termed Atg101 [37, 38]. Atg101 stably associates 
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with the kinase complex, most likely via direct interaction with Atg13. It appears that 
Atg101 protects Atg13 from proteasomal degradation [37, 38].   

2.1. The Ulk1-Atg13-FIP200 protein kinase complex and protein phosphorylation 

In yeast, target of rapamycin complex 1 (TORC1) phosphorylates Atg13 at several serine 
residues, thus preventing the association of Atg13 with Atg1. In turn, TORC1 inactivation by 
rapamycin treatment or nutrient deprivation causes Atg13 dephosphorylation, resulting in 
Atg1-Atg13-Atg17 complex assembly and enhanced Atg1 kinase activity [7, 12]. Regarding 
TORC1-dependent phospho-sites in Atg13, four serine residues have been clearly identified, 
i.e. S437, S438, S646, and S649 [12]. Four additional sites were not precisely mapped, but 
could be deduced from known TORC1 sites or the conservation among Saccharomyces 
species (S348, S496, S535, and S541). As described above, the expression of the 
corresponding Atg13-8SA mutant was able to induce autophagy through activation of Atg1 
even under nutrient-rich conditions [12]. Recently it has been reported that the Ksp1 kinase 
negatively regulates autophagy in yeast via the TORC1-Atg13 axis [39]. 

Atg1 itself is phosphorylated at multiple sites [40, 41]. Phosphorylation of T226 and S230 is 
important for Atg1 kinase activity and its function in autophagy. Both residues are located 
within the activation loop of the N-terminal kinase domain and apparently become 
phosphorylated by autophosphorylation [40, 41]. Additional phosphorylation sites have 
been reported. In one of these studies, a total of 29 constitutive or rapamycin-regulated 
phospho-sites were identified [40]. 

As mentioned above, the phosphorylation status within the mammalian Ulk1/2-Atg13-
FIP200 complex varies dependent on the cellular energy and nutrient supply. Under normal 
growth conditions, mTORC1 associates with the complex via the direct interaction between 
the mTORC1 component raptor and Ulk1/2 [21]. Active mTOR phosphorylates Ulk1/2 and 
Atg13 and thus suppresses Ulk1/2 kinase activity [20-22]. In a first mass spectrometric 
approach, Dorsey et al. identified 16 phospho-acceptor sites in Ulk1 under fed conditions 
[42]. The authors suggested that S341 located in the PS region and S1047 in the CTD 
represent Ulk1 autophosphorylation sites which are required for protein stability. Upon 
starvation or rapamycin treatment, mTORC1 dissociates from the Ulk1/2-Atg13-FIP200 
complex and the mTOR-dependent phospho-sites of Ulk1 become dephosphorylated. In a 
SILAC-based approach, Wang and colleagues recently identified 13 serine or threonine 
residues in Ulk1 phosphorylated under nutrient-rich conditions. Of these residues, S638 and 
S758 revealed a more than 10-fold decrease of phosphorylation upon starvation [43]. In 
another study, the mTOR-dependent phosphorylation of Ulk1 at S758 was confirmed [44], 
and the same phospho-site was also detected in the screen of Dorsey et al. [42]. Interestingly, 
the total phosphorylation levels of Atg13 were low under nutrient-rich conditions and 
remained largely unaltered upon nutrient depletion, suggesting that rather Ulk1/2 than Atg13 
is the major target of mTOR-dependent autophagy regulation [43]. The dephosphorylated and 
thus activated Ulk1/2 autophosphorylates and phosphorylates both Atg13 and FIP200, which 
ultimately leads to the translocation of the complex to the pre-autophagosomal membrane and 
to autophagy induction [19-23, 35, 45, 46]. Next to the above described autophosphorylation 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Regulation of Autophagy by Protein Phosphorylation 101 

sites mapped for Ulk1 under nutrient-rich conditions, T180 in the activation loop of the kinase 
domain has been identified as Ulk1 autophosphorylation site [47]. This site is homologous to 
the site described for yeast Atg1 autophosphorylation [40, 41]. Notably, the functional 
relevance of Ulk1/2-mediated phosphorylation of both Atg13 and FIP200 remains elusive, and 
the relevant phospho-sites have not been verified yet. Our group was able to identify five 
Ulk1-dependent in vitro phosphorylation sites in human Atg13, i.e. S48, T170, T331, T428 and 
T478 [33]. However, expression of the corresponding pan-serine/threonine-to-alanine mutant 
of Atg13 in atg13-/- DT40 B cells did not block autophagy induction upon starvation [33]. 
Since Ulk1 and Ulk2 are dispensable for autophagy induction in this cellular system, 
potentially other kinases and Atg13 phospho-acceptor sites might play a role in the 
regulation of autophagy. As stated above, Ulk1-mediated phosphorylation of S318 in Atg13 
solely influences mitophagy and has no impact on starvation-induced autophagy [32]. One 
might speculate that the Ulk-catalyzed phosphorylation of Atg13 and FIP200 controls the 
translocation of the kinase complex to pre-autophagosomal structures.      

In addition to mTOR, the Ulk1/2-Atg13-FIP200 complex is regulated by other kinases such 
as PKA, Akt and AMPK, respectively (reviewed in [1, 14, 17]). The cAMP-dependent protein 
kinase A (PKA) inhibits yeast autophagy by phosphorylation of Atg1 and Atg13. In Atg1, 
PKA-dependent phosphorylation presumably takes place at S508 and S515, and in Atg13 at 
S344, S437, and S581 [48, 49]. In mammalian cells, depletion of the type IA regulatory 
subunit of PKA has been shown to activate mTOR and thus to inhibit autophagy [50]. A 
direct phosphorylation of Ulk1 at S1043 by PKA has been suggested by Dorsey et al., 
causing a rather closed and inactive conformation of Ulk1 [42]. A PKA-mediated 
phosphorylation of mammalian Atg13, in contrast, has not been confirmed yet.  

Recently, S774 has been identified as a high-stringency Akt site in Ulk1 [47]. 
Phosphorylation of Ulk1 at this site was increased by insulin treatment. Notably, this 
insulin-mediated repression of autophagy was also observed in the presence of rapamycin, 
suggesting that this inhibition occurs independently of mTOR inhibition. Indeed, synergistic 
effects of rapamycin and Akt inhibitors on autophagy have been reported [47, 51]. 
Interestingly, the yeast kinase Sch9, which is a homolog of Akt or p70S6K, has been 
implicated in the regulation of autophagy. The authors proposed that PKA and Sch9 
cooperatively regulate autophagy, and that this is partially independent of TORC1 [52].    

Whereas mTOR activity is regulated by a diverse array of positive signals such as high 
energy levels, normoxia, amino acids and growth factors, the AMP-regulated protein kinase 
(AMPK) is activated under low energy levels and thus represents the classical energy-sensor 
of the cell. AMPK is a heterotrimeric kinase, consisting of a catalytic α-subunit and two 
regulatory β- and γ-subunits, respectively (reviewed in [53]). Additionally, multiple 
isoforms of each subunit exist, i.e. α1-2, β1-2, and γ1-3 [53]. Phosphorylation of T172 in the 
catalytic α-subunit is a prerequisite for AMPK activity. In turn, this phosphorylation can be 
carried out by the ubiquitously expressed and constitutively active LKB1, the Ca2+-activated 
Ca2+/calmodulin-dependent kinase kinase β (CaMKKβ), or the cytokine-activated TAK1 
(transforming growth factor b-activated kinase-1) [14]. An additional level of regulation is 
mediated by the regulatory β- and γ-subunits. The γ-subunit can bind ATP, ADP and AMP 
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and thus appropriately senses the cellular energy status [53]. The β-subunit contains 
carbohydrate-binding modules, whose exact functions remain rather elusive. However, it 
has been speculated that these domains contribute to the subcellular localization of AMPK 
or targeting the kinase to glycogen-associated substrates [53]. In 2001, it was shown that the 
yeast AMPK ortholog SNF1 acts as a positive regulator of autophagy, and it has been 
speculated that this is mediated via Atg1 and Atg13 [71]. Although an initial report 
described the inhibition of autophagy by the AMPK activator AICAR [54], a positive 
regulatory role of AMPK for mammalian autophagy has subsequently been confirmed by 
several groups [55-58]. However, next to energy depletion other stimuli such as the increase 
of cytosolic Ca2+ concentrations, TRAIL-mediated activation of TAK1, and genotoxic stress-
induced sestrin1 and sestrin2 expression have been implicated in the AMPK-dependent 
regulation of autophagy (reviewed in [14, 59-62]). Historically, the AMPK-dependent 
regulation of autophagy has been proposed to mainly function via the inhibition of mTOR. 
AMPK regulates the mTORC1 via the direct phosphorylation of two effectors: 1) the 
upstream regulator tuberous sclerosis complex 2 (TSC2) and 2) the mTORC1-subunit raptor 
[63-65]. However, in 2010 Behrends et al. first discovered the interaction between AMPK 
and Ulk1/2 in a global proteomic analysis of the human autophagy network [66]. 
Subsequently, different groups confirmed the direct interaction between these two kinases 
[43, 44, 65, 67, 68]. Four of these groups additionally reported the AMPK-mediated 
phosphorylation of Ulk1. The common theme of these reports is the starvation-induced 
activation of AMPK, the subsequent phosphorylation and activation of Ulk1, and in turn the 
induction of autophagy (reviewed in [14, 69]). In contrast, our group was able to identify 
Ulk1-dependent phosphorylation sites in all three AMPK subunits, suggesting a rather 
complex level of regulation by mutual phosphorylation [68]. The direct activation of Ulk1 by 
AMPK represents a valuable model for mTOR-independent autophagy pathways [69, 70]. 
Furthermore, due to the data obtained in yeast (see above), it has been proposed that this 
direct autophagy induction pathway most likely arose even earlier in evolution than the 
mTORC1-mediated regulation [53, 71]. Notably, the direct regulation of Ulk1 by AMPK 
appears to be rather complex, since the different groups identified different phospho-
acceptor sites for AMPK (reviewed in [14, 69]). Kim et al. reported the mTORC1-mediated 
phosphorylation of S758 in Ulk1 under nutrient-rich conditions, which leads to the 
inhibition of the AMPK-Ulk1 interaction. Upon glucose starvation, AMPK is activated and 
1) inhibits mTORC1 and 2) activates Ulk1 by the phosphorylation at S317 and S778 [44]. 
Egan et al. characterized Ulk1 both as an AMPK substrate and as 14-3-3-binding protein. 
However, this group identified four completely different AMPK-sites in Ulk1: S467, S556, 
T575 and S638 [67]. One of these sites (S556) has later been confirmed as AMPK- and 14-3-3-
binding site in another study [47]. Lee et al. earlier showed that the association between Ulk1 
and AMPK is important for the induction of autophagy, and mentioned the unpublished 
observation that purified AMPK could phosphorylate recombinant Ulk1 in vitro [65]. Finally 
and as described above, Shang et al. could identify 13 phospho-acceptor sites in Ulk1 using a 
SILAC-based approach. In this approach they confirmed the mTOR-site S758 identified by 
Kim et al., but not their AMPK-sites. However, in contrast to the report by Kim et al., 
phosphorylation of S758 leads to the association of AMPK and Ulk1 [43]. Notably, the AMPK-
sites S556 and S638 in Ulk1 described by Egan et al. were confirmed by Shang et al.. As 
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described above, they observed significant dephosphorylation at S638 and S758 upon 
starvation. When cells are replenished with growth media, mTOR-mediated phosphorylation 
of S758 leads to the re-association of Ulk1 and AMPK, and subsequently mTOR and the Ulk1-
associated AMPK function to maintain phosphorylation at S638 [43]. In summary, it appears 
that further studies are necessary to decipher this rather complex “Ulk1 phosphorylation 
barcode” as well as the exact kinetics of its mTOR- and AMPK-dependent generation. 
Furthermore, it has to be considered that this barcode might depend on both the type of 
autophagic stimulus and the type of (organelle-specific) autophagy. 

Adding an additional level of complexity, recent reports describe the Ulk1-dependent 
phosphorylation of AMPK- and mTOR-subunits, respectively. Our group could show that 
all three AMPK subunits are phosphorylated by Ulk1 and Ulk2, and that thereby AMPK 
activity is negatively regulated [68]. The phospho-sites include S360/T368, S397, S486/T488 
in the α1-subunit, S38, T39, S68 and S173 in the β2-subunit, and S260/T262 and S269 in the 
γ1-subunit (for some peptides the exact phosphorylation-site could not be narrowed down 
further). Thus, we propose that Ulk1 is not only necessary for the induction of autophagy, but 
also is involved in its containment [68]. Finally, two reports describe the Ulk1-dependent 
phosphorylation of raptor [72, 73]. The common theme here is that this phosphorylation leads 
to the inhibition of mTORC1 thus inducing autophagy. Dunlop et al. reported that Ulk1 
promotes phosphorylation of raptor at S696, T706, S792, S855, S859, S863 and weakly S877 in 
vivo. The direct phosphorylation of the last five residues was confirmed by an in vitro kinase 
assay, with the strongest phosphorylation at S855 and S859, respectively. Collectively, these 
multiple phosphorylations inhibit mTORC1 activity through hindrance of substrate docking to 
raptor [72]. These results are in line with the findings by Jung et al. [73]. Collectively, the Ulk1-
mediated phosphorylation of AMPK and raptor represent regulatory feedback loops and 
contribute to the positive and negative regulation of autophagy.             

Next to the associated Atg13 and FIP200 and the AMPK and mTORC1 kinase complexes, 
two additional Ulk1 substrates related to the regulation of autophagy have been identified, 
i.e. the activating molecule in Beclin1-regulated autophagy 1 (Ambra1; see below) and the 
myosin light chain kinase (MLCK)-like protein Spaghetti squash activator (Sqa) in 
Drosophila. Regarding Ambra1, Fimia and colleagues showed that Ambra1 tethers the 
Vps34-Beclin 1-complex (see below) to the cytoskeletal dynein light chains. Upon autophagy 
induction, Ulk1 phosphorylates Ambra1 and thereby releases the Vps34-Beclin 1 core 
complex from dynein [74, 75]. Subsequently, this complex translocates to the ER where it 
contributes to autophagosome formation (see below). The second Ulk1 substrate is the 
Drosophila MLCK-like protein Sqa, whose mammalian ortholog is the zipper interacting 
protein kinase (ZIPK), which is also termed death-associated protein kinase 3 (DAPK3) [76]. 
Through the combination of observations obtained in Drosophila and mammalian cells, the 
authors propose a model in which starvation leads to the Atg1/Ulk1-mediated 
phosphorylation of Sqa/ZIPK at T279/T265 (Sqa/ZIPK sequence). This in turn leads to the 
phosphorylation of the myosin II regulatory light chain (Spaghetti-Squash, Sqh, in 
Drosophila, and MLC in human). Subsequently, myosin II regulates starvation-induced 
trafficking of mAtg9 from the trans-Golgi network (TGN) to autophagosomes [76-78]. The 
role of mAtg9 will be discussed below. Collectively, both models support the view that the 
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cytoskeleton plays a central role for the spatial organization of autophagy-inducing 
complexes. This is further supported by data showing that the exocyst, a hetero-octameric 
protein complex normally involved in tethering vesicles to the plasma membrane, serves as 
an assembly and activation scaffold for components of the autophagic machinery [79, 80]. It 
could be demonstrated that the small G protein RalB and an Exo84-dependent subcomplex 
of the exocyst are critical for the recruitment of the Ulk1-Atg13-FIP200 and the Vps34-Beclin 
1 initiation complexes as well as the two ubiquitin-like conjugation systems and thus for 
autophagosome formation [79, 80]. 

The mutual regulation of AMPK, mTOR and Ulk1/2 and the phosphorylation events 
upstream and downstream of the Ulk1/2-Atg13-FIP200 kinase complex are depicted in 
figure 1A and B.  

 
Figure 1. Mutual regulatory phosphorylations of AMPK, mTOR and Ulk1/2 (A) and phosphorylations 
downstream and upstream of the Ulk1/2-Atg13-FIP200 kinase complex (B). AMBRA1, activating 
molecule in Beclin1-regulated autophagy 1; AMPK, AMP-regulated protein kinase; Atg, autophagy-
related gene; FIP200, focal adhesion kinase family interacting protein of 200 kDa; mTOR, mammalian 
target of rapamycin; PKA, protein kinase A; Ulk, Unc-51-like kinase; ZIPK, zipper interacting protein 
kinase. Panel A was modified from supplemental material to reference [68].  

3. The PI3K class III complex 

In yeast, the class III phosphatidylinositol 3-kinase (PI3K class III) Vps34 participates in both 
autophagy and vacuolar protein sorting (Vps). Accordingly, two distinct Vps34-containing 
complexes have been identified [81]. Both complexes share the core components Vps34, 
Vps15, and Atg6 (Vps30). The first complex (complex I) additionally contains Atg14 and is 
required for autophagy, while the second complex (complex II) contains Vps38 instead of 
Atg14 and is important for vacuolar protein sorting via endosomes. It has been shown that 
the destination-determining factors Atg14 and Vps38 target the Vps34-complexes to either 
the pre-autophagosomal structure (PAS) or to endosomal membranes, respectively [82]. In 
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mammals, different Vps34-complexes could be identified and characterized (reviewed in 
[83]). The mammalian PI3K class III core complex contains hVps34, hVps15 (p150), and 
Beclin 1 (Atg6). This core complex can in turn associate with different regulatory and 
function-determining proteins. It appears that there are three major sub-complexes, 
containing either Atg14L or UVRAG (UV-irradiation resistance-associated gene) or a dimer 
of UVRAG and Rubicon (RUN domain protein as Beclin 1 interacting and cysteine-rich 
containing), respectively [83, 84].    

Atg14L is the putative mammalian homolog of yeast Atg14. Atg14L was identified by a 
sequence homology screen and has also been termed as Atg14 or Barkor [85-88]. Atg14L 
contains two coiled-coil domains (CCDs) that are essential for the interaction with the CCDs 
of Beclin 1 and hVps34, respectively [83]. The interaction between Vps34 and Beclin 1 is not 
affected by Atg14L. However, Beclin 1 is required for the association of Atg14L with Vps34 
[87]. The Atg14L-containing Vps34-Vps15-Beclin 1 complex is essential for the early steps of 
autophagosome formation and likely represents the equivalent of yeast complex I. Atg14L 
co-localizes with Atg5 and Atg16L1 on the isolation membrane during autophagy induction 
[85]. In atg14-/- ES cells, starvation does not induce the formation of Atg16L and LC3 puncta 
or the lipidation of LC3 (see below). Additionally, the bulk degradation of long-lived 
proteins is suppressed in these cells [86]. 

UVRAG has been initially identified as Beclin 1-binding protein, and – like Beclin 1 – has 
been described as tumor suppressor [89]. UVRAG has been suggested as mammalian Vps38 
homolog [85, 90], and indeed the binding of Atg14L or UVRAG to Beclin 1 is mutually 
exclusive [86-88, 90]. The exact role of UVRAG for autophagy induction, however, remains 
rather controversial. It has been reported that UVRAG expression increases Vps34 activity 
and that UVRAG and Beclin 1 act together to induce autophagosome formation [89]. 
However, Mizushima and colleagues could not detect any inhibitory effect of siRNA-
mediated UVRAG knockdown on autophagy flux and GFP-LC3 puncta formation [85]. 
Interestingly, it was recently demonstrated that UVRAG mutations associated with 
microsatellite unstable colon cancer do not affect autophagy [91]. Notably, UVRAG exhibits 
a positive regulatory role at later stages of autophagosome maturation independently of 
Beclin 1. It has been reported that UVRAG interacts with the class C Vps (C-Vps), which is a 
key component of the endosomal fusion machinery [92]. This UVRAG-C-Vps interaction 
apparently stimulates Rab7 GTPase activity, which is important for complete 
autophagosome maturation and autophagsome fusion with late endosomes/lysosomes [83, 
92]. In parallel, the UVRAG-C-Vps complex accelerates endosome-endosome fusion, thereby 
promoting the rapid degradation of endocytic cargo [92].  

In 2009, two groups reported the identification and characterization of an additional Beclin 
1-associated protein, termed RUN domain protein as Beclin 1 interacting and cysteine-rich 
containing (Rubicon) [86, 88]. Rubicon is composed of an N-terminal RUN domain, a central 
CCD and a C-terminal cysteine-rich region. Both reports demonstrated that Rubion-
containing Vps34-Beclin 1-complexes are devoid of Atg14L. Since UVRAG is able to bind 
the core complex independently of Rubicon but Rubicon in turn can only bind to the core 
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complex when UVRAG is bound, it appears that UVRAG mediates the interaction between 
Rubicon and Beclin 1 [86, 88]. Interestingly, there is no apparent Rubicon homolog in yeast, 
and there is no sequence homology between Rubicon and Atg14 or Vps38, respectively [86, 
88]. Current data show that Rubicon suppresses autophagy, presumably at later stages such 
as autophagosome maturation. Additionally, Rubicon was shown to decrease Vps34 
catalytic activity [88]. However, it has been suggested that the negative regulation of 
autophagy occurs independently of Beclin 1 and of Rubicon’s association with the core 
complex [83]. In fact, the Rubicon-mediated inhibition of Vps34 kinase activity does not 
require Beclin 1, and the formation of Rubicon-associated late endosomal/lysosomal 
structures, which apparently inhibit autophagosome maturation, takes place independently 
of Beclin 1 [88]. Accordingly, it has been proposed that binding of Rubicon to the Vps34-
Beclin 1 core complex rather neutralizes the inhibitory effect of Rubicon [83].     

In one of the studies mentioned above, Beclin 1 and interacting proteins were purified from 
different tissues of Beclin 1-EGFP-transgenic mice [88]. Notably, the protein levels of Beclin 
1-EGFP, Vps34, Vps15 and UVRAG were similar and reproducibly higher than those of 
Atg14L and Rubicon suggesting the existence of a UVRAG-containing core complex. These 
results could be confirmed for Beclin 1 complexes purified from cultured cells [83, 86, 87]. 
Interestingly, many previously reported Beclin 1-interacting proteins were not detected in 
these purifications, indicating that those interactions are rather unstable, transient or specific 
for certain conditions [88]. These associated proteins include Bcl-2 homologs [93-97], 
Ambra1 [98], nPIST [99], VMP1 [100], Rab5 [101], FYVE-CENT [102], estrogen receptor [103], 
MyD88/TRIF [104], SLAM [105], Survivin [106], PINK1 [107], and HMGB1 [108-110]. 
Additionally Bif1 and IP3Rs have been reported to indirectly bind Beclin 1 via UVRAG and 
Bcl-2, respectively [111, 112]. Finally, several viral proteins have been reported to bind 
Beclin 1, such as HSV-1 ICP34.5 [113], γ-herpesvirus viral Bcl-2 [97, 114-117], HIV Nef [118] 
and the M2 protein of influenza virus [119]. 

The association between Beclin 1 and anti-apoptotic members of the Bcl-2 family such as Bcl-
2, Bcl-xL and viral Bcl-2 is especially interesting, since it represents an important node 
between apoptosis and autophagy signaling pathways [93-97, 114-117]. Actually, Beclin 1 
was initially identified as Bcl-2 interacting protein by a yeast-two-hybrid screen [94], and 
Beclin 1 contains a BH3-domain which mediates the binding to Bcl-2 family proteins [95, 96]. 
Independently, several groups subsequently showed that anti-apoptotic Bcl-2, Bcl-xL or viral 
Bcl-2 proteins can inhibit Beclin 1-dependent autophagy [95, 97, 115]. Especially viral Bcl-2 
homologs bind Beclin 1 with high affinity, resulting in an ever stronger inhibition of 
autophagy compared to cellular Bcl-2 family proteins [115]. Surprisingly, although Beclin 1 
represents a BH3-only protein, it does not alter the anti-apoptotic capacity of Bcl-2 [120, 121]. 
It has been shown that Bcl-2 and Beclin 1 co-localize at both the endoplasmic reticulum (ER) 
and mitochondria [97]. However, it has been proposed that Bcl-2 exerts its anti-autophagic 
effect on Beclin 1 especially when targeted to the ER, and not when localized at 
mitochondria, which suggests an organelle-specific regulation of the autophagic machinery 
[95, 97]. Recently, the nutrient-deprivation autophagy factor-1 (NAF-1) has been identified 
as a co-factor that specifically targets Bcl-2 to antagonize the autophagic pathway at the ER 
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[122]. Nevertheless, an important role of mitochondria-targeted Bcl-2 for the regulation of 
autophagy has been deciphered by Cecconi and colleagues. They showed that a pool of the 
positive autophagy regulator Ambra1 can bind to mitochondria- but not to ER-localized Bcl-
2. Upon starvation, mitochondria-resident Ambra1 is released from Bcl-2 and can associate 
with both mitochondrial and ER-localized Beclin 1 [123]. Beclin 1-dependent autophagic 
processes are thus presumably initiated at both organelles and Bcl-2 proteins accordingly 
regulate autophagy in two ways, directly by binding Beclin 1 and indirectly by sequestering 
the positive regulator Ambra1 [123, 124].   

Two different models have been proposed to explain the Bcl-2/Bcl-xL-mediated inhibition of 
Beclin 1-dependent autophagy [97, 125, 126]. First, it could be shown that Bcl-2 interferes 
with the formation of the autophagy-promoting Vps34/Beclin 1-complex and that Bcl-2 
overexpression decreases Vps34 catalytic activity [97]. Second, it has been demonstrated that 
Beclin 1 forms a dimer and that the Beclin 1 dimer interface is disrupted by UVRAG [125]. 
Apparently Beclin 1 monomerization activates the lipid kinase activity of Vps34. Bcl-2-like 
proteins in turn reduce the affinity of UVRAG for Beclin 1 approximately 4-fold and 
accordingly stabilize the Beclin 1 dimer [125]. Bcl-2 and Bcl-xL obviously bind Beclin 1 with 
relatively low affinity since several groups could show that cellular Bcl-2 homologs cannot be 
detected in stable Vps34-Beclin 1-complexes [83, 85, 86, 88, 127]. This in turn suggests that the 
transient interaction between Bcl-2-homologs and Beclin 1 enables a flexible and dynamic 
regulation of autophagy induction. Meanwhile, several mechanisms have been proposed how 
this interaction can be negatively regulated, including the phosphorylation of either Bcl-2 
proteins or Beclin 1 (see below), the competitive displacement of Beclin 1 by BH3-only proteins 
or BH3 mimetics, or the disruption of the Bcl-2/Beclin 1 interaction by membrane-anchored 
receptors and adaptors such as IP3Rs or MyD88/TRIF, respectively (reviewed in [127]). 

3.1. Downstream effectors of the PI3K class III complex 

Different downstream effectors of phosphatidylinositol 3-phosphate (PI3P), which is the 
product of PI3K class III catalytic activity, have been implicated in autophagy regulation. In 
2008, Ktistakis and colleagues showed that upon starvation double FYVE domain-
containing protein 1 (DFCP1) translocates to a punctate compartment which partially co-
localizes with autophagosomal proteins and which is in dynamic equilibrium with the ER 
[128]. The authors termed these structures omegasomes, since the ring-like structures 
associated with the underlying ER forming an -like shape [128]. Using electron 
microscopic tomography two reports could meanwhile confirm the tight connection 
between the ER and the isolation/phagophore membrane [129, 130]. DFCP1-translocation to 
omegasomes depends on Vps34 and Beclin 1 function [128]. Interestingly, it appears that 
there is no yeast homolog of DFCP1 [128]. Live imaging experiments revealed that 
omegasomes form near Vps34-positive vesicles and provide membrane platforms for the 
accumulation of autophagy-related proteins, expansion of autophagosomal membranes, and 
emergence of completed autophagosomes [128]. The omegasome model was recently 
complemented by data from the labs of Yoshimori and Mizushima [131, 132]. Their results 
explain how the ER acquires PI3P, which is usually absent from this organelle. They 
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demonstrate that Atg14L localizes close to the omegasome-marker DFCP1 and that 
knockdown of Atg14L blocks the formation of these structures, indicating that Atg14L is 
upstream of omegasome formation [131, 132]. Accordingly, the Atg14L-dependent alteration 
of the ER membrane composition via the recruitment of the PI3K class III complex and the 
subsequent generation of PI3P represent the basis for isolation membrane formation [1, 132].  

The second important PI3P effectors belong to the Atg18 family [1]. In yeast, three members 
have been identified so far, i.e. Atg18, Atg21 and Ygr223c [1, 133]. These proteins are WD40-
repeat containing proteins and bind PI3P and PI3,5P2 through the FRRG-motif [1]. It could 
be shown that Atg18 is important for autophagy, whereas Atg21 and Ygr223c rather 
contribute to the Cvt pathway and to micronucleophagy [1, 134-136]. Recently, it could be 
demonstrated that Atg18 supports the efficient completion of the sequestering autophagic 
vesicle and facilitates the recruitment of Atg8-PE (see below) to the autophagosome 
formation site [137]. In mammals, four Atg18 homologs have been identified, i.e. WD-repeat 
protein interacting with phosphoinositides (WIPI)1-4 [1, 133, 138]. It appears that WIPI1 and 
WIPI2 share close ancestry with Atg18, and WIPI3 and WIPI4 with Ygr223c [133].      

Regarding the hierarchical recruitment of Atgs to the ER subdomain, it has been shown that 
Atg14L-dependent recruitment of the PI3K class III complex requires the kinase activity of 
Ulk1, placing the Ulk1-Atg13-FIP200 complex most upstream [131, 132]. Following the 
association of Ulk1-Atg13-FIP200- and Vps34-Vps15-Beclin 1-Atg14L-complexes to these 
ER-puncta, the two PI3P-binding proteins DCFP1 and WIPI1 are recruited. Finally, Atg5-
Atg12-Atg16L1 complexes and LC3 are recruited and accordingly represent the most 
downstream components [131]. The Beclin 1-interacting VMP1 also localizes to this site of 
autophagosome formation, independently of any other known Atg proteins [131]. 
Interestingly, almost all mammalian Atg proteins except DFCP1 accumulate at the same 
compartments upon induction of autophagy. However, DFCP1 puncta are always localized 
adjacently to these Atg-positive structures [131].    

Considering all the observations described above, a specialized subdomain of the ER 
appears to represent the most likely membrane source or the scaffold for autophagosome 
formation [1]. However, other organelles have been implicated in autophagosomal membrane 
generation (reviewed in [1, 139]). As described above, Ambra1 was found in complex with 
mitochondria-resident Beclin 1, where it potentially enhances Beclin 1-dependent autophagy 
[123]. In 2010, it has been reported that mitochondria supply membranes for autophagosome 
biogenesis during starvation [140]. The authors observed that the autophagosomal markers 
Atg5 and LC3 (see below) transiently localize to puncta on mitochondria. In their model, 
mitochondrial-derived membranes are utilized during autophagy, and autophagosome 
formation is dependent on ER/mitochondria connections [140]. Apparently these connections 
are necessary to transfer phosphatidylserine (PS) to the mitochondria, where PS is converted to 
phosphatidylethanolamine (PE). PE in turn is the target of Atg8-conjugation (see below). One 
might speculate that these mitochondria-ER connections are identical to DFCP1-positive 
omegasomes [140]. Alternatively, the mitochondria-ER connections might enable the transport 
of mito-lipids to the ER, where then autophagosome formation takes place [1]. Finally, it 
should be noted that other organelles than mitochondria or the ER have been implicated in 
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autophagosome biogenesis, including Golgi complex and endosomes, the nuclear envelope 
and the plasma membrane (reviewed in [1, 139]) 

3.2. The PI3K class III complex and protein phosphorylation 

The catalytic Vps34 subunit of the PI3K class III complex itself is regulated by protein 
phosphorylation. It could be shown that cyclin-dependent kinase 1 (Cdk1) and Cdk5 can 
phosphorylate Vps34 at T159. This phosphorylation interferes with the Vps34-Beclin 1 
interaction and thereby reduces Vps34 activity. Additionally, Cdk5 phosphorylates Vps34 at 
T668. This phosphorylation apparently has a direct negative effect on Vps34 activity, since 
this residue is located in the catalytic domain of the enzyme. Collectively, these two 
phosphorylations lead to a reduced PI3P generation and accordingly to a down-regulation 
of autophagosome formation [141]. Cdk1 plays an important role during mitosis, and Cdk1-
mediated phosphorylation of Vps34 explains the observation that autophagy is under strict 
mitotic control [141-143]. By this means, the input to the autophagic compartment might be 
reduced during mitosis. In contrast, Cdk5 is a neuronal Cdk and has been shown to play a 
role in Alzheimer’s disease. Abnormal activation of Cdk5 potentially contributes to 
neurodegeneration by negatively regulating autophagy [141].   

Recently, a positively regulating phosphorylation of Vps34 has been reported. It could be 
demonstrated that protein kinase D (PKD) phosphorylates Vps34 at multiple sites, including 
T677 in the catalytic domain [144]. These phosphorylations lead to increased Vps34 activity, 
PI3P generation, and autophagosome formation. In line with this observation, PKD co-
localized with LC3-positive structures. In addition, the authors could show that PKD acts 
downstream of DAPK, and that both DAPK and PKD are required for autophagy induction 
by oxidative stress [144]. 

As stated above, one way to abrogate the interaction between Bcl-2 family proteins and 
Beclin 1 is protein phosphorylation. Interestingly, the association between these two 
proteins can be disturbed by phosphorylation of either one of the two partners. Zalckvar et 
al. showed that DAPK phosphorylates Beclin 1 at T119, which is a crucial position within the 
BH3 domain of Beclin 1 [145, 146]. The authors demonstrated that this phosphorylation 
promotes the dissociation of Bcl-xL from Beclin 1 and thus the induction of autophagy. Thus, 
it appears that DAPK regulates the Vps34-Beclin 1 complex by two independent 
mechanisms: 1) indirectly through phosphorylation of PKD, which phosphorylates and 
activates Vps34, and 2) directly through the phosphorylation of Beclin 1 [144-146]. In turn, 
an earlier report described the starvation-induced phosphorylation of Bcl-2 at T69, S70 and 
S87 by c-Jun N-terminal kinase 1 (Jnk1) [117]. Again these phosphorylations lead to the 
dissociation of Bcl-2 from Beclin 1 and to the subsequent induction of autophagy. The three 
residues are located within a non-structured loop between the BH3 and BH4 domain of Bcl-
2. Interestingly, this loop is not present in viral Bcl-2 from Kaposi’s sarcoma-associated 
herpesvirus, and accordingly viral Bcl-2 escapes this mode of regulation. Furthermore, the 
authors could show that Bcl-2 phosphorylation upon starvation is mediated by Jnk1 but not by 
Jnk2 [117]. The high mobility group box 1 (HMGB1) has also been shown to negatively 
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regulate the association between Bcl-2 family proteins and Beclin 1. Interestingly, two 
mechanistic pathways have been proposed to explain the HMGB1-mediated regulation [108-
110]. First, HMGB1 itself associates with Beclin 1. Starvation-induced production of reactive 
oxygen species leads to the translocation of HMGB1 to the cytosol. There HMGB1 competes 
with Bcl-2 for Beclin 1. Apparently, an intramolecular disulfide bridge between C23 and C45 of 
HMGB1 is central for its interaction with Beclin 1 and its function to sustain autophagy [108-
110]. Second, HMGB1 promotes activation of the Erk1/2 pathway, which results in the Erk1/2-
mediated phosphorylation of Bcl-2 and the subsequent dissociation from Beclin 1 [108-110].  

As discussed above, the Ulk1/2-Atg13-FIP200 kinase complex also (indirectly) regulates the 
function of the PI3K class III complex. Under starvation conditions, the Ulk1/2-Atg13-FIP200 
complex is the most upstream unit and essential for the recruitment of the Atg14L-
containing PI3K class III complex [131]. The identification of Ambra1 as a direct Ulk1 
substrate might explain this observation. Ambra1 phosphorylation leads to the dissociation 
of the Vps34-Beclin 1 complex from the dynein motor complex and to its translocation to the 
ER, where autophagosome nucleation takes place (see above) [74, 75].  

Regarding the downstream PI3P effectors, the lipid-binding motif of Atg18 has been 
identified as potential PKA phosphorylation site [48]. Interestingly, in this evolutionary 
proteomics approach the autophagy-related proteins Atg1 and Atg13 have additionally been 
detected as potential PKA substrates. The authors could confirm Atg1 as an in vivo PKA 
substrate (see above), which supports the general validity of this comparative approach [48]. It 
has been speculated that Atg18 phosphorylation might alter the lipid binding capacity [147]. 

The above described phosphorylation events regulating the PI3K class III complex are 
schematically depicted in figure 2.  

 
Figure 2. Phosphorylations of the PI3K class III complex. Bcl-2, B-cell CLL/lymphoma 2; CDK, cyclin-
dependent kinase; DAPK, death-associated protein kinase; Erk, extracellular signal-regulated kinase; 
Jnk, c-Jun N-terminal kinase; PKD, protein kinase D; Vps34, vacuolar protein sorting 34. 
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4. Atg9 

Atg9 is a multi-spanning membrane protein which is required for autophagy in several 
eukaryotic cells (reviewed in [148, 149]). In yeast, Atg9 localizes to the pre-autophagosomal 
structure (PAS) and to dispersed punctate structures in the yeast cytoplasm [149-151]. There 
exist two functional Atg9 orthologs in mammals, i.e. Atg9L1 and Atg9L2. Atg9L1 is 
ubiquitously expressed and is also termed mAtg9 or Atg9A [148]. In mammalian cells, 
mAtg9 localizes to the TGN, endocytic compartments, and autophagic membranes [78, 149]. 
Although the dynamic shuttling of Atg9/mAtg9 between these organelles has been well 
documented, its exact function has not been clarified yet. However, it has been speculated 
that Atg9 contributes to the regulation of autophagosome size or that it functions as a carrier 
of lipids for the forming autophagosomes [149]. 

4.1. Atg9 and protein phosphorylation 

Under nutrient-rich conditions, yeast Atg9 localization to the PAS is mediated via its 
interaction with the peripheral membrane protein Atg11, which is a specific factor for the 
cytoplasm to vacuole targeting (Cvt) pathway [149, 152]. During autophagy, Atg9 
localization to the PAS is independent of Atg11 but requires the physical interaction with 
Atg17 [149, 153]. This Atg17-dependent PAS localization of Atg9 requires Atg1, but not its 
kinase activity. This is in accordance with reports stating that Atg1 kinase activity is 
dispensable for the PAS organization under autophagy-inducing conditions [153-155]. 
However, Atg1 kinase activity is required for the regulation of the equilibrium between the 
assembly and disassembly of Atg9 at the PAS [153]. Furthermore, two additional 
components of the Atg9 cycling complex, i.e. the peripheral membrane protein Atg23 and 
the type I membrane protein Atg27, are required for efficient Atg9 trafficking during 
autophagy, but they are not essential [149]. The retrograde transport of Atg9 from the PAS 
to the peripheral pool involves the Atg1-Atg13 complex, the Atg9-interacting proteins Atg2 
and Atg18, and the PI3K class III complex [149, 151].   

In mammals, mAtg9 localizes to the TGN and a peripheral endosomal pool under nutrient-
rich conditions [78, 149]. During starvation, Atg9 localizes to the peripheral pool and co-
localizes with the autophagosomal membrane marker GFP-LC3 (see below) [78, 149]. 
Additionally, it has been reported that starvation-induced trafficking requires Ulk1 and 
Atg13 [19, 78]. It has been shown that siRNA-mediated Ulk1 knockdown leads to an Atg9 
distribution similar to that of unstarved cells, i.e. localization to the TGN [78]. The Ulk1-
mediated phosphorylation of ZIPK/DAPK3 and its contribution to mAtg9 trafficking from 
TGN to autophagosomes has been described above [76-78]. However, recently Itakura et al. 
reported that mAtg9 and the Ulk1 complex independently localize to the autophagosome 
formation site during starvation-induced autophagy [156]. The authors could show that 
recruitment of mAtg9 to the autophagosome formation site is independent of FIP200, but 
that mAtg9 recycling requires FIP200 [156]. FIP200-independent localization of mAtg9 to the 
autophagosome formation site was not only observed for canonical starvation-induced 
autophagy, but also for mitophagy and Salmonella xenophagy [156, 157]. 
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Notably, it could be shown that mAtg9 interacts with the p38-interacting protein (p38IP) 
and that p38IP is required for starvation-induced mAtg9 trafficking and autophagosome 
formation [158]. Additionally, the authors could confirm that the MAPK p38 regulates the 
interaction between mAtg9 and p38IP. The following model has been suggested: in full 
growth medium, p38IP is found in the mAtg9 pool at peripheral endosomes and is 
associated with phosphorylated p38, which inhibits autophagy. Upon starvation, p38 is 
dephosphorylated and binds p38IP with a reduced affinity. Thus, p38 cannot longer block 
the autophagic process and released p38IP supports mAtg9 trafficking and autophagy [158].     

5. Atg12-Atg5 and LC3(Atg8)-PE conjugation systems 

In 2007, Ohsumi’s group published a hierarchy map of Atgs involved in the yeast PAS 
organization. The two ubiquitin-like conjugation systems play a role at a late step of 
autophagosome formation, i.e. expansion and closure of the membrane [1, 10]. Atg12 and 
Atg8 represent the ubiquitin-like (Ubl) proteins, and E1-, E2- and E3-like enzymatic 
activities participate in the conjugation of Atg12 to Atg5 and Atg8 to PE, respectively 
(reviewed in [159]). Within the Atg12-Atg5 conjugation system, Atg12 is activated by the E1-
like enzyme Atg7. Following activation, Atg12 is transferred to the E2-like Atg10 and then 
conjugated to the target protein Atg5. There is no E3-like enzyme involved in the Atg12-
Atg5 conjugation system. However, Atg5 interacts with Atg16, and this Atg12-Atg5/Atg16 
complex assembles to a multimeric complex consisting of four Atg12-Atg5/Atg16 units 
[159, 160]. Orthologs of each component of the Atg12-Atg5 conjugation system have been 
found in mice and humans, and their functions are similar to the yeast counterparts [159]. 
So far, Atg5 appears the sole target of Atg12 conjugation, and this conjugation is 
irreversible [159]. 

Within the Atg8 conjugation system, Atg7 possesses the E1-like activity and Atg3 the E2-like 
activity. Interestingly, the Atg12-Atg5 conjugate has been proposed to possess E3-like 
activity, since it accelerates the transfer of Atg8 from Atg3 to PE [159, 161]. Prior to its 
activation by Atg7, the C-terminal residue R117 of Atg8 is removed by the protease Atg4, 
leading to the exposure of G116 [162]. In contrast to the Atg12-Atg5 conjugate, the Atg8-
conjugation to PE is reversible, and the cleavage is likewise catalyzed by Atg4 [162].   

In mammals, there exist at least eight Atg8 orthologs, which can be subdividied into two 
families: 1) the LC3 subfamily consisting of microtubule-associated proteins 1A/1B light 
chain 3A (MAP1LC3A), LC3B and LC3C (LC3A exists in two variants generated by 
alternative splicing), and 2) the GABARAP-GATE16 subfamily consisting of the gamma-
aminobutyric acid receptor associated protein (GABARAP), GABARAPL1, Golgi-associated 
ATPase enhancer of 16 kDa (GATE16, also termed GABARAPL2) and GABARAPL3 [163]. 
Of these, LC3B is probably the best characterized mammalian Atg8 ortholog. According to 
Atg8 processing, LC3B is cleaved N-terminally of G120 within six minutes after synthesis, 
generating a cytosolic LC3-I fragment of 18 kDa which lacks the C-terminal 22 amino acids 
[164, 165]. Interestingly, there exist four Atg4 orthologs in mammals (Atg4A-D, also termed 
autophagin-1-4), and it has been demonstrated that these Atg4 homologs have selective 
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preferences toward the different LC3/GABARAP family members [165, 166]. It has been 
shown that Atg4B (autophagin-1) has the broadest specificity for mammalian Atg8 orthologs 
[166, 167]. Subsequently, LC3-I is converted to LC-II by conjugation to PE. In SDS-PAGE, LC3-
II migrates faster than the I-form and can be detected at an apparent molecular weight of 16 
kDa [164, 165]. In vitro, the Atg8-like modifiers can also be conjugated to phosphatidylserine 
(PS). However, in vivo PE appears to be the predominant target, indicating that additional 
factors within this conjugation system ensure selectivity [168]. Again paralleling the process in 
yeast, LC3-II can be deconjugated by the activity of Atg4 homologs. In 2009, Satoo et al. 
reported the structure of the Atg4-LC3 complex. It appears that large conformational changes 
of Atg4 within the regulatory loop and the N-terminal tail are necessary for both the 
processing of the LC3-proform and the delipidation of LC3-II [169].  

Both conjugates, i.e. Atg12-Atg5 and Atg8/LC3-PE, localize at membranes during the 
autophagic process. Whereas the Atg12-Atg5 conjugate rather localizes to the isolation 
membrane and is excluded from mature autophagosomes, Atg8/LC3-PE can be detected 
throughout “the whole life” of an autophagosome, i.e. from biogenesis to fusion with 
lysosomes/vacuoles [1]. Accordingly, both conjugates are commonly used for the detection 
of autophagic processes in different assays, including immunoblotting, fluorescence 
microscopy, fluorescence-activated cell sorting, and immunohistochemistry (reviewed in 
[170, 171]). It has been confirmed that also the other mammalian Atg8 orthologs localize to 
the autophagosomal membrane in its lipidated form [165].  

Atg8 and its orthologs have at least two central functions during autophagy: biogenesis of 
the autophagosomal membrane and recognition of target cargo. Ohsumi’s group could 
demonstrate that Atg8 mediates tethering and hemifusion of membranes, and that these two 
functions contribute to the expansion of autophagosomal membranes [172]. Notably, it 
could be demonstrated that the size of autophagosomes is directly determined by the 
amount of Atg8 [173]. Recently, it could be demonstrated that LC3- and GABARAP/GATE16 
subfamilies are essential for autophagy but apparently act at different steps of 
autophagosome biogenesis. It has been suggested that LC3s are involved in the elongation 
of the phagophore membrane, whereas GABARAPs act at a later stage possibly in the 
sealing of autophagosomes [163]. Next to the regulation of membrane dynamics during 
autophagosome biogenesis, LC3 plays an important role in target recognition. In recent 
years, a new class of cargo-recognition receptors, termed autophagy receptors or adaptors, 
have been identified and characterized (reviewed in [174-178]). These autophagy receptors 
are especially important for selective forms of autophagy such as mitophagy and 
xenophagy, i.e. the autophagic control of intracellular pathogens. The prototype of 
autophagy receptors is p62 (also termed SQSTM1 or sequestome 1), and it could be shown 
that p62/SQSTM1 directly binds to Atg8/LC3 to facilitate the degradation of ubiquitinated 
protein aggregates by autophagy [179, 180]. Three features have been reported to be 
important for autophagy receptors: 1) direct interaction with LC3 via a so-called LC3-
interacting region (LIR), 2) the inherent ability to polymerize or aggregate, and 3) the specific 
recognition of cargo [175]. The list of autophagy receptors is steadily growing, including 
p62/SQSTM1 [179, 180], NBR1 [181], NDP52 [182], and optineurin [183]. These four proteins 
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have in common the simultaneous binding of ubiquitin-decorated cargo and LC3/GABARAP 
[175, 183]. However, there exist additional autophagy receptors which interact with either 
ubiquitin or LC3/GABARAP or which indirectly associate with ubiquitin and LC3/GABARAP 
[176]. Examples are the mitochondrial protein NIX, which is a selective autophagy receptor for 
mitochondrial clearance, or Tecpr1, which binds Atg5 and WIPI-2 [184-186].   

5.1. Atg12-Atg5/LC3(Atg8)-PE conjugation systems and protein phosphorylation 

Two research groups independently reported the phosphorylation of LC3 [187, 188]. In 2010, 
Cherra III et al. reported that LC3B is phosphorylated at S12 by PKA. During autophagy 
induction, this site is dephosphorylated. Apparently, phosphorylation of S12 regulates the 
incorporation of LC3 into the autophagic vesicle. Notably, this PKA site is not present in 
Atg8 orthologs of yeast and Drosophila, and is also absent in the GABARAP/GATE16 
subfamily [187]. 

Jiang et al. could show that LC3 is phosphorylated at T6 and T29 by PKC. Mutations of these 
residues significantly reduced LC3 in vitro phosphorylation by purified PKC. Notably, 
HEK293 cells stably expressing LC3 with these sites mutated to A, D or E did not reveal any 
altered autophagy. The authors suggested that PKC regulates autophagy through a 
mechanism independent of LC3 phosphorylation [188]. 

Recently, the regulation of autophagy receptors by phosphorylation emerged as an 
important theme for the control of selective autophagy. S403 phosphorylation of 
p62/SQSTM1 leads to increased affinity of the ubiquitin-associated domain of p62 for 
polyubiquitin chains. This residue is directly phosphorylated by casein kinase 2 (CK2) [189]. 
Finally, the work of two groups confirmed the importance of the TANK-binding kinase 1 
(TBK1) for the xenophagy of Salmonella. Ubiquitin-coated Salmonella bacteria recruit the 
autophagy receptor NDP52, which in turn recruits TBK1 to the bacterial loci [182]. The 
autophagic adaptor optineurin constitutively associates with TBK1, indicating that also 
optineurin is translocated to the bacteria. The autophagic receptors NDP52 and optineurin 
bind to LC3 and thereby target the bacterium for autophagosomal degradation. TBK1-
mediated phosphorylation of optineurin increases LC3-binding affinity and autophagic 
clearance of Salmonella [183, 190].     

Ulk1 itself has been shown to interact with several members of the LC3 and 
GABARAP/GATE16 subfamily [66, 191]. It has been speculated that these interactions 
possibly play a role of vesicular transport during axonal elongation [191]. Interestingly, the 
recruitment of LC3 to the autophagosome formation site is dependent on FIP200 in 
starvation-induced canonical autophagy [131]. In contrast, recruitment of LC3 to Salmonella-
containing vacuoles or to depolarized mitochondria is independent of FIP200 [156, 157]. 
Accordingly, the dependency of LC3 recruitment on the Ulk1 kinase complex appears to be 
different between starvation-induced autophagy and mitophagy/xenophagy.  

The phosphorylations of LC3 and associated autophagy receptors are summarized in figure 3.  
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Figure 3. Phosphorylations of LC3 and autophagy receptors. CK2, casein kinase 2; LC3, microtubule-
associated proteins 1A/1B light chain 3; OPTN, optineurin; PKA, protein kinase A; PKC, protein kinase 
C; TBK1, TANK-binding kinase 1; Ulk, Unc-51-like kinase. 

6. Conclusion 

In recent years, the signal transduction of autophagy has been centered in the focus of many 
different research areas. Autophagic processes occur at basal levels in any cell. However, 
under stress conditions, autophagy is dynamically induced and contributes to cellular 
homeostasis. This dynamic is supported by the network organization of autophagy-relevant 
proteins [66] and by their rapid and reversible post-translational modifications such as 
phosphorylation. It is likely that in the future additional phosphorylations (and alternative 
post-translational modifications) of autophagy proteins will be discovered, which will 
contribute to our deeper understanding of the autophagic machinery. 

Autophagy has been implicated in different human pathologies, including cancer, infectious 
diseases and neurodegeneration. Accordingly, the modulation of autophagy signaling 
pathways represents an attractive means of therapeutic intervention. Historically, kinase 
inhibitors have frequently been used as therapeutic agents, and current clinical trials also 
target kinases involved in autophagy signaling, e.g. Akt, AMPK, or mTOR. We assume that 
the development of highly specific and potent Ulk1/2 kinase inhibitors will significantly 
contribute to the therapeutic success in settings where the blockage of autophagy is desired.      
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1. Introduction 
Obesity-driven type II diabetes mellitus has become a major crisis in modern societies. In the 
United States, over 80% of type II diabetic patients are obese [1]. In the case of Chinese adult 
diabetic patients, diabetes is also significantly associated with obesity [2]. Previous 
investigations have focused on looking for obesity-related factors that cause insulin resistance, 
the failure of the body to respond to insulin, which is the hallmark of type II diabetes. The 
abnormal plasma fatty acid metabolism associated with diabetes mellitus [3], and the high 
level of obesity-related plasma free fatty acids (FFAs, also known as non-esterified fatty acids, 
NEFA) have been identified since the 1950s as major risk factors for insulin resistance.  

Natural fatty acids are carboxylic acids with saturated or unsaturated aliphatic tails which 
have an even number of carbon atoms from 4 to 28. When they are not incorporated into other 
compounds, like triglyceride or phospholipids, they are known as "free" fatty acids. When 
metabolized, fatty acids yield a large quantity of ATP, and thus represent an important fuel for 
the body, particularly for heart and skeletal muscle. They are not only essential dietary 
nutrients, but also function in many cellular events by activating nuclear receptors, such as the 
peroxisome proliferator-activated receptors (PPARs), and fatty acid binding proteins (FABPs). 

How FFAs induce insulin resistance is not a novel topic in pathological studies on obesity-
associated type II diabetes. Many efforts have been made to uncover the underlying 
molecular mechanisms, but they remain elusive. It seems that FFA-induced insulin 
resistance occurs not via a single pathway but rather via a complicated network of pathways 
in organs, tissues, and cells.  

1.1. Acute cellular responses to Free Fatty Acids 

Major investigatons of the mechanisms of extra FFA-induced insulin resistance have focused 
on the chronic effects of FFAs. However, plasma FFA concentrations are not consistent and 
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vary widely from hour to hour, displaying waves according to nutritional state and the 
presence of regulators including hormones (Figure 1). The normal level of postprandial 
plasma FFAs is about 0.1- 0.4 mmol/L, while in obese individuals this value can reach to 0.2 
- 0.6 mmol/L [4]. In healthy people the level of plasma FFAs decreases during the 2 h after a 
meal until it drops to nearly 0.1 mmol/L, and then rises to a concentration of about 0.3-0.4 
mmol/L before the next meal. Such plasma FFA fluctuations also occur in people with 
metabolic disorders, but display a different pattern. In mild essential hypertensive patients, 
the plasma FFA concentrations at 3 and 4 h after a meal are significantly higher than that in 
healthy people (Figure 1, lower panel) [5]. The response of the body to acute variation in 
plasma FFA concentration is probably associated with the energy balance of the whole 
body, and requires further investigation to obtain a more in-depth understanding of the 
pathology of obesity-related metabolic diseases. 

 
Figure 1. Variation in free fatty acids (●) and insulin (○) concentrations in response to meals in healthy 
people (upper panel, reprinted from Frayn KN, 1998) [6] and fatty acid levels in mild essential 
hypertensive patients (---) and normotensive control subjects (——) (lower panel, reprinted from Singer 
P et al. 1985) [5]. 
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Previous works have reported that FFAs are able to acutely induce several cellular events in 
various tissues. For example, FFAs can stimulate insulin secretion in pancreatic β-cells [7, 8], 
leptin secretion in adipocytes [9], and glucose uptake in adipocytes and skeletal muscle cells 
[10, 11]. All these happen within a short interval after FFA treatment, implying that the 
FFAs may work as signaling molecules such as hormones, to trigger signal transduction and 
subsequent physiological events.  

During signal transduction, many intracellular signaling proteins work as  
molecular switches and are activated by GTP binding or phosphorylation. That FFAs 
acutely stimulate protein phosphorylation suggests that FFAs are able to evoke  
signal transduction. One study reports that arachidonic acid is able to stimulate the 
phosphorylation of tyrosine-containing proteins in cultured vascular endothelial  
and smooth muscle cells [12]; arachidonic acid-induced phosphorylation was rapid and 
transient, reaching a peak 0.5 min after the addition of arachidonic acid and returning to 
baseline by 8 min. When cyclooxygenase, lipoxygenase, and epoxygenase pathways  
were inhibited, phosphorylation was still detected, suggesting it was fatty acid, not its 
metabolites that triggered the phosphorylation. In addition, increased protein  
tyrosine phosphorylation was also observed after treatment with oleic, linolenic and γ-
linoleic acid. In another work it was reported that unsaturated fatty acids are able to 
stimulate protein phosphorylation by activating protein kinase C in intact  
hippocampal slices [13]. Oleic acid stimulated phosphorylation of several proteins of 
molecular weights 92,000, 58,000, 50,000, 47,000 and 44,000 Da. The 44,000 and  
47,000 Da proteins were particularly sensitive to fatty acids and were phosphorylated  
in a dose- and time-dependent manner. Increased 32P incorporation into the  
44,000 Da protein was apparent after 1 min and reached a maximum at 5 min. 
Phosphorylation of the 47,000 Da protein followed a similar pattern. Studies on fatty acid-
stimulated protein phosphorylation have shed light on the role of fatty acids as signal 
molecules. 

1.2. Free Fatty Acid Receptors 

During the last decade, a series of free fatty acid receptors (FFARs) has been identified, 
indicating that like other extracellular signal molecules, FFAs bind to their receptors on 
the plasma membrane to trigger signal transduction. The FFARs identified belong to a 
large protein family, the G protein-coupled receptors (GPCRs), which are  
integral membrane proteins with seven trans-membrane domains. The extracellular parts 
of the receptors sense external signals and activate heterotrimeric G proteins to transduce 
signals to downstream molecules. GPCRs are activated by various types of  
ligands, including ions, nucleotides, amino acids, lipids, peptides, and proteins. It is 
estimated that more than half of modern drugs target these receptors [14]. The known 
FFARs include FFAR1 (GPR40), FFAR2 (GPR43), FFAR3 (GPR41), GPR84, GPR119 and 
GPR120 (Table 1).  
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Protein Tissue Expression Ligand Function 
Synthetic 
Agonist 

G protein-
coupling 

GPR 40 
(FFAR1) 

Pancreatic β 
 
-cell [15, 16], 
intestinal tract [17], 
muscle[16], brain, 
monocytes [18] 

Medium- and 
long- C8-C22 
[18, 15] 

Insulin secretion 
[15]; incretin 
secretion [17] 

Thiazolidinedi
one [16], 
GW9508, 
MEDICA16 
[18] 

Gq/11, Gi 

[15, 16] 

GPR 41 
(FFAR3) 

Adipose tissue [9], 
sympathetic 
ganglia [19], 
enteroendocrine 
cells [20] 

Short C2-C4 [9]
Leptin secretion [9]; 
PYY secretion [20] / Gi/o [19, 21] 

GPR 43 
(FFAR2) 

Leukocyte, spleen, 
bone marrow, 
adipose tissue [22] 

Short C2-C4 
[21] 

5-HT secretion; PYY 
secretion [23]; 
inhibition of 
lipolysis [24] 

/ Gq/11, Gi/o 

[21] 

GPR 84 

Immune cell, bone 
marrow, leukocyte, 
lung, lymph node, 
spleen [25, 26] 

Medium C9-
14C [26] 

Amplify IL-12 p40 
[27] 

/ Gi/o [26] 

GPR 119 
Brain, 
gastrointestinal 
tract, pancreas [28] 

Ethanolamide 
[28], 
Lysophosphati
dyl choline [29]

Insulin secretion 
[29]; food intake; 
body weight [28] 

PSN632408, 
PSN37569 [30],  
AR23145 [31] 

Gs [29] 

GPR 120 

Intestinal tract, 
Macrophage, lung, 
adipose tissue [32, 
33] 

Medium- and 
long- C10-C22 
[32] 

GLP-1 secretion [32]
NCG21 [34], 
GW9508 [35] Gq/11 [32] 

Table 1. Characteristic of FFARs.  

It has been reported that GPR40 is activated by medium- and long-chain FFAs [18, 15, 16]. 
GPR40 is abundantly expressed in the pancreas, and is especially enriched in pancreatic β-
cells. When activated by FFAs, GPR40 activates G-protein, which transduces the signal 
leading to stimulation of insulin secretion. Using Chinese hamster ovary (CHO) cells in 
which GPR40 is stably expressed, Itoh et al. found that free fatty acids are able to stimulate 
the formation of inositol 1,4,5-trisphosphate, intracellular Ca2+ mobilization, and the 
phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 [15]. Furthermore, in 
2006 Feng et al. reported that fatty acids, especially linoleic acid, are able to stimulate insulin 
secretion in rat β-cells by reducing the voltage-gated K+ current via GPR40 and the cAMP-
protein kinase A system [36]. 

Unlike GPR40, the physiological ligands of GPR41 and GPR43 are short chain fatty acids 
(SCFAs), including acetate (C2), propionate (C3), butyrate (C4), and valerate (C5). SCFAs are 
generated by bacterial fermentation of undigested carbohydrates from ingested dietary fiber 
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in the gut. Subsequently SCFAs are released in the bloodstream and accumulate to 
micromolar concentrations. 

GPR41 is expressed abundantly in adipose tissue, enteroendocrine cells, and sympathetic 
ganglia. SCFAs activate GPR41 and stimulate leptin expression in mouse adipocytes and 
mouse primary-cultured adipocytes. Acute oral administration of propionate increases 
circulating leptin levels in mice [9]. Overexpression of exogenous GPR41 and knockdown of 
GPR41 by RNAi regulates leptin production positively and negatively. Given that leptin is a 
potent anorexigenic hormone that reduces food intake, propionate may inhibit food intake 
by increasing leptin release. The analysis of GPR41-deficient mice showed that GPR41 is 
expressed in enteroendocrine cells, and GPR41 deficiency is associated with reduced 
expression of PYY [20]. GPR41 is also abundantly expressed in sympathetic ganglia in mice 
and humans [19]. Studies using GPR41-/- mice and co-culturing of fetal-isolated 
cardiomyocytes with primary-cultured sympathetic neurons have shown that propionate 
promotes sympathetic outflow via GPR41, reduces intracellular cAMP concentrations and 
promotes ERK1/2 phosphorylation, phenomena which were not observed in sympathetic 
neurons from GPR41−/− mice. GPR41-mediated rise in beat rate was effectively blocked by 
Gallein (Gβγ blocker) and pertussis toxin (PTX) treatments, whereas NF023 (Gα(i/o) blocker) 
had no inhibitory effects. Knockdown of PLCβ 2/3 or ERK1/2 by RNAi significantly inhibits 
the propionate-induced rise in the beat rate of cardiomyocytes. These results indicate that 
GPR41 activation of sympathetic neurons may involve Gβγ, PLCβ, and MAPK. 

GPR43 is highly expressed in immune cells, spleen, and bone marrow, and is also detected 
at low levels in the placenta, lung, liver, and adipose tissues [22]. A study on adipocytes 
showed that acetate and propionate can reduce lipolytic activity and thus plasma FFA level 
in a mouse in vivo model. This inhibition of lipolysis is abolished in adipocytes isolated from 
GPR43 knockout animals [24]. Similar to GPR41, GPR43 activation is also coupled to 
intracellular Ca2+ release, ERK1/2 activation, and a reduction in cAMP accumulation. Unlike 
GPR41, however, which signals via the Gi/o family, GPR43 signals via both the Gi/o and Gq 
pathways [21].  

GPR84 mRNA is expressed mainly in bone marrow, leukocytes, the spleen and lung [25, 26]. 
GPR84 functions as a receptor for medium-chain FFAs with carbon chain lengths of 9–14. 
Capric acid (C10:0), undecanoic acid (C11:0), and lauric acid (C12:0) are the most potent 
agonists of GPR84. A functional study conducted in GPR84-/- mice revealed that primary 
stimulation of T cells with anti-CD3 results in increased IL-4, but not IL-2 or IFN-γ 
production, compared to wild-type mice [27]. Wang et al. reported that medium-chain FFAs 
act through GPR84 to amplify the stimulation of IL-12 p40 production by 
lipopolysaccharides in monocytes/macrophages [26]. Medium-chain FFAs induce Ca2+ 
mobilization and inhibit cAMP production. The activation of GPR84 by medium-chain FFAs 
is primarily coupled to a PTX-sensitive Gi/o pathway [26]. 

GPR119 in humans and rodents is expressed predominantly in the pancreas and 
gastrointestinal tract and also in the rodent brain [28]. The lipid signaling agent 
oleoylethanolamide (OEA) is an endogenous ligand of GPR119. OEA is a peripherally acting 
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agent that reduces food intake and body weight gain in rat feeding models, suggesting that 
GPR119 might mediate the OEA-induced reduction of food intake [28]. Lysophosphatidyl 
choline (LPC) is another bioactive lipid mediator that activates GPR119 to stimulate insulin 
release from pancreatic islets, via Gs activation which leads to cAMP production [29].  

GPR120 is highly expressed in the human and mouse intestinal tract, as well as in 
adipocytes, taste buds, and lungs [32, 33]. GRP120 activation by saturated FFAs with a 
carbon chain length of 14–18, and by unsaturated FFAs with a chain length of 16–22 has 
been detected [32]. Activated by medium- and long- chain fatty acids, GPR120 increases 
insulin secretion indirectly by stimulating the secretion of glucagon-like peptide-1 (GLP-1), 
the most potent insulinotropic incretin, which is coupled to the elevation of Ca2+ and 
activation of the ERK cascade [32]. In addition, GPR120 is also reported to function as an ω-3 
FA receptor in proinflammatory macrophages and mature adipocytes that mediates the 
potent anti-inflammatory effects of DHA and EPA by inhibiting both the TLR and TNF- 
inflammatory signaling pathways [37]. Chronic tissue inflammation is another important 
mechanism causing insulin resistance, so the effect of GPR120 on insulin sensitivity as well 
as on the stimulation of insulin-secretion will make it an attractive drug target for diabetes-
therapeutic agents. 

The discovery of FFARs developed our understanding of the role of FFAs as signal 
molecules. Cells expressing FFARs, such as pancreatic β-cells, adipocytes, and macrophages 
sense FFAs and make various corresponding responses to control metabolic homeostasis 
(Figure 2). FFARs have thus attracted considerable attention due to their potential as 
valuable drug targets. 

 
Figure 2. Roles of GPR40 and GPR120 in nutritional regulation. Free fatty acid receptors control 
metabolism through promoting the secretion or production of peptide hormones (Reprinted from Hara 
et al., 2011) [38]. 
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In addition to the functions described above, FFAs are also able to acutely stimulate  
glucose uptake in adipocytes and skeletal muscle cells, which is directly associated with 
metabolic homeostasis. A few reports indicate that fatty acids have acute effects on glucose 
uptake, but conclusions have been inconsistent and the underlying molecular mechanisms 
controlling these responses are still elusive. For example, alpha-lipoic acid has been  
shown to enhance basal glucose uptake both in normal and ob/ob mice [10], while palmitic 
acid (PA) treatment was reported to inhibit insulin-stimulated but not basal glucose uptake 
[11].  

Although both adipocytes and skeletal muscle cells are able to ingest glucose by stimulation 
of FFAs, skeletal muscle consumes more than 70% of the plasma glucose, suggesting that 
whole body plasma glucose concentration is tightly associated to the sensitivity of muscle 
tissue to insulin [39, 40]. We therefore focused on the molecular mechanism of fatty acid-
induced glucose uptake in skeletal muscle cells [41]. 

2. Mechanism study on Free Fatty Acid acute stimulation of glucose 
uptake 

2.1. Palmitate stimulates glucose uptake, GLUT4 translocation, and 
phosphorylation of Akt, AMPK, and ERK1/2 in L6 cells 

A rat skeletal muscle cell line L6 with stable expression of myc-tagged GLUT4 (L6) was used 
to study the acute effects of fatty acids. When L6 cells were treated with palmitic acid (PA), 
the most abundant free fatty acid in the blood, glucose uptake increased rapidly in a time-
dependent manner, beginning from 5 min, and reaching a peak at 20 min (Figure 3, lower 
panel). By incubating intact PA-treated L6-GLUT4myc cells with myc antibody to detect 
plasma membrane-located GLUT4, we found that PA stimulates GLUT4 translocation from 
the cytosol to the plasma membrane (Figure 3, upper panel). The stimulatory effects of PA 
on glucose uptake and GLUT4 translocation are similar to those of insulin.  

Fluorescence imaging shows GLUT4 translocation to the cell surface after L6-GLUT4myc 
(L6) cells are treated with (upper right panel) or without (upper left panel) PA or insulin 
(upper middle panel). The lower panel shows that glucose uptake increases in a time-
dependent manner when L6 cells are treated with PA. 

Akt plays an important role in insulin-stimulated GLUT4 translocation and glucose uptake. 
Akt, also known as protein kinase B (PKB), is a serine/threonine-specific protein kinase. Akt 
possesses a protein domain known as the PH domain, which binds to phosphoinositides. 
Binding to PIP3, and phosphorylated from PIP2 by PI3 Kinase (PI3K) via its PH domain, Akt 
can be phosphorylated by phosphoinositide dependent kinase 1 (PDK1) at threonine 308 
and/or the mammalian target of rapamycin complex 2 (mTORC2) at serine 473. In the 
insulin signaling pathway, the insulin receptor (IR) is activated and tyrosine is 
phosphorylated after binding to insulin, subsequently activating hte IRS-1/PI3K/PDK/Akt 
cascade, and finally increasing the level of GLUT4 in the plasma membrane (Figure 4). 
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Figure 3. Palmitate stimulates GLUT4 translocation and glucose uptake [41]. 

 
Figure 4. Insulin signaling pathway for glucose uptake stimulation (Reprinted from Frøsig and  
Richter, 2009) [42]. 

In our study, PA stimulated Akt phosphorylation at serine 473 in a time- and dose-
dependent manner (Figure 5). During PA treatment, Akt phosphorylation was detected after 
10 min, peaked at 45 min, then decreased dramatically after 1 h, and became nondetectable 
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after 3 h. When treated with different concentrations of PA, Akt phosphorylation increased 
with PA concentration, beginning from 0.2 mM. Such time- and dose-dependent responses 
to PA treatment in cells match the characteristics of signal transduction, and so it is possible 
that a signal transduction cascade initiated by PA leads to the activation of Akt. To further 
verify the stimulatory effect of PA on Akt activation, we treated rat skeletal muscle tissue 
with PA. Rats were anesthetized and perfused with 2 mM PA. Skeletal muscle strips were 
collected and then incubated in vitro with PA. Similar to the results from cells, Akt 
phosphorylation also increased in PA-treated skeletal muscle tissue, suggesting that this 
acute response of PA may be physiologically relevant. 

 
Figure 5. Palmitate acutely stimulates AMPK and Akt phosphorylation in a time- and dose-dependent 
manner [41]. 

To investigate the putative PA-mediated signaling pathway, we tested the activity of other 
molecules and found that AMP-activated protein kinase (AMPK) and extracellular signal-
related kinase (ERK1/2) can also be activated by acute PA treatment. AMPK is a 
heterotrimeric complex composed of a catalytic α subunit and regulatory β and γ subunits, 
which together make a functional enzyme that plays a role in cellular energy homeostasis 
[43]. AMPK is activated by an elevated AMP/ATP ratio and undergoes a conformational 
change of its γ subunit to expose the active site (Thr172) on the catalytic subunit α that is 
phosphorylated by the upstream kinase AMPK kinase (AMPKK) [44]. Upon activation, 
AMPK decreases energy consumption by inhibiting fatty acid and protein synthesis and 
enhances energy production by stimulating fatty acid oxidation and glucose transport to 
increase cellular energy levels. While it is known that AMPKα is phosphorylated at Thr258 
and Ser485, its upstream kinases still need further study [45]. ERK1/2 belongs to the 
mitogen-activated protein kinase (MAPK) family, a widely conserved family of 
serine/threonine protein kinases. The ERK1/2 (p44/42 MAPK) signaling pathway responds 
to various extracellular stimuli including mitogens, growth factors, and cytokines [46]. Upon 
activation by MEK1 and MEK2 by phosphorylation of its Thr202 and Tyr204 residues, 
respectively, ERK1/2 phosphorylates downstream targets, forming a signal cascade. 
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Similar to Akt, AMPK in L6 cells is also activated acutely by PA. AMPK phosphorylation 
(Thr172) starts as early as 5 min after PA treatment and reaches a peak at 20 min. After 1 h, 
the signal cannot be detected (Figure 5, upper panel). In addition, PA-induced 
phosphorylation of AMPK is also dose-dependent. Unlike Akt and AMPK, ERK1/2 is 
phosphorylated for a shorter duration, increasing after 5 min and returning to basal level 
after 15 min (Figure 6). 

 
Figure 6. Palmitate acutely stimulates ERK1/2 phosphorylation in a time-dependent manner [41]. 

2.2. Akt, AMPK and ERK1/2 are involved in PA-stimulated glucose uptake 

To test if Akt, AMPK, and ERK1/2 are involved in PA-stimulated glucose uptake, tools such 
as inhibitors, dominant negative constructs, and short interference RNA (siRNA) were used 
to inhibit their protein activity or expression levels. Western blotting and glucose uptake 
assay results showed that all of these proteins participate in signal transduction. 

We applied API-2, an Akt selective inhibitor, to block Akt activity. As a result, API-2 
abolished Akt phosphorylation as well as significantly decreasing PA-induced glucose 
uptake (Figure 7, left panel). In addition, siRNA duplexes were nucleofected into L6 cells; 
compared to the negative control (N.C.), total Akt expression level was efficiently down-
regulated. Glucose uptake assays showed that PA-induced glucose uptake decreased when 
Akt expression decreased due to RNAi (Figure 7, right panel). Together, these data suggest 
that PA induces glucose uptake in skeletal muscle cells via Akt activation. 

To study the role of AMPK in PA-induced glucose uptake, we used AMPK inhibitor 
Compound C, an myc-tagged AMPK dominant negative (AMPK-DN) plasmid, and siRNA 
targeting AMPK catalytic subunits α1 and α2. Since AMPK and Akt activation was observed 
sequentially in PA-treated cells, we also examined the relationship between AMPK and Akt. 
AMPK inhibitor Compound C suppressed AMPK activity and decreased PA-induced Akt 
phosphorylation and glucose uptake (Figure 8, left panel). Similar results were obtained 
when AMPK-DN was nucleofected into L6 cells. Furthermore, an siRNA duplex mixture 
targeting AMPK α decreases PA-stimulated Akt phosphorylation in L6 cells (Figure 8, right 
panel), consistent with the inhibitor and AMPK-DN experiments.  

In contrast, when AMPK agonist AICAR was used to stimulate AMPK phosphorylation, Akt 
was also stimulated rapidly in a time-dependent manner (Figure 9), suggesting that it is 
possible to stimulate Akt via AMPK activation in L6 cells. These data suggest that PA-
stimulated AMPK phosphorylation may contribute to regulating Akt activity and is 
involved in PA-induced glucose uptake. 
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Figure 7. PA-induced glucose uptake is decreased when Akt activity is blocked by an Akt inhibitor (left 
panel) or RNAi (right panel) [41]. 

 

 
 

Figure 8. PA-induced glucose uptake and Akt phosphorylation is decreased when AMPK activity is 
reduced by an AMPK inhibitor (left panel) or AMPK dominant-negative construct (right panel) [41]. 
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Figure 9. AMPK agonist AICAR stimulates Akt phosphorylation in a time-dependent manner [41]. 

The role of ERK1/2 in PA-stimulated signal transduction was examined by using the 
MEK1/2 inhibitors PD98056 and U0126. While both inhibitors decreased basal and PA-
induced ERK1/2 phosphorylation, U0126 was more potent (Figure 10, upper left). When 
ERK1/2 activity was inhibited by U0126, PA-induced glucose uptake was reduced 
significantly (Figure 10, upper right). These data suggest that PA-stimulated ERK1/2 
phosphorylation may contribute to PA-induced glucose uptake. To determine the 
relationship between ERK1/2 and the AMPK/Akt pathway, AMPK α1/α2 siRNA transfected 
cells were used to test ERK1/2 activity; ERK1/2 phosphorylation increased at the same rate 
as in N.C. cells after PA treatment (Figure 10, lower left). In addition, the Akt inhibitor API-2 
did not affect PA-induced ERK1/2 phosphorylation, and MEK1/2 inhibitors PD98056 and 
U0126 did not affect PA-induced Akt phosphorylation (Figure 10, lower right). These data 
suggest that ERK1/2 contributes to PA-stimulated signal transduction independently from 
the AMPK/Akt pathway, consistent with the partial decrease in PA-induced glucose uptake 
by inhibition of either Akt, AMPK, or ERK1/2. 

 
Figure 10. MEK1/2 inhibitors decrease PA-induced ERK1/2 phosphorylation and glucose uptake, but 
do not affect Akt activity; AMPK and Akt activity inhibition does not affect ERK1/2, while PI3K 
inhibitor does [41]. 
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Having shown that the two pathways work independently in PA-induced glucose uptake in 
L6 cells, we investigated signaling molecules upstream of the intersection. When we used 
PI3 Kinase (PI3K) -specific inhibitor LY294002 to treat L6 cells, PA-induced glucose uptake 
was totally abolished (Figure 11, upper panel), suggesting that PI3K may control these two 
pathways. Indeed, LY294002 could abolish PA-stimulated AMPK, Akt, and ERK1/2 
phosphorylation (Figure 10, lower right and Figure 11, lower panel). Results from the above 
experiments indicate that, in skeletal muscle cell lines and tissues, acute PA-stimulated 
glucose uptake occurs via activation of the PI3K/AMPK/Akt and PI3K/ERK1/2 pathways 
leading to GLUT4 translocation (Figure 12). 

 
Figure 11. PI3K-specific inhibition abolishes PA-induced glucose uptake and phosphorylation of Akt 
and AMPK [41]. 

 
Figure 12. Schematic diagram of PA-induced signal pathway stimulation of acute glucose uptake in 
skeletal muscle cells [41]. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 142 

2.3. Palmitate stimulates Akt phosphorylation via binding to the plasma 
membrane 

As shown in Figure 12, how PA activates PI3K is still unknown. According to our current 
understanding of signal transduction, we speculate that PA may bind to a protein on the cell 
plasma membrane to trigger signal transduction. We performed fatty acid binding assays to 
test this hypothesis. 

L6 cells were incubated with PA at low temperature (4°C) to facilitate PA binding to the cell 
surface while preventing its internalization, then washed with buffer to remove unbound 
PA, or with BSA solution to remove not only unbound but also some membrane-bound PA 
by competitive binding, Cells were then transferred to 37°C to recover cellular activity. The 
amount of PA which binds to the cell surface was measured by adding trace amounts of 3H-
labeled PA to the solution. Results showed that after washing, with either buffer or BSA 
solution, very little PA remained (Figure 13, upper panel). When these cells were transferred 
to 37°C, Western blot results showed that Akt phosphorylation took place at a similar level 
to that in cells kept at 37°C, and increased in a time-dependent manner in buffer-washed 
cells, while p-Akt was not detectable in BSA solution-washed cells (Figure 13, lower panel). 
These results suggest that the amount of cell surface-bound PA was sufficient to activate 
Akt; intracellular PA accumulation was not required. Moreover, based on lipid analysis by 
TLC, fatty acids were the main component of total lipids during cell treatment with fatty 
acid and the 10 min incubation at 37°C. These results indicate that it is fatty acids rather than 
their metabolites that trigger signal transduction . 

 
Figure 13. Cell plasma-bound PA stimulates Akt phosphorylation [41]. 
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3. Future work 

Could the postulated cell membrane protein which binds to FFAs and triggers signal 
transduction to stimulate glucose uptake in skeletal muscle cells be a G-protein coupled 
receptor? FFA binding assays suggest that PA initiates signal transduction via a protein(s) 
on the cell surface, and meanwhile in the FFA-stimulated signal cascade ERK1/2 pathways 
were involved, which also appeared in some known FFAR signal pathways. Therefore, a 
GPCR on the plasma membrane of skeletal muscle cells may be the FFA receptor we have 
postulated.  

PA is a long-chain fatty acid with 16 carbons. We tested other long-chain fatty acids such as 
C18:1 (oleic acid), C18:2 (Linoleic acid), and C18:0 (Stearic acid) in addition to PA to examine 
their effects of stimulating AMPK and Akt phosphorylation. All of these fatty acids 
activated AMPK and Akt in a time- and dose-dependent manner. It is thus likely that our 
postulated FFAR may function using long-chain FFAs as its ligands.  

The known long-chain FFARs include GPR40 and GPR120, both of which are related to 
insulin secretion. Oh et al. found that GPR120 agonists DHA and GW9508 enhance 
glucose uptake by activating the PI3K-Akt pathway and GLUT4 translocation in 3T3-L1 
adipocytes. The stimulatory effect of DHA and GW9508 was blocked when GPR120 or 
Gαq/11 was depleted by siRNA knockdown [37], indicating that FFAs stimulate glucose 
uptake in adipocytes via the FFA receptor GPR120. However, neither GPR120 nor GPR40 
is expressed in muscles. In the Oh et al. study, DHA and GW9508 did not enhance glucose 
uptake in L6 skeletal muscle cells. We therefore conclude that known long-chain FFARs 
GPR40 and GPR120 are not our postulated FFA receptor. In 2005, Gaël Jean-Baptiste et al. 
described the GPCRs expressed in skeletal muscle tissue, but none of them are FFA 
receptors [47]. Our postulated receptor might therefore be a novel FFAR whose function is 
to stimulate glucose uptake in skeletal muscle tissue. Like GPR40 and GPR120, our 
postulated FFAR is also related to metabolic homeostasis, and so it is likely to be a 
potential drug target for the treatment of diabetes. Identification of this FFAR is one of 
our goals. 

Another significant implication of our results is that PA plays two opposing roles in skeletal 
muscle. Under chronic treatment it inhibits insulin-stimulated glucose uptake by blocking 
Akt phosphorylation, while it enhances glucose uptake by activating Akt when cells are 
exposed to PA for a short time. What is the relationship between the long-term and short-
term effects of FFAs on glucose uptake? Our results show that phosphorylation of Akt is 
only stimulated when the concentration of PA reached a certain level (at or above 0.2 
mmol/L in C2C12 cells). We thus conclude that phosphorylation of Akt may require high 
concentrations of fatty acids under physiological situations. Akt phosphorylation is not 
detectable 3 h after fatty acid treatment (Figure 5, upper panel). In addition, when fatty acids 
are withdrawn, the Akt phosphorylation signal disappears after 3 h in C2C12 cells (data not 
shown), suggesting that fatty acid-induced phosphorylation and dephosphorylation of Akt 
can be completed within one cycle of a postprandial FFA wave. It is therefore possible that 
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Akt phosphorylation and dephosphorylation occur again and again as the concentration of 
FFA increases and decreases. Plasma FFA concentration starts to rise from 2 h after a meal 
(Figure 1) and continues to rise until the next meal due to the release of FFA from 
adipocytes during fasting. Based on our findings, when increasing plasma FFA reaches a 
certain level it stimulates Akt phosphorylation and glucose uptake. In obesity patients, 
elevated plasma FFA probably reaches the FFA level triggering Akt phosphorylation earlier 
during a plasma FFA wave, leading to abnormal glucose uptake. Many abnormal fatty acid 
cycles may contribute to the development of insulin resistance by disturbing glucose 
homeostasis. This Yin-Yang balance of PA in skeletal muscle is likely to be physiologically 
significant, and the possibility of its involvement in the development of insulin resistance 
needs to be investigated further. 

4. Conclusion 

Free fatty acids (FFAs) function as signal molecules by activating their receptors in the cell 
plasma membrane to evoke signal transduction by a series of protein phosphorylation 
events, eventually leading to physiological events. Some of the known cell responses to 
FFAs are directly or indirectly related to metabolic homeostasis, so the study of FFA-
triggered signal transduction will help us to understand the development of metabolic 
disorders and to design strategies for therapy. FFA receptors have become attractive drug 
targets for metabolic diseases. We have investigated the mechanism of long-chain fatty acid 
palmitate-induced glucose uptake in skeletal muscle cells and found that the two 
independent PI3K/AMPK/Akt and PI3K/ERK1/2 pathways are responsible for this process. 
Our results also provide supporting evidence that palmitate triggers signal transduction via 
a cell surface protein(s) that is probably a novel FFA receptor whose identity still remains to 
be determined. 
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1. Introduction 

RNA polymerases (RNAPs) are among the most important cellular enzymes. They are 
present in all living organisms from Bacteria and Archaea to Eukarya and are responsible 
for DNA-dependent transcription. Although in Bacteria and Archaea there is only one 
RNAP, Eukarya possess up to three RNAPs in animals (I, II and III) and five in plants (IV 
and V) [1-2]. All of the RNAPs are evolutionarily related and have common structural and 
functional properties. The minimally conserved structural organization is represented by the 
bacterial enzyme, which contains only 4 subunits (’’), whereas Archaea and 
Eukarya RNAPs are composed of 12 subunits (Rpb1-Rpb12) [3]. In prokaryotes, one RNAP 
transcribes all of the genes into all of the RNAs, however, in eukaryotes, this is achieved by 
three RNAPs. RNAPI transcribes genes that encode for 18S and 28S ribosomal RNAs; 
RNAPIII transcribes short genes, such as tRNAs and 5S ribosomal RNA, and RNAPII 
transcribes all protein-coding genes and genes for small noncoding RNAs (e.g., small 
nuclear RNAs (snRNAs) that are involved in splicing). The largest catalytic subunits of all 
three eukaryotic polymerases share homology among themselves and with the largest 
subunit of bacterial polymerase [4]. Solely the largest subunit of RNAPII (Rpb1) contains an 
unusual evolutionarily conserved carboxy-terminal domain (CTD) [5], which is subjected to 
numerous post-translational modifications of extraordinary importance in gene expression 
regulation [6-8].RNAPII transcription plays a central role in gene expression and is highly 
regulated at many steps, such as initiation, elongation and termination. Furthermore, 
phosphorylation of the Rpb1 CTD is known to regulate all of the transcription steps and 
coordinate these steps with other nuclear events. Prior to mRNA biosynthesis, RNAPII 
proceeds through several steps, such as promoter recognition, preinitiation complex (PIC) 
assembly, open complex formation, initiation and promoter escape. This sequence of events 
is initiated by the binding of gene-specific activators and coactivators, which results in the 
recruitment of basal transcription machinery (i.e., general transcription factors (GTFs): 
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TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) and RNAPII to promoters [9-11]. Basal 
transcription factors position RNAPII on promoters to form the PIC but also function at later 
steps, such as promoter melting and initiation site selection. Thereafter, initiation proceeds, 
and RNAPII leaves the promoter during promoter clearance and proceeds into processive 
transcript elongation. Finally, when the gene has been fully transcribed, transcriptional 
termination occurs, and RNAPII is released and recycled to reinitiate a new round of 
transcription [12-14]. 

During its passage across a gene, RNAPII must overcome challenges. Initially, the 
polymerase needs to escape from the promoter, and the synthesis of the pre-mRNAs must 
be tightly coupled to its subsequent processing (i.e., capping, splicing, and polyadenylation). 
Then, initiation factors must be exchanged for elongation factors [15], which are thought to 
increase the transcription rate and RNAPII processivity. In fact, recently, there has been an 
extraordinary increase in the number of proteins known to influence transcription 
elongation by avoiding transcriptional arrest, facilitating chromatin passage and mRNA 
processing [16-21], allowing mRNA packaging into a mature ribonucleoprotein (mRNP) and 
controlling mRNP quality and mRNA export [13, 22-28]. Therefore, the discovery of all of 
these factors has provided further evidence that the elongation phase is also highly 
regulated in eukaryotic cells and strictly coordinated with other nuclear processes [12-14].  

2. RNAPII CTD phosphorylation: The CTD code 

During the last two decades, gene expression studies have provided further evidence that 
many steps in gene expression, originally considered distinct and independent, are, in fact, 
highly coordinated, linked and regulated in a complex web of connections [29-30]. The 
central coordinator that directs this regulatory network (i.e., from transcription initiation to 
termination and with pre-mRNA processing) in combination with many other nuclear 
functions is RNAPII, and the carboxy-terminal domain (CTD) of its largest subunit is of 
remarkable importance. CTD phosphorylation regulates and coordinates the entire 
transcription cycle with  pre-mRNA processing, mRNA transport and with chromatin 
remodeling and modification [13]. The CTD, therefore, has a critical integrating role in 
essentially all of the mRNA biogenesis steps, thus, it is subject to a dynamic regulation 
during the transcription cycle (i.e., [21, 31-32]). Therefore, RNAPII phosphorylation is one of 
the key processes in the regulation of transcription specifically and gene expression in 
general; consequently, deciphering the mechanisms that underlie RNAPII phosphorylation 
regulation has become one of the most studied issues in the field of gene expression. 

RNAPII is comprised of 12 subunits (Rpb1-12) that are structurally and functionally 
conserved from yeast to mammals [33-34]. In 1985, the largest subunit of RNAPII, Rpb1, 
from mouse and Saccharomyces cerevisiae, was cloned [4, 35], and its sequence revealed that it 
contained a highly conserved carboxy-terminal domain (CTD). This domain has been 
extensively studied since then and, although it is a simple repetition in tandem of the 
heptapeptide consensus sequence Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (YSPTSPS); Figure 1), 
the CTD has an extremely complex functionality. The consensus sequence is present in 
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animals, plants, yeast, and in many protists [5, 36-37], and it has been hypothesized that the 
CTD structure has originated through amplifications of a repetitive DNA sequence and that 
the number of repeats appears directly correlated with genomic complexity (Figure 1A; 
[38]). For example, mouse and human CTDs contain 52 repeats [35, 39-40]; the Drosophila 
CTD contains 45 repeats [41]; 25-27 repeats are found in the yeast CTD (Figure 1A; [4]); and 
15 repeats are found in protozoan CTDs [5, 38]. Although the CTD is completely dispensable 
for in vitro transcription, it is required for efficient RNA processing [17, 42]. In fact, the CTD 
is essential for cell viability because its deletion is lethal in mice, Drosophila and yeast, and 
partial truncations or site-specific mutations cause specific growth defects [5, 42].  
 

 
Figure 1. Human and Saccharomyces cerevisiae Rpb1-CTDs.  

Original studies showed that two RNAPII forms can be differentiated in SDS-PAGE gels 
because of the different mobility of Rpb1 [43]. These two forms were termed RNAPIIA and 
RNAPIIO, and they differ in the extent of CTD phosphorylation. RNAPIIA is 
hypophosphorylated [44], and RNAPIIO is hyperphosphorylated [45]. Moreover, both 
forms, IIA and IIO, are functionally distinct because the IIA form is preferentially recruited 
to the promoter and associated with preinitiation complexes [46], whereas RNAPIIO 
functions during elongation, is highly phosphorylated [44] and thus requires de-
phosphorylation to stimulate its recruitment into the PIC complexes and to reinitiate a new 
round of transcription [47]. We currently know that this earlier two-step transcription cycle 
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model that is based on the two RNAPII forms is overly simple. Different phosphorylated 
forms of RNAPII are specific and characteristic of the different steps that occur during the 
transcription cycle [48], and the correct progression of RNAPII through the transcription 
cycle is dependent on changes in the CTD phosphorylation status. Differential CTD 
phosphorylation promotes the exchange of initiation and elongation factors during 
promoter clearance [15], the exchange of elongation and 3’-end processing factors at 
termination [49], as well as RNAPII recycling [50] and, moreover, links pre-mRNA 
processing and other nuclear events with transcription [17, 42]. Therefore, the CTD 
phosphorylation cycle is very complex. It is widely known that the three serines (i.e., Ser2, 
Ser5, and Ser7) [7, 51], the tyrosine [52-53] and the threonine [54] in each repeat can be 
phosphorylated. Additionally, both proline residues can be isomerized by a prolyl 
isomerase [55]. Moreover, glycosylation of serines and threonine can also occur [8], and in 
human cells, the CTD can be methylated at some of the degenerate repeat sites [56]. The 
multitude of possible CTD modifications, especially Ser phosphorylations, in combination 
with the numerous repetitions, gives rise to a wide range of variations (i.e., phosphorylation 
patterns) that have been termed the “CTD code” (Figure 2) [6-8].  

 
Figure 2. The CTD Code. Only Ser (S) and Thr (T) phosphorylation sites have been considered. CTD 
glycosylation has not been considered [57] because this modification is mutually exclusive of 
phosphorylation [8]. n: number of consensus repetitions.  

The RNAPII CTD code determines and coordinates the timely sequential recruitment of 
required specific factors during the transcription cycle. Therefore, the CTD functions as a 
scaffold that coordinates mRNA biogenesis, such as transcription initiation [58], promoter 
clearance [59], elongation [60], and termination [31, 61-62], as well as RNA processing [17, 
21, 30] and snRNA and snoRNA gene expression [63-65] by recruiting the appropriate set of 
factors when required during active transcription. These factors recognize CTD 
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phosphorylation patterns either indirectly or directly by contacting phosphorylated 
residues. Among the CTD-associated factors are export and histone modifier factors and 
DNA repair factors [21]. 

2.1. Ser2P and Ser5P, and to a lesser extent, Ser7P, are the main determinants of 
the CTD code 

To determine precisely which serine residues are phosphorylated in a particular repeat has 
been challenging because of the numbers of phospho-acceptor amino acid residues and 
consensus motif repetitions (Figure 1). However, studies involving chromatin 
immunoprecipitation with specific monoclonal antibodies have provided evidence that 
differential phosphorylation of the Ser residues coincides with the temporal and spatial 
recruitment of different factors [8, 32, 48, 66-67]. In fact, these antibodies have been largely 
used to decipher and characterize the role of CTD phosphorylation during the transcription 
cycle and in gene expression regulation [8, 32, 68]. Antibodies that selectively recognize 
either Ser2 or Ser5 phosphorylation (i.e., Ser2P or Ser5P, respectively) were the first residues 
to be described [66]; phosphorylation of these two residues has been extensively studied, 
and they have been considered as the two main determinants of the CTD code [6]. It is 
widely known that CTD phosphorylation switch from Ser5 to Ser2 during the course of 
transcription and is subject to a dynamic regulation during the whole transcription cycle 
[69-71]. The level of Ser5 phosphorylation peaks early in the transcription cycle and remains 
constant or decreases as RNAPII progresses to the 3′ end of the gene  (Figure 3); [48, 67, 72]). 
In contrast, Ser2 phosphorylation is the predominant modification in the coding and 3′-end 
gene regions and occurs simultaneously with productive elongation [31, 48, 73]. On the 
other hand, de-phosphorylation of Ser5 occurs during the initiation-elongation transition 
and throughout the entire elongation step, whereas Ser2 de-phosphorylation occurs at the 
end of transcription to recycle the polymerase and reinitiate a new round of transcription. 
Therefore, reversible phosphorylation/de-phosphorylation of the CTD plays a significant 
role in modulating the transcription cycle [31-32]. 

Most recently, the use of new anti-CTD monoclonal antibodies has demonstrated that Ser7, 
which is the most degenerate position of the CTD [41], can be phosphorylated during the 
transcription of snRNA genes and protein-coding genes [64, 68, 74]. Subsequently, this mark 
increases the complexity of the CTD code [7-8]. Ser7 phosphorylation is mediated by the 
same kinase [74-75], although, at least in Saccharomyces cerevisiae, Ser7P appears not to be 
dephosphorylated by the same Ser5 phosphatase (see below) [76].The first study on Ser7 
phosphorylation provided further evidence that this modification is functionally important 
for transcription and processing of snRNAs [8, 64] and hypothesized that the CTD code 
could be gene-transcription dependent. In mammals, Ser7P peaks at the promoter region of 
snRNA genes but is enhanced toward the 3′ end of protein-coding genes [68].  Recent 
genome-wide distribution studies in yeast have provided further evidence that Ser7P in 
protein coding genes occurs early during transcription initiation and is maintained during 
the entire transcription cycle. In fact, Ser7P is not only maintained, but it is also generated de 
novo during transcription elongation. Additionally, it has been hypothesized that Ser7 
phosphorylation could facilitate elongation and suppress cryptic transcription [77]. 
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Figure 3. RNAPII CTD phosphorylation profile in Sacharomyces cerevisiae. During transcription 
initiation and promoter escape RNAPII CTD is phosphorylated on Ser5 (Ser5P) [48, 78]. Concurrently, 
Ser7 is phosphorylated (Ser7P), establishing a bivalent mark at both protein-coding and noncoding 
genes [74-76]. Shortly after promoter dissociation, Ser5P is rapidly removed while phosphorylated Ser2 
(Ser2P) and Ser7P continue to accumulate [70, 77]. Finally, all CTD marks are rapidly removed at the 
end of transcription, and the hypophosphorylated RNAPII (in grey) is ready to assemble into the pre-
initiation complex and re-initiate transcription [73, 79-80]. Small circles represent phosphorylated serine 
residues (green cirlces for Ser5P, blue circles for Ser7P and red circles for Ser2P). Differently colored big 
circles represent the distinct phosphorylated forms of RNAPII during initiation, elongation and 
termination. TSS: transcription start site; p(A): polyadenylation site. 

2.2. Tyrosine 1 and Threonine 4 can also be phosphorylated 

Tyrosine 1 (Tyr1) is evolutionarily conserved and present in all of the 52 repeats of the 
mammalian CTD, and in all of the 26-27 repeats of the yeast CTD. Although, it is well 
known that Tyr1 is susceptible to phosphorylation by tyrosine kinases in vivo [52-53] and 
that Tyr1 mutations are lethal in yeast [81], the function of this modification is unknown. 
Additionally, threonine 4 (Thr4) is also subjected to phosphorylation, at least in mammalian 
and in yeast cells [54, 82], and recently it has been demonstrated that phosphorylation of the 
Thr4 residues is required specifically for histone mRNA 3' end processing, which facilitates 
the recruitment of 3' processing factors to histone genes, and is evolutionarily conserved 
from yeast to human [54]. 

In mammals, there is an important degeneracy at some positions in the CTD, mainly in most 
of the carboxy-terminal repeats. Thus, the last repeat of the CTD is followed by a conserved 
10 amino acid extension (Figure 1; [5]) that contains a constitutive site for the casein kinase 
(CK) II site [83]. Though deletion of this extension results in degradation of the CT, and 
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effects in transcription and pre-mRNA processing [83-84], mutation of the CKII target site 
does not affect RNAPII CTD stability. Additionally, this extension is required for the 
phosphorylation of Tyr1 by c-Abl in mammals and it has been suggested that Tyr1 
phosphorylation could be involved in functions specific of these higher eukaryotes [85]. 
Finally, non-consensus residues, such as lysine and arginine, are also present in the CTD, 
and they could be potentially modified by acetylation, ubiquitylation, sumoylation (lysine 
residues) and methylation (lysine and arginine residues) [86]. Therefore, the possibilities of 
CTD modifications are enormous, and only some of the modifications have been 
demonstrated to influence, while interacting with numerous factors, different aspects of 
gene expression. 

3. Modifying enzymes: Kinases and phosphatases 

Most of what is known concerning CTD-protein interactions, and in particular RNAPII 
CTD modifying enzymes, is derived from animal and yeast models, especially 
Saccharomyces cerevisiae, since the consensus sequence and repetitive structure of the CTD 
in addition to the CTD-modifying enzymes are highly conserved across a wide range of 
organisms. A number of kinases and phosphatases that target the CTD have been 
described and extensively studied (Tables 1 and 2, and reference therein). Recent genome-
wide distribution studies of the CTD modifications in yeast have provided further 
evidence that complex interplay exists between these enzymes (i.e., kinases, phosphatases 
and isomerase), which coordinate a universal RNAPII CTD cycle [69]. These modifying 
enzymes alter specific serine residues within the CTD repeats and have distinct and 
specific functions along the transcription cycle. Although the catalytic mechanisms of 
CTD kinases and phosphatases are known, the basis for their specificity remains 
incompletely understood [87-88]. 

Below, in figure 4, we will highlight the most relevant features and functions of CTD kinases 
and phosphatases, with special emphasis on the budding yeast enzymes because extensive 
studies on RNAPII CTD phosphorylation have been performed on that organism, and most 
of these enzyme complexes are evolutionarily conserved.  

3.1. RNAPII CTD kinases 

The CTD is phosphorylated by members of the cyclin-dependent kinase (CDK) family, 
which usually consists of a catalytic and a cyclin subunit. Although CDKs are cell cycle 
regulators, several members of this family have direct functions in RNAPII activity 
regulation [39, 88]. All these kinases are members of multiprotein transcription regulatory 
complexes and, in mammals, the best known are Cdk7/CycH, Cdk8/CycC and Cdk9/CycT; 
recently, Cdk12/CycK has been characterized as a new CTD kinase [89]. These kinases are 
evolutionarily conserved, and the following four complexes with kinase activity have been 
identified in the well-known yeast model Saccharomyces cerevisae: Kin28/Ccl1, Srb10/Srb11, 
Bur1/Bur2 and Ctk1/Ctk2 (Table 1).  
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KINASES SPECIFICITY FUNCTION 

 
REFERENCES 

 
 
 
ySrb10 / Srb11 
hCdk8 / CycC 

 
CTD-Ser2 
CTD-Ser5 
 
Other substrates 
Bdf1 and Taf2, Med2 
Gcn4, Msn2, Ste12, 
Gal4 
 

 
TFIIH inhibition 
PIC inhibition / activation 
Scaffold complex formation 
SAGA-dependent transcription 
 

 
[90-94] 

 
 
 
 
yKin28 / Ccl1-
Tfb3 
hCdk7 / CycH 

 
 
CTD-Ser5 
CTD-Ser7 
 
Other substrates 
Med4 
Rgr1/Med14 

 
Promoter scape 
Scaffold complex formation  
Capping complex recruitment 
Bur1 activity stimulation 
Set1/COMPASS recruitment 
Elongation factor Paf1C recruitment 
SAGA complex recruitment 
snRNA 3’ processing 
Promoter-pausing  
Gene looping 
 

 
[64, 72, 74-76, 90, 94-
100] 

 
 
 
yBur1 / Bur2 
hCdk9 / CycT 

 
CTD-Ser2 
CTD-Ser5 
CTD-Ser7 
CTD-Thr4 
 
Other Substrates 
hDSIF (ySpt5),   
Rad6/Bre1 
 

 
Ctk1 activity stimulation 
Elongation 
PAF complex recruitment 
H3K4 methylation 
H2B monoubiquitination 
Histone genes 3’-end processing 

 
[54, 99, 101-104] 

 
 
yCtk1 / Ctk2-
Ctk3 
hCdk12 / CycK 

 
 
CTD-Ser2 
 
Other Substrates 
Rps2 

 
RNAPII release from basal initiation            
factors 
3’-processing factors recruitment 
Transcription termination 
Spt6 recruitment 
H3K36 methylation 
Translation elongation 
 

 
[16, 49, 89, 105-112]  

 
 

Table 1. RNAPII CTD kinases. Mammalian and Saccharomyces cerevisiae kinases are shown. 
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Figure 4. The levels of CTD phosphorylation are precisely modulated during the whole transcription 
cycle by the action of evolutionary conserved kinases and phosphatases. The level of Ser5 
phosphorylation peaks early in the transcription cycle due to the action of Kin28 (Cdk7 in human) and 
remains constant or decreases as RNAPII progresses to the 3′ end of the gene [48, 67, 72]. In contrast, 
Ser2 phosphorylation is the predominant modification in the gene body and towards the 3′ end, and 
occurs concurrently with productive elongation [31, 48]. Ctk1 is the principal kinase responsible for Ser2 
phosphorylation in the body of the genes [16, 73]. In addition to Ctk1, the Bur1/Bur2 kinase complex 
phosphorylates Ser2 when RNAPII is near the promoter and stimulates Ser2 phosphorylation by Ctk1 
during elongation [99]. Several CTD-phosphatases have been shown to specifically de-phosphorylate 
Ser5P (Ssu72 and Rtr1), Ser2P (Fcp1) and Ser7 (Ssu72) to promote the initiation-elongation transition, 
elongation, termination, and RNAPII recycling [50, 73, 79, 167, 182]. Srb10 was demonstrated to 
phosphorylate the RNAPII CTD prior to PIC assembly, negatively regulating transcription initiation 
[92]. 

3.1.1. Pre-initiation and Initiation RNAPII CTD kinases 

Cdk8/CycC and Srb10/Srb11 

Human Cdk8/CycC and yeast Srb10/Srb11 are part of the CDK-module of Mediator [113], a 
large complex of 25-30 proteins that is structured in 4 sub-complexes or modules that act as 
a molecular bridge between DNA-binding transcription factors and RNAPII [114-115]. 
Mediator is required for the expression of nearly all RNAPII transcribed genes [116]. 
Cdk8/Srb10 is part of the CDK-module (Cdk8, cyclin C, MED12 and MED13 in mammals; 
Srb8, 9, 10 and 11 in yeast), which dynamically associates with Mediator [93, 117]. Although 
Cdk8/Srb10 can phosphorylate Ser2 and Ser5 of the CTD repeats in vitro [90, 92-94, 109, 113], 
the in vivo relevance of Cdk8/Srb10 remains to be defined. In fact, several studies have 
provided evidence that Srb10/11 can have both negative [116] and positive [118] effects on 
gene expression in vivo. Srb10 was demonstrated to phosphorylate the RNAPII CTD prior to 
PIC assembly, negatively regulating transcription initiation (Figure 4; [92]). Notably, human 
Cdk8 represses transcription via phosphorylation and inactivation of the cyclin H subunit of 
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TFIIH, which is the Cdk7 partner [90]. However, subsequent work showed that Srb10 
functions in association with Kin28 (hCdk7) to promote RNAPII re-initiation [94]. Following 
PIC formation and an initial round of transcription, it is thought that subsequent rounds of 
RNAPII binding and promoter clearance are facilitated via a “scaffold complex” that is 
composed of a subset of Mediator subunits and GTFs (except TFIIB and TFIIF) that remains 
bound at the promoter [119]. Therefore, Kin28 and Srb10 have overlapping positive 
functions in promoting transcription and in the formation of the scaffold complex [94]. Srb10 
phosphorylates two subunits of the general transcription factor TFIID (Bdf1 and Taf2) at the 
PIC; however, the role of these phosphorylation events has not yet been defined. Moreover, 
Srb10 phosphorylates and inactivates some transcription factors [120-122]  by triggering 
their nuclear export or degradation [123-124] and phosphorylates and enhances the activity 
of others (Table 1). In summary, the in vivo relevance of RNAPII phosphorylation by 
Cdk8/Srb10 and its role in gene expression have yet to be elucidated. 

Cdk7/CycH  and Kin28/Ccl1-Tfb3 

The Cdk7/cyclin H complex in mammals and its homolog in Saccharomyces cerevisiae, 
Kin28/Ccl1, are part of the TFIIH general transcription factor. In yeast, Kin28 is found 
associated with a third subunit (Tfb3) to form a trimer, called TFIIK (Kin28-Ccl1-Tfb3) 
within TFIIH [125]. Mammalian Cdk7 was isolated as a RNAPII CTD kinase that possesses 
Cdk-activating kinase (CAK) activity [126-128], whereas in yeast, Kin28 lacks this activity 
[129]. The CAK activity is fulfilled by a different kinase, Cak1 [130-131]. Cdk7 and Kin28 are 
both essential for cell viability [132], and the in vivo function of Kin28 has been extensively 
studied in yeast. Cdk7/Kin28 is the primary kinase that phosphorylates the CTD within a 
transcription initiation complex (Figure 4). Cdk7/Kin28 has been demonstrated to 
phosphorylate both Ser5 and Ser7 in vitro and in vivo [72, 74-76, 92]. Phosphorylation on Ser5 
by Cdk7/Kin28 is thought to disrupt the stable interactions between the CTD and PIC 
components, thereby permitting the polymerase to release from the promoter and 
commence productive transcript elongation [92, 133-134]. Ser5 phosphorylation by 
Cdk7/Kin28 is required for the recruitment of the mRNA-capping complex [72, 135-137] and 
nuclear cap-binding complex (CBC) [100] to nascent transcripts and for co-transcriptional 
recruitment of elongation factor Paf1C [138], histone H3-lysine 4 methyltransferase complex 
(SET1/COMPASS) [98], and histone acetyltransferase complex SAGA [97]. 

Additionally, yeast Kin28 phosphorylates two subunits of Mediator (i.e., Med4 and 
Rgr1/Med14), and although the functionally of these modifications is unknown, it has been 
demonstrated that Mediator significantly enhances the phosphorylation of RNAPII CTD by 
Kin28 [94, 96]. In fact, in vitro assembly of TFIIH into a pre-initiation complex requires 
Mediator [139], and following transcription initiation, phosphorylation of Ser5 by Kin28 
parallels with the release of Mediator from the CTD of RNAPII as promoter clearance occurs 
[80]. 

As discussed above, in yeast, Kin28 and Srb10 have overlapping functions in promoting 
transcription, PIC dissociation and subsequent scaffold complex formation [94]. Genetic 
analysis has provided further evidence that Kin28 and Srb10 are not redundant because only 
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Kin28 is essential for growth, and Srb10 is much less processive in terms of phosphorylation 
than Kin28 [140]. It is clear that Kin28 is the primary kinase responsible for the high level of 
phosphorylation of RNAPII during initiation [48, 67, 94, 141]. In fact, one essential role of 
Kin28 that Srb10 does not have is the stimulation of pre-mRNA processing. However, what 
appears clear, at least in yeast, is that PIC dissociation is dependent on the kinase activities 
of Kin28 and Srb10. Additionally, another function of RNAPII CTD Ser5 phosphorylation by 
Kin28 is the enhancement of Bur1/Bur2 recruitment and Ser2 CTD phosphorylation near the 
promoters [99]. Moreover, it has recently been demonstrated that TFIIH kinase places 
bivalent marks on the CTD, thereby phosphorylating Ser7 during transcription initiation 
[74-75]. 

3.1.2. RNAPII CTD elongating kinases 

Cdk9/CycT and Cdk12/CycK 

Eukaryotic organisms possess many factors that regulate transcriptional elongation; among 
these factors is Cdk9 kinase, which is the catalytic subunit of the positive transcription 
elongation factor b (P-TEFb) that controls the elongation phase of transcription by RNAPII in 
mammals and Drosophila melanogaster [12]. Cdk9 is the major Ser2 kinase, but it also 
contributes to Ser5 phosphorylation in vitro and in vivo during the initiation-elongation 
transition and the polymerase release of promoter-proximal pausing [109, 142]. Cdk9 activity 
is also required for efficient coupling of transcription with pre-mRNA processing [108]. 
Additionally,  very recently, it has been shown that Thr4 is phosphorylated by Cdk9 [54]. 

In higher eukaryotes, the transcription factor P-TEFb not only regulates CTD 
phosphorylation, but it also inhibits the action of transcriptional repressors and is required 
for the association of several elongation factors with the transcribing polymerase. P-TEFb 
also targets DRB sensitivity-inducing factor (DSIF) and negative elongation factor (NELF) 
[142-144] (Table 1). Thus, P-TEFb promotes transcription by the following two different 
mechanisms: inhibiting the action of transcriptional repressors and phosphorylating the 
CTD during transcription elongation. Until recently, it was believed that Cdk9 was the only 
CTD Ser2 kinase in higher eukaryotes. In fact, Cdk9 can reconstitute the activity of both S. 
cerevisiae Ser2 CTD kinases, Bur1 and Ctk1. However, it has recently been demonstrated that 
Drosophila have one ortholog of yeast Ctk1, Cdk12, whereas humans have two, Cdk12 and 
Cdk13; only Cdk12 has been clearly demonstrated to be an elongating CTD kinase [89, 145]. 
Notably and similarly, fission yeast Schizosaccharomyces pombe has the following two Ser2 
elongating kinases: Lsk1 (ScCtk1) and Cdk9 (ScBur1) [146]. 

Bur1/Bur2 

Bur1 kinase and its cyclin, Bur2, form an essential CDK in S. cerevisiae involved in transcription 
elongation [147-148]. Although Bur1 and Ctk1 kinase complexes appear to functionally 
reconstitute the activity of P-TEFb in yeast [149], Bur1 is more related in sequence and 
functionally to mammalian P-TEFb than Ctk1 [147, 149], and as we have discussed, it is clear 
that Cdk12 is the functional equivalent of yeast Ctk1 [89, 145]. Bur1 can phosphorylate Ser2 
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and Ser5 [99, 147, 150] [151], and although it was first demonstrated to show some preference 
for Ser5 and to be less active than Ctk1 or Kin28 [147], later studies provided evidence that 
Bur1 interacts with the RNAPII CTD and phosphorylates at Ser2. In fact, Bur1 phosphorylates 
elongating RNAPII molecules that have been previously phosphorylated at Ser5 and are 
located near the promoter during early transcription elongation (Figure 4, and [99]. Thus, it 
has been hypothesized that Bur1/Bur2 is recruited to RNAPII, whose repeats are 
phosphorylated on Ser5 to enhance phosphorylation on Ser2 by Ctk1. Consistent with it, Bur1 
produces the Ser2 phosphorylated residues that remains when Ctk1 is inactivated [152]. Bur1 
also stimulates transcription elongation as its mammalian homologue P-TEFb [150, 152], and 
mutations on BUR1 cause sensitivity to drugs that are known to affect transcription elongation 
(e.g., 6-azauracil) [147, 150]. More recently, a chemical-genomic analysis has provided further 
evidence that Bur1 also phosphorylates Ser7 in the body of the genes [77].  

Bur1 shares another function with the mammalian and Schizosaccharomyces pombe Cdk9 [142, 
153]. Bur1 kinase activity is important for the in vivo phosphorylation of the elongation factor 
Spt5 (mammalian DSIF) [102, 154]. Spt5 contains a carboxy-terminal domain that consists of 
approximately 15 repeats (CTR) that are similar to the RNAPII CTD [102], which is subject to 
phosphorylation. The Spt5-CTR is required for efficient elongation by RNAPII and for chromatin 
modifications in transcribed regions (see below). Thus, Spt5 phosphorylation mediates, at least in 
part, Bur1 kinase roles on transcription elongation and histone modifications [154].  

Ctk1/Ctk2-Ctk3 

Ctk1 was originally identified as the kinase subunit of the yeast CTDK-I complex that 
catalyzes phosphorylation of the RNAPII CTD [155]. Ctk2 is the cyclin, and the Ctk3 
function remains unknown. Ctk1 is the principal kinase that is responsible for CTD-Ser2P 
during transcription elongation, which is coincident with reduced Ser5P [73, 156]. Although 
Ctk1 is not directly involved in transcription elongation [16, 18, 157], it associates with 
RNAPII throughout elongation [49], and the kinase activity of Ctk1 is required for the 
association of polyadenylation and termination factors [16] and histone modification factors 
[158]. Additionally, Ctk1 interacts genetically as well as biochemically with the TREX 
complex [159], which couples transcription elongation to mRNA export [160]. Moreover, 
Ctk1 promotes the dissociation of basal transcription factors from elongating RNAPII, early 
during transcription, however, kinase activity is not required [105].  

In addition to its functions in transcribing gene coding proteins, Ctk1 is involved in RNAPI 
transcription, interacts with RNAPI in vivo [161], and it is required for the integrity of the 
rDNA tandem array [162]. All of these studies suggest that Ctk1 might participate in the 
regulation of distinct nuclear transcriptional machineries. Additionally, it has been 
demonstrated that Ctk1 is required for DNA damage-induced transcription [163], and notably, 
that Ctk1 has a role in the fidelity of translation elongation in the cytoplasm [110, 164]. 

3.2. RNAPII CTD phosphatases 

Dynamic de-phosphorylation of Ser2P and Ser5P make a significant contribution to changes 
in CTD phosphorylation patterns during the transcription cycle and is essential for RNAPII 
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recycling [8, 31]. Dephosphrylation is achieved by several CTD phosphatases (Table 2). 
Initially, only one phosphatase was identified, Fcp1, which is required for Ser2P de-
phosphorylation, transcription elongation and RNAPII recycling to initiate new rounds of 
transcription [47, 165]. Two other CTD phosphatase were later identified in yeast, Ssu72, a 
component of the mRNA 3' end processing machinery [79, 88, 166] and Rtr1 [167]. In 
mammals, in addition to Fcp1, there are other CTD phosphatases, i.e., the small phosphatase 
SCP1 [168] and RPAP2, which is the human homolog of Rtr1 [169]. Briefly, Fcp1 
dephosphorylates Ser2P [73]; Ssu72 dephosphorylates Ser5P and Ser7P [50, 69]; and Rtr1 in 
yeast and SCP1 in mammals specifically dephosphorylate Ser5P [79, 167-168]. 

Rtr1 / RPAP2 

Chromatin immunoprecipitation studies have provided further evidence that the increase in 
Ser2P occurs as transcription progresses through the gene and follows Ser5P de-
phosphorylation. Rtr1 in yeast was identified as the RNAPII CTD phosphatase driven the 
Ser5-Ser2P transition at the 5’ regions of the transcribed genes. Rtr1 genetically interacts 
with the RNAPII machinery, and Rtr1 deletion provokes global Ser5P accumulation in 
whole-cell extracts and Ser5P association throughout the coding regions [167, 171]. RPAP2 
was identified in a systematic analysis carried out to determine the composition and 
organization of the soluble RNAPII machinery [169], and as in the case of Rtr1, Ser5P levels 
increase in vivo when RPAP2 is knocked down. Additionally, RPAP2 depletion affects 
snRNA gene expression as it does mutations of the Ser7 residue [64]. In fact, Ser7P recruits 
the 3’-end processing Integrator complex and RPAP2 to drive Ser5 de-phosphorylation of 
RNAPII CTD during the transcription of snRNA genes [170, 183]. Recently, a model has 
been proposed in which RPAP2 recruitment to snRNA genes through CTD-Ser7P triggers a 
cascade of events that are critical for proper gene expression [170]. 
  

 
PHOSPHATASES SPECIFICITY FUNCTION 

 
REFERENCES 

 
yRtr1 
hRpap2 

 
CTD-Ser5P 

 
Promote Ser5P to Ser2P transition 
Association of Integrator with snRNA genes    
 

 
[167, 169-171] 

 
 
ySsu72 
hSsu72 

 
CTD-Ser5P, 
Ser7P 
CTD-Ser5P 
 

Transcription initiation/elongation  
Transcription termination and 3’-end processing  
Facilitate Fcp1 activity 
Gene looping and RNAPII recycling 

 
[50, 69, 79, 166, 172-
176] 
 

 
 
y/h Fcp1 
 

 
 
CTD-Ser2P 
 

Positive regulator of RNAPII transcription  
Transcription elongation 
Transcription termination and  RNAPII 
recycling 
 

 
[47, 73, 165, 177-
182] 

 
hSCP1 

 
CTD-Ser5P 

Transition from initiation / capping to processive 
transcript elongation. 

 
[168] 

Table 2. RNAPII CTD phosphatases. Human and Saccharomyces cerevisiae phosphatases are shown. 
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Ssu72 

Ssu72 was first described as a Ser5P phosphatase and recently as a Ser7P phosphatase [50, 
69]. In fact, Ssu72 was originally identified as functionally interacting with the general 
transcription factor TFIIB [184-185]. Afterward, it was demonstrated that Ssu72 is part of the 
cleavage and polyadenylation factor (CPF) with a role at the 3’-end of genes [166, 175]. In 
fact, Ssu72 is crucial for transcription-coupled 3’-end processing and termination of protein-
coding genes [175, 186-187]. Later, Ssu72 was characterized as a Ser5P phosphatase [79] and 
a potential tyrosine phosphatase [188] and, most recently, it has been demonstrated that 
Ssu72 is also a Ser7 phosphatase [50, 69]. A genome-wide distribution analysis of Ssu72 has 
demonstrated two peaks of association (Figure 4): a low peak at the 5’-end of genes and a 
higher peak at the cleavage and polyadenylation site or immediately after it [50]. In 
agreement with it, Ssu72 dephosphorylates RNAPII CTD following cleavage and 
polyadenylation and recycles the terminating RNAPII, giving rise to a hypophosphorylated 
polymerase. In fact, inactivation of Ssu72 leads to the accumulation of Ser7P marks that 
avoids RNAPII recruitment to the PIC, and therefore inhibits transcription initiation, which 
results in cell death [50]. In other words, Ssu72 is critical for transcription termination, 3’-
end processing and RNAPII recycling to restart a new round of transcription. Additionally, 
it has been shown that Ssu72 has a function in gene looping [172]. In a screen looking for 
mammalian retinoblastoma tumor suppressors, a human homolog of yeast Ssu72 was 
identified. As in yeast, mammalian Ssu72 associates with TFIIB and the yeast 
cleavage/polyadenylation factor Pta1, and exhibits intrinsic phosphatase activity [176]. The 
crystal complex structure that is formed by human symplekin (Pta1 in yeast), hSsu72 and a 
CTD phosphopeptide has been elucidated, and hSsu72 was demonstrated to have a function 
in coupling transcription to pre-mRNA 3'-end processing [187]. 

Fcp1 / SCP1 

Fcp1 was the first discovered CTD phosphatase and is highly conserved among eukarya [177, 
189-191]. It directly de-phosphorylates RNAPII, and its activity is stimulated in vitro by TFIIF 
and inhibited by TFIIB [73, 177-178]. Fcp1 is essential for cell viability and for transcription in 
yeast [177-178] and preferentially dephosphorylates Ser2P [73, 192]. Fcp1 has two essential 
domains: an FCP homologous domain near the amino-terminus and a downstream BRCA1 
carboxy-terminal (BRCT) domain [87]. Higher eukaryotes have additional small CTD 
phosphatases (SCPs) that contain only the FCPH domain characteristic of the Fcp1 proteins. 
However, SCP1 preferentially catalyzes Ser5P de-phosphorylation and is especially active on 
RNAPII molecules that have been phosphorylated by TFIIH [168].  

Gene transcription is decreased in cells lacking Fcp1 function, and fcp1 mutants exhibited a 
general accumulation of hyperphosphorylated RNAPII in whole-cell extracts, and 
specifically in the gene coding regions [178]. Fcp1 also has the ability to stimulate RNAPII 
transcript elongation in vitro independent of its phosphatase activity [182], which suggests 
that it associates with and modulates elongating RNAPII. In agreement with this, chromatin 
immunoprecipitation studies have demonstrated that Fcp1 associates with the promoter and 
coding region of active genes in vivo [73]. Recent genome-wide studies have provided 
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further evidence that Fcp1 associates with genes from promoter to 3’-end regions, showing 
the highest association of Fcp1 with the cleavage and polyadenylation site. This association 
occurs after Bur1 and Ctk1 have dissociated, which permits Fcp1 to completely 
dephosphorylate all the remaining Ser2P residues ([50], Figure 4). Fcp1 is also responsible 
for de-phosphorylation of RNAPII following its release from DNA [165]. Fcp1 association 
with genes at the cleavage polyadenylation site overlaps with Ssu72 association, whereas 
this overlapping does not exist at the 5’ and coding regions (Figure 4). This fact indicates 
that CTD de-phosphorylation may be coupled at the 3’-ends, and it has been hypothesized 
that Ssu72 activity may be important for Fcp1 function, thereby coupling Ser2P de-
phosphorylation to the removal of Ser5P and Ser7P [69]. 

4. Other factors influencing RNAPII CTD phosphorylation  
Although many factors can have effects on CTD phosphorylation, we will highlight the 
following two that we believe are of significant relevance: the prolyl isomerases hPin1/yEss1 
and the structure of the RNAPII itself. In addition, we will describe the role of ySub1 in CTD 
phosphorylation, because it has been extensively studied by us.   

4.1. hPin1 / yEss1 

The CTD can adopt either cis- or trans-conformations, which can significantly affect its 
modification, especially its phosphorylation. Peptidyl prolyl isomerases (PPIases) are 
enzymes that accelerate the rates of rotation about the peptide bond preceding proline and 
are important for protein folding and regulation of dynamic cellular processes [193-194]. Pin1 
in mammals and Ess1 in S. cerevisiae are RNAPII CTD PPIases. Phosphorylated Ser2 and Ser5 
match with the pSer-Pro sequence that is recognized by Pin1, and the CTD appears to be its 
principal target of regulation [195-196]. Pin1 has specificity for phosphorylated Ser/Thr-Pro 
sequences, and it modulates RNAPII activity during cell cycle at least in part by regulating 
RNAPII CTD phosphorylation levels [195]. Yeast Ess1 physically interacts with the CTD [55, 
197], and it preferentially binds and isomerizes in vitro Ser5P residues [198]. Although Pin1 
stimulates RNAPII CTD hyperphosphorylation, which results in transcription repression and 
inhibition of mRNA splicing [195-196], in vivo studies have proposed that Ess1 promotes 
RNAPII CTD de-phosphorylation. In any case, both isomerases have important functions in 
transcription. Therefore, initiation-elongation transition is inhibited by Pin1 [196], whereas 
Ess1 affects multiple steps, such as initiation, elongation, 3′-end processing, and termination 
[197, 199-201]. In fact, it has been demonstrated that Ess1 promotes Ssu72-dependent function 
by creating the CTD structural conformation that is recognized by Ssu72 [202], and recently it 
has been confirmed that isomerization is a key regulator of RNAPII CTD de-phosphorylation 
at the end of genes [69].  

4.2. RNAPII structure and Rpb1-CTD localization 

The structure of the complete 12-subunit RNAPII (Rpb1-12) is known [203-204]. Rpb4 and 
Rpb7 subunits form a conserved sub-complex that is conserved in all three eukaryotic RNA 
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polymerases and archaea RNAP [205-206]. Crystal structures of the Rpb4/7 heterodimer in 
the context of the complete RNAPII complex localized it in the proximity of the Rpb1-CTD 
[203, 207], and biochemical and genetic studies suggest that Rpb4/7 might have a function in 
the recruitment of some CTD-binding proteins to transcribing RNAPII. Moreover, it is 
possible that this sub-complex, Rpb4/7, would regulate the access of CTD modifying 
enzymes during the whole transcription cycle [203, 207, 209-212]. Actually, structural 
studies have provided further evidence that the CTD extends from the RNAPII core enzyme 
near the RNA exit channel [204], where it is ideally located to bind and be affected by the 
action of a multitude of factors, among them kinases, phosphatases and isomerases. In fact, 
in yeast, the isopropylisomerase Ess1 and the phosphatase Fcp1 are associated with Rpb7 
and Rpb4, respectively [55, 87, 208]. 

4.3. The ssDNA binding protein Sub1 as a general regulator of transcription 

Sub1 is an ssDNA binding protein that has been implicated in several steps of mRNA 
metabolism, such as initiation, transcription termination and 3’-end processing [186, 213-
215]. Sub1 was originally described as a transcriptional stimulatory protein that is 
homologous to the human positive coactivator PC4, which physically interacts with 
activators and components of the RNAPII basal transcription machinery [216-220]. Sub1 
genetically and physically interacts with TFIIB [214-215, 221], and several functions have 
been proposed for Sub1 that include stimulating PIC recruitment and promoter escape. In 
fact, most recently, using a quantitative proteomic screen to identify promoter-bound PIC 
components, Sub1 was identified as a functional PIC component that is associated with 
RNAPII complexes [225]. In addition, we have recently demonstrated that Sub1 globally 
regulates RNAPII CTD phosphorylation (Figure 5, [222]) and that it is a bona fide elongation 
factor that influences transcription elongation rates (García and Calvo, unpublished results). 
Although it has been broadly studied, and several functions have been hypothesized for 
Sub1 [213, 215, 222-225]; however, the exact mechanism by which Sub1 functions in 
transcription remains unclear. Sub1 globally regulates RNAPII-CTD phosphorylation 
during the entire transcription cycle by modulating, albeit differentially, the activity and 
recruitment of CTD modifying enzymes [222, 224]. We have proposed a model showing 
how Sub1 might function to globally regulate RNAPII CTD phosphorylation (Figure 5). In 
wild-type cells (wt), non-phosphorylated Sub1 joins the promoter (possibly via TFIIB; [214-
215, 221]), contacting the promoter via its DNA binding domain. At that point, Sub1 
interacts with the Cdk8-Mediator complex, helping to maintain the PIC in a stable but 
inactive conformation. Sub1 is then phosphorylated (possibly by the action of kinases at the 
PIC, similarly to PC4, its human homolog), losing its DNA binding capacity and promoting 
clearance of TFIIB [214-215, 226]. The PIC next changes conformation such that Kin28 can be 
activated, and with the help of Srb10 promotes PIC dissociation into the scaffold complex as 
well as the recruitment of elongating kinases Ctk1 and Bur1. In contrast, in the absence of 
Sub1 (sub1Δ), Srb10 activity and recruitment are decreased, while Kin28 recruitment and 
activity increases, in agreement with TFIIH being negatively regulated by Cdk8-containing 
Mediator complexes [90, 227]. As a result, Ser5P levels are increased, and consequently Bur1 
and Ctk1 association with chromatin is also enhanced [99, 228]. Furthermore, in sub1Δ cells 
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there is a reduction on Fcp1 phosphatase levels and its association with chromatin, which 
induces an additional increase in Ser2P, impairing RNAPII recycling after transcription 
termination. Thus, a decrease in RNAPII recruitment is observed in cells lacking Sub1 [224]. 
Additionally, Sub1 also influences Spt5 elongation factor phosphorylation by Bur1 (García 
and Calvo, unpublished results). We currently do not understand the biochemical basis for 
these effects. We have not found evidence that Sub1 associates with any of the CTD kinases 
or evidence that Sub1 influences the CTD kinase activities by influencing post-translational 
modifications of the kinases. Therefore, we currently consider two possible explanations for 
the effects of Sub1 on the activities of the CTD kinases. One explanation is that Sub1 
enhances the association (or dissociation) of an unidentified, common regulator with the 
kinases, whereas the other is that Sub1 in some manner influences kinase accessibility to the 
CTD. 

 
Figure 5. Model showing how Sub1 might function to globally regulate RNAPII CTD 
phosphorylation [222] . Different font sizes in the figure text indicate the increase or decrease of the 
corresponding CTD modifying enzymes in sub1Δ versus wt cells. 

5. RNAPII CTD phosphorylation and pre-mRNA processing 

The CTD is an unordered structure that extends from the RNAPII core enzyme, near the 
RNA exit channel [204, 209]. This localization is convenient to interact with a plethora of 
factors, such as the CTD-modifying enzymes and binding factors involved in distinct 
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nuclear processes, for example, components of the RNA processing machinery [32, 88]. 
Furthermore, its length and the ability to adopt numerous conformations permit it to 
interact with different factors at the same time [31-32], and it is currently clear that  these 
interactions depends on the CTD phosphorylation patterns during the transcription cycle [8, 
21]. 

As transcription progresses the nascent RNA is capped to protect the 5′ end, intron 
sequences are removed, and a polyadenylated tail is added to the 3’ end. Coupling mRNA 
processing to transcription increases processing efficiency and allows multiple regulatory 
pathways to guarantee that only correctly modified mRNAs are exported. For more than a 
decade, numerous studies have provided evidence that the CTD serves as a scaffold for the 
assembly of an enormous variety of protein complexes to coordinate not only transcription 
of non-coding and protein-coding genes [8, 58-62, 64-65], but also pre-mRNA processing [21, 
31-32]: capping [42, 135, 137], splicing [229], and 3’-end cleavage and polyadenylation [42]. 
All of these functions are achieved through the recognition and reading of the CTD code 
during the transcription cycle [6-8, 31]. Thus, co-transcriptional CTD-mediated processing of 
nascent RNA plays a crucial role in both recruitment of RNA processing machineries and 
regulation of their activities. Indeed, a functional CTD is not required for in vitro 
transcription by RNAPII, but it is essential for efficient pre-mRNA processing [42, 230-231]. 

Capping  

The capping reaction consists in the addition of an inverted 7-methylguanosine cap to the 
first RNA residue by a 5'-5' triphosphate bridge. It is a characteristic of all RNAPII 
transcripts and is added to the 5’-end of nascent transcripts when they are only 25-50 bases 
long. The capping complex contains the following three enzymatic activities: RNA 5'-
triphosphatase, guanylyl transferase and RNA (guanine-7) methyltransferase [17, 67]. In 
yeast, these activities are achieved by three enzymes (i.e., Cet1, Ceg1 and Abd1, 
respectively), whereas in metazoans, these activities are performed by two enzymes (i.e., 
HCE and MT) because guanylyl transferase and RNA 5'-triphosphatase are two functionally 
domains of HCE protein [17]. Following Ser5 phosphorylation by TFIIH, the mRNA capping 
complex binds directly and specifically to Ser5P residues through the Ceg1 subunit in yeast 
or the guanylyl transferase domain in metazoans [48, 67, 78, 95, 137]. Furthermore, 
phosphorylated CTD interaction with the capping complex allosterically stimulates the 
capping enzyme activity and in response, enhances early transcription [136, 232]. Because 
the CTD is located near the RNA exit channel, its interaction with the capping complex 
permits its positioning for rapid processing of the mRNA 5’-end as the nascent transcript 
emerges from the polymerase. This is thought to protect the RNA from degradation and 
promote RNAPII to proceed into productive transcription elongation. In fact, by coupling 
capping and early transcription, only capped RNA will be elongated [67, 136, 232-233].  

3’-end processing 

Not only capping and transcription are linked at the 5’-end regions of protein coding-genes, 
but also polyadenylation and transcription termination at the 3’-end regions. In brief, 3’-end 
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processing consists of the following two-step reaction: endonucleolytic cleavage of the pre-
mRNA and subsequent addition of a poly(A) tail [17]. Both enzymatic reactions require a 
functional CTD [42, 230]. In fact, deletion of the CTD or absence of CTD phosphorylation 
negatively affects 3’-end processing [16, 30, 106, 157, 234]. Furthermore, the CTD binds 3′-
end processing factors and stimulates cleavage/polyadenylation in vivo and in vitro [42, 230]. 
The cleavage is achieved by a complex that consists of CstF, CPSF, CF1, and CF2 in higher 
eukaryotes and CF1A, CF1B, and CFII in yeast, whereas the polyadenylation reaction is 
performed by a poly(A) polymerase in both cases [17] . Cleavage/polyadenylation factors 
CPSF and CstF can specifically bind to CTD affinity columns and are copurified with 
RNAPII [42]. In yeast, several 3’-end factors preferentially binds phosphorylated CTD [72, 
106-107, 235]. Furthermore, yeast 3'-end processing factors are recruited depending on Ser2 
phosphorylation by Ctk1 when RNAPII reaches the 3’-end regions of the transcribed genes. 
Therefore, regulation of CTD phosphorylation as the polymerase transcribes facilitates 
coordination of the assembly of the 3′-end processing machinery with transcription [16]. 
Additionally, the polyadenylation signals are required for proper transcription termination 
in mammals and yeast [236-237]. In fact, Rtt103, which is a 3'-end mRNA processing factor, 
interacts with the CTD phosphorylated on Ser2 and recruits a 5’-3’ RNA exonuclease, 
thereby promoting the release of RNAPII from the DNA [238-239]. In summary, Ser5 
phosphorylation by TFIIH kinase (Kin28/Cdk7) is required to recruit the RNA-capping 
machinery to RNAPII [48, 67, 72], whereas Ser2 phosphorylation is required for the 
recruitment of 3’-end processing complexes and for transcription termination [16, 30, 106, 
238-239] (Figure 7). However, it is unknown whether phosphorylation of Ser5 and Ser2 of all 
of the repeats or only some of the repeats is required to enhance capping and 
cleavage/polyadenylation, respectively.  

Ser7 phosphorylation has been functionally related with 3’-end processing of snRNA in 
higher eukaryotes. Human snRNA genes, contrary to protein-coding genes, are not 
polyadenylated, and instead of a poly(A) signal, they contain a conserved 3′ box RNA-
processing element that is recognized by the snRNA gene-specific Integrator RNA 3′ end-
processing complex. This complex binds to RNAPII CTD and links transcription and 3’-end 
processing [63-64, 240-241]. Therefore, in metazoans, Ser7P, in combination with Ser2P, is a 
major determinant for the recruitment of the Integrator complex to snRNA genes during its 
transcription [64, 240-241]. In yeast, the Integrator-like complex recruitment depends on 
Ser7 phosphorylation, the promoter elements and the specialized PIC that binds those 
elements [74]. After promoter escape, the RNA processing complex travels with the 
elongating phosphorylated polymerase up to the 3’-end box at the end of the snRNA 
transcription unit, where it associates with the nascent transcript in a co-transcriptional-
dependent manner.  

Splicing 

As in the case of capping and cleavage/polyadenylation, a number of studies performed in 
vivo and in vitro during the last decades have demonstrated the existence of a functional 
interaction between the transcriptional machinery and the splicing apparatus [21, 242]. 
However, this functional interaction and the underlying mechanism are less accurately 
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understood. The most complex pre-mRNA processing reaction is splicing, which is carried 
out by a large complex, the spliceosome, consisting of at least 150 protein components and 
five snRNAs [242]. The first indication of a coupling between transcription and splicing 
came from studies demonstrating that truncation of the CTD severely altered splicing in 
vitro [42]. Later it was shown that the CTD directly affects splicing, and that a 
phosphorylated CTD is required for the efficient splicing reaction [231, 243]. These data 
provided evidence that an elongating RNAPII with phosphorylated CTD is an active 
component of the splicing reaction. A number of physical links between the phosphorylated 
CTD and the splicing apparatus have been established, and chromatin immunoprecipitation 
analysis have shown that the direct binding of the splicing machinery to the nascent RNA is 
responsible in a large part for the co-transcriptional splicing in yeast and mammals [244-
245]. Hyperphosphorylated, but not hypophosphorylated RNAPII, has been found 
associated with splicing factors and detected in active spliceosomes [246-248]. For instance, 
in yeast, the splicing factor Prp40 binds to phosphorylated CTD [249]; in mammals, Spt6 
binds selectively to the CTD-Ser2P [112], and the spliceosome-associated protein CA150 
interacts with phosphorylated CTD while interacting with the SF1 splicing factor [250-251]. 
Therefore, all these studies led to the idea that the phosphorylated CTD acts as a scaffold, 
binding multiple splicing factors, and directly enhancing the spliceosome assembly. 
Corroborating this idea, a recent study identified a splicing factor, U2AF65, that interacts 
directly with the CTD to activate splicing and likely plays a role in spliceosome assembly 
[242, 252]. Another recent study provided evidence that coupling transcription and splicing 
through CTD phosphorylation can be a regulatory point in the control of gene expression. 
For instance, it has been described that a set of inducible genes can be actively transcribed 
by RNAPII phosphorylated on Ser5, but not on Ser2, under non-inducing conditions, giving 
rise to a full length unspliced transcript. However, after induction, Cdk9 is recruited, 
phosphorylates the CTD on Ser2 and the generated transcript is properly spliced [253]. This 
fact strongly implicates Ser2P as a key in the integration of splicing and transcription. In 
addition to constitutive splicing, functional links between the CTD and alternative splicing 
have also been provided [86]. Thus, it has been suggested that the CTD may regulate the 
choice of alternative exons by increasing the local concentration of splicing factors [229], and 
that possibility participate in the physical modulation of alternative splicing. 

6. RNAPII CTD phosphorylation coordinates transcription to other 
nuclear processes 

6.1. Coupling the CTD code and the histone code 

The nucleosome is the basic element of chromatin and consists of a histone octamer 
composed of two copies of histone 2A (H2A), H2B, H3 and H4, wrapped by 146 bp of DNA 
[254]. The histones carry numerous post-translational modifications, and some of these are 
associated with transcription. In fact, a general view is that histone post-translational 
modifications draw parallel with either positive or negative transcriptional states. 
Numerous discoveries have led to the idea that such modifications regulate transcription 
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either directly by causing structural changes to chromatin (e.g., histone acetylation) or 
indirectly by recruiting protein complexes (e.g., histone methylation) [255-257]. Therefore, 
chromatin not only plays an essential role in packaging the DNA, but also in regulating 
gene expression. Most histone modifications reside in their amino- and carboxy-terminal 
tails, and a few of them in their globular domains. As in the case of CTD phosphorylation, 
where Ser5P triggers Ser2 phosphorylation, some histone modifications mark the deposition 
of another, thus creating a complex epigenetic signal code, the “histone code”, that governs 
chromatin organization and DNA-dependent processes such as transcription. Therefore, the 
histone code is responsible for an active or inactive chromatin state with respect to 
transcription, because it coordinates the recruitment of various chromatin modifying and 
remodeling complexes to regulate chromatin structure and, consequently, transcription 
[258-259]. Because this review focuses on RNAPII CTD phosphorylation, only certain 
histone modifications, which are functionally related to the CTD code and transcription, will 
be discussed. There are excellent reviews that discuss all the histone modifications and their 
roles in different nuclear processes [255, 258, 260-261]. 

Lysine is a key substrate residue because it undergoes many exclusive modifications 
important for transcription regulation (i.e., acetylation, methylation, ubiquitination and 
SUMOylation [255, 261]. The lysine residues can be mono-, di- or trimethylated, and each 
level of modification can result in distinct biological effects. In brief, with respect to 
transcription, acetylation activates and sumoylation appears to be repressive, and both 
modifications may mutually interfere. On the other hand, methylation can have distinct 
effects; thus, lysine 4 in histone H3 (H3K4me3) is trimethylated at the 5’-ends of genes 
during activation, whereas trimethylation of H3K9 occurs in transcriptionally silent regions. 
Arginine residues of H3 and H4 can also be mono- or dimethylated, which activate 
transcription. Serine/threonine phosphorylation of H3 in specific sites also marks activated 
transcription, and ubiquitination of H2B and H2A are associated with active and repressed 
transcription, respectively (reviewed by [255-257]. All histone modifications are removable 
by specific enzymes (e.g., histone deacetylases (HDACs), phosphatases, and ubiquitin 
proteases ([255-257], and references therein). In fact HDACs play important regulatory roles 
during active transcription [262].  

Methylation of H3K4 and K36 are the most well characterized histone modifications with 
roles in active transcription [263], and whose functions are directly linked to RNAPII CTD 
phosphorylation (Figure 6). H3K4 is methylated by the Set1/COMPASS complex, while K36 
is mediated by the Set2 complex. The profile of H3K4 tri-methylation (H3K4me3) strongly 
correlates with the distribution pattern of the RNAPII CTD-Ser5P. It is mainly found around 
the transcriptional start site (TSS) contributing to transcription initiation, elongation and 
RNA processing [264]. Set1 recruitment and H3K4 tri-methylation usually peaks at the 
promoter and 5’ region of a gene, depending on Kin28/Cdk7 activity (Figure 7)  and Paf1 
complex, a RNAPII-associated complex [265], and contributes to transcription initiation, 
elongation and RNA processing [264] [98]. H3K4 mono and di-methylation tend to expand 
along the coding regions compared to try-methylation. On the other hand, H3K36 
methylation by Set2 is observed across the entire coding region with an increase toward the 
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3’-ends of actively transcribed genes. Ctk1 also regulates H3K4 methylation [158, 266]. 
Thereby, differently phosphorylated CTD by Kin28 and Ctk1 is responsible for the 
characteristic distribution of H3K4 tri-methylation in the coding region [158]. In contrast to 
Set1, the recruitment of Set2 and H3K36 methylation depends on a CTD-Ser2P/Ser5P double 
mark (Figure 6), and therefore, on Ctk1 kinase activity [158, 266]. Interestingly, the other 
Ser2 kinase complex, Bur1/2, also promotes Set2 recruitment and assists H3-K36 
methylation, particularly at the 5′ ends of genes and is required for the histone 2B 
ubiquitination activity of the Rad6/Bre1 complex [101, 103, 152]. 

 
Figure 6. Histone H3 tri-, di-, and mono-methylation and acetylation during RNAPII transcription in S. 
cerevisiae. 

H3 acetylation / deacetylation is also relevant during active transcription. Thus, histone 
acetyl and deacetyl transferase complexes (HAT and HDACs, respectively) are recruited to 
the transcriptional machinery during elongation through the interaction with RNAPII. 
Indeed, they modulate histone occupancy in the coding regions of actively transcribed 
genes, and this depends on CTD phosphorylation status [267-268]. HAT acetylates 
nucleosomes promoting nucleosomes eviction and allowing RNAPII to pass through. 
Afterward, the nucleosomes are immediately reassembled behind the polymerase and 
HDACs are co-transcriptionally recruited to rapidly and efficiently deacetylate the 
reassembled nucleosomes behind the polymerase. Altogether, this avoids cryptic 
transcription and maintains active transcription [262]. Methylation of histone H3 by Set1 
and Set2 is required for deacetylation of nucleosomes in coding regions by the histone 
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deacetylase complexes (HDACs) Set3C and Rpd3C(S), respectively. HDACs’ recruitment is 
triggered by H3K4 methylation at promoters and within coding regions to restrict 
hyperactetylated histones to promoters and to maintain transcription activity. Set1-
H3K4me2 can be recognized by two different HDACs, RPD3S or SET3C [264]. The Set1-
SET3C pathway preferentially affects actively transcribed genes with promoters configured 
for efficient initiation/re-initiation [269]. In contrast, Set1-RPD3S pathway is active at loci 
subjected to cryptic and weak transcription encompassing repressed promoters of coding 
genes. Related to this, phosphorylation of the CTD by Kin28/Cdk7 is important for the initial 
recruitment of the Rpd3S and Set3 HDACs to coding sequences ([268], Figure 7). In fact, it 
has been reported that Set3C and Rpd3C(S) are co-transcriptionally recruited in the absence 
of Set1 and Set2, but stimulated by the CTD kinase Kin28/Cdk7. Hence, the Rpd3C(S) and 
Set3C co-transcriptional recruitment is stimulated by CTD Ser5P to achieve the 
deacetylation of H3 residues. This, together with evidence that the RNAPII CTD recruits 
additional chromatin modifying complexes, histone chaperones and elongation factors, 
suggest that phosphorylated RNAPII is crucial in coordinating the activities of the many 
factors required for regulating histone dynamics and consequently transcription elongation 
at actively transcribing genes ([262], and references therein).  

6.2. Transport 

In addition to the complexes involved in mRNA processing, several other proteins bind to 
the RNAs as soon as their 5’-end emerges from the RNAPII, packaging them into a 
messenger ribonucleoparticle (mRNP). This set of interactions of packaging and export 
factors play a dual function of protecting the RNA from degradation and preparing it to be 
exported. Although interactions between the CTD and many mRNA processing factors have 
been characterized, this is not the case for mRNA packaging and export factors. However, 
packaging and export seems to be also coupled to transcription through RNAPII CTD 
interactions because defects in transcription elongation, splicing, and 3′-end processing 
affect export [270]. In yeast, mRNA export is linked to transcription through the TREX 
(transcription export) complex, which is composed of the THO complex (Tho2, Hpr1, Mft1, 
and Thp2) and the evolutionally conserved RNA export proteins, Sub2 (UAP56 in human) 
and Yra1 (REF/Aly in human), and a novel protein termed Tex1 [271-272]. Deletions of the 
individual THO components causes defects on transcription, transcription-dependent 
hyper-recombination, and on mRNA export [160, 273]. In addition, the Sub2/Yra1 complex 
is directly recruited to the actively transcribed regions via the THO complex [272, 274]. 
Although it has been shown that the TREX complex and Ctk1 are functionally related [159], 
recruitment of the TREX complex to transcribed genes is not dependent on Ctk1 in yeast 
[16], and the association of the human TREX complex to transcript might be coupled to 
transcription indirectly through splicing [275]. Then, the potential role of the CTD and CTD 
phosphorylation in this process remains unclear, however in a very recent study, the mRNA 
export factor Yra1 was identified as a CTD phosphorylated-binding protein [276]. Then, this 
study provides strong support for the idea that the phosphorylated CTD is directly involved 
in the cotranscriptional recruitment of export factors to active genes. In summary, many 
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aspects of the mRNA metabolism from the 5' capping to the export occur co-
transcriptionally and are coordinated through transcription, with the RNAPII CTD and its 
phosphorylation being the main coordinator in most cases (Figure 7). 

 
Figure 7. RNAPII CTD phosphorylation/ de-phosphorylation is co-transcriptionally connected and 
coordinated with other nuclear processes: pre-mRNA processing; histone modifications and mRNA 
export. The main complexes required for co-transcriptional processes occurring during the expression 
of a regular protein coding-gene are shown. See text for details.  

7. RNAPII CTD phosphorylation and transcription regulation 

The levels of CTD phosphorylation/de-phosphorylation are precisely modulated during the 
entire transcription cycle, which regulates the association of many important factors with 
initiating and elongating RNAPII, such as transcription and pre-mRNA processing factors, 
chromatin modifiers and mRNA export factors [21]. The interplay of all of these factors is 
essential to regulating transcription and, consequently, gene expression. Subsequently, in a 
regular protein-coding gene, the following set of coordinated nuclear events must occur for 
it to be properly transcribed in a functional mRNA before it is exported to the cytoplasm 
and translated (Figure 7). Unphosphorylated RNAPII is recruited to the pre-initiation 
complex (PIC); then, after its binding to the promoters, it is phosphorylated on Ser5 by 
yKin28 (hCdk7). Ser5 phosphorylation is required for RNAPII dissociation from the PIC and 
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consequently promotes transcription initiation. Simultaneously, Ser5 phosphorylation 
targets capping and splicing factor recruitment, the Set1 methyltransferase complex, and the 
Set3C and Rpd3S histone deacetylase complexes. During early elongation, Ser5P levels are 
decreased, whereas Ser2P levels increase due to the kinase activity of yBur1 (hCdk9) near 
the promoters, and by the kinase activity of yCtk1 (hCdk12) at the forward coding and 3’-
ends, which leads to the recruitment of the histone methyltransferase Set2 and the activation 
of the Rpd3S complex, which prevents cryptic transcription within the genes. When RNAPII 
arrives at and recognizes the termination site, the 3’-end-processing factors that are 
associated with the CTD achieve cleavage and polyadenylation of the nascent mRNA, which 
also requires proper phosphorylation of the polymerase. During the termination process, the 
CTD is de-phosphorylated by Ssu72 and Fcp1, and the polymerase is recycled to initiate a 
new round of transcription. All along the gene, packaging and export factors (TREX 
complexes) are incorporated into the transcriptional machinery protecting the transcript 
from degradation and preparing it for export to the cytoplasm. 

8. Therapeutic potential 

Cellular differentiation, morphogenesis, development and adaptability of all organisms are 
subjected to proper gene expression and, therefore, variations in gene regulation can have 
profound effects on protein function, challenging the viability of the organisms. Currently, it 
is clear that RNAPII phosphorylation has an important role on gene expression, and 
therefore, in all the processes mentioned above. Consequently, over the last decade CTD 
phosphorylation has attracted the attention of biomedical research, especially due to the fact 
that the CTD kinase Cdk9 has been involved in several physiological cell processes, whose 
deregulation may be associated with cancer, and also due to the fact that Cdk9 activity is 
required for human immunodeficiency virus type 1 (HIV-1) replication. Related to it, many 
studies have shown the enormous potential of Cdk9 kinase inhibition as a treatment of 
several kinds of tumors, HIV infection, and cardiac hypertrophy. 

The human immunodeficiency virus type 1 (HIV-1) requires host cell factors for all steps of 
the viral replication, among them the transcription elongation factor P-TEFb. Transcription 
of HIV-1 viral genes is achieved by host RNAPII and is induced by a viral trans-activator 
protein, Tat. When bound to the TAR viral RNA region, Tat activates HIV-1 transcription by 
early recruiting of host transcriptional activators including P-TEFb, which phosphorylates 
RNAPII CTD promoting viral transcript elongation [280]. Thus, treatment with drugs that 
inhibit Cdk9, such as flavopiridol, has been used as a retroviral therapy on AIDS patients 
[281]. Therefore, from the point of view of basic research, the study of the functions of Cdk9 
and RNAPII CTD phosphorylations are of great interest in understanding the mechanisms 
that regulate HIV replication, which consequently lead to progress on AIDS biomedical 
research. Further evidence has been provided of a deregulated Cdk9 function in several 
tumors such as lymphoma, neuroblastoma, primary neuroectodermal tumor, 
rhabidomiosarcoma or prostate cancer [282-284]. The Cdk9 inhibition by chemotherapeutic 
agents, such as flavopiridol or CY-202, has shown to reduce transcription in malignant cells, 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 176 

mainly affecting the short half-lives RNAs. Most of these RNAs code for anti-apoptotic 
proteins, for instance onco-protein Mcl-1, which is necessary in tumor proliferation 
maintenance. Unfortunately, they only have a modest activity in patients although 
promising studies continue at present [285]. Cardiac hypertrophy consists of an increased 
size of cardiomyocytes, associated to some cardiac diseases as hypertension or diminished 
heart function. Hypertrophy is a physiological response to a stress stimulus that results in 
an increase of the cell size, and that may eventually produce a heart failure. Increased cell 
size produces increased mRNAs transcription, which requires Cdk9 activity. Thus, it has 
been shown that therapy with Cdk9 inhibitors benefits patients with cardiovascular 
disorders [286]. 

9. Concluding remarks 

The primary function of the RNAPII CTD phosphorylation in eukaryotes is the integration 
of transcription with distinct nuclear processes. Thus, CTD phosphorylation operates as a 
fine-tuning regulatory mechanism during the whole transcription cycle and is consequently 
of extraordinary importance for proper gene expression. Since the late 1980’s, an 
overwhelming number of laboratories have tried to decipher the mechanism underlying the 
creation of a CTD code and how this code is translated during transcription to coordinate 
mRNA processing, export and chromatin modifications. Although great progress has been 
achieved, most recently due to wide-genomic analysis techniques, a number of issues 
remained unsolved. For instance, it is very challenging to determine the exact 
phosphorylation state of specific residues within specific repeats during each step of 
transcription, as well as to determine the exact number of repeats that are phosphorylated 
within the CTD at every step of transcription, and how this is related to CTD specific roles 
in gene expression. Moreover, it needs to be determined if phosphorylation of the repeats 
with non-consensus sequences is regulated in the same manner as the consensus repeats, 
and if this is achieved by the same set of CTD modifying enzymes. In addition, other 
residues such as lysine and arginine can be potentially modified; therefore, further 
increasing the complexity of the CTD, and suggesting that if they are transcriptionally 
modified, may further elucidate the CTD functions or discover new ones. Finally, detailed 
understanding of RNAPII CTD phosphorylation is very relevant and will add insight into 
the processes that alter gene expression, such as HIV infection and cancer, and will help to 
investigate if other human CTD modifying enzymes, in addition to Cdk9, may be good 
candidates for therapy. In conclusion, research has made much progress, but further 
progress is still needed, and the new massive techniques in genomics and proteomics will 
help to advance complete understanding much faster. 
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The Prp4 Kinase: Its Substrates, Function and
Regulation in Pre-mRNA Splicing
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1. Introduction

The genome of fission yeast Schizosaccharomyces pombe encodes about 107 predicted protein
kinases, of which 17 are known to be essential for cell growth. These include the cell cycle
regulator Cdc2 as well as several kinases which coordinate cell growth, cell polarity and cell
morphogenesis within the cell cycle [1]. Another one of these essential kinases is Prp4. The
study of precursor mRNA processing (prp) mutants in fission yeast identified Prp4 as the
first kinase being involved in the regulation of pre-mRNA splicing in fungi and mammals.
Interestingly, all eukaryotic organisms whose genome has been sequenced to date contain a
counterpart of Prp4, with the exception of the hemiascomycetes to which the other yeast model
organism Saccharomyces cerevisiae belongs. Here we review the discovery of Prp4 kinase, its
genetic interactions and biochemical properties, its substrate specificity in vitro and in vivo,
as well as the molecular consequences of these interactions. We compare and discuss results
reported from the counterparts of Prp4 and its substrates in other organisms. We propose a
model how Prp4 might be involved in the quality control of pre-mRNA splicing by acting at
different “checkpoints” during the recognition of introns and the activation of pre-catalytic
spliceosomal complexes.

2. Discovery of Prp4 kinase

More than 25 years ago we and others suggested that the introns found in fission yeast
Schizosaccharomyces pombe represent a different type than those found in budding yeast
Saccharomyces cerevisiae. The suggestion was mainly based on the observation that the simian
virus 40 (SV40) small T antigen transcript displaying a 66 nt intron was accurately spliced and
small T antigen proteins were synthesized in S. pombe, but not in S. cerevisiae [2]. We used
fission yeast and generated temperature-sensitive (ts) mutants in order to screen for those
which indicate a defect in pre-mRNA splicing at the restrictive temperature. For these screens

©2012 Lützelberger and Käufer, licensee InTech. This is an open access chapter distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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2 Phosphorylation

we constructed an artificial reporter gene using the naturally intron-less ura4 gene encoding a
carboxylase involved in uracil synthesis. The insertion of introns into the ura4 gene led to the
discovery that introns in S. pombe are recognized independently of their exon context. This
indicated already at that time that introns in S. pombe are recognized by a mechanism now
called “intron definition” [3–5]. The ts mutants were transformed with a plasmid containing
a 108 bp intronic sequence within the ura4 gene. Then, the mutant strains were compared for
the presence of mRNA and pre-mRNA of the ura4-108I transcript under growing (permissive,
25 °C) and non-growing (restrictive, 36 °C) conditions, respectively. Out of hundreds of
ts mutants, there were three which showed spliced (mRNA) and unspliced (pre-mRNA)
transcripts of the ura4-I108 reporter gene at the permissive temperature, but when shifted
to the restrictive temperature a time dependent decrease of mRNA was observed, while
pre-mRNA remained stable. This indicated that the ura4-108I gene was still transcribed, but
the artificial intron was not removed under this condition. In addition, the natural introns of
the cdc2 transcripts were also not removed in these mutants at the restrictive temperature.

Further genetic analysis revealed that two of this mutants belonged to a complementation
group of three already existing pre-mRNA processing mutants, called prp1ts, prp2ts and
prp3ts, which were isolated as described in [6]. One mutant allele, however, defined a new
complementation group, and therefore was called prp4-73ts [7]. The prp4+ gene was isolated
by functional complementation of the prp4-73ts mutant allele at the restrictive temperature
using a genomic library. The construction of a null-allele by replacing the prp4+ gene in the
genome via homologous recombination with an auxotrophic marker gene revealed that prp4
is essential for growth [8]. The polypeptide sequence derived from the prp4+ gene showed all
signature sequences predicting a serine/protein kinase, according to the classification system
of Hanks and Hunter [9]. Based on this classification system primers were designed for the
T-Loop region of the prp4 gene, taking into consideration the differences in codon usage of
fission yeast and mammalian cells. These primers were used to produce PCR products from
a HeLa cDNA library. The PCR products were then used as probes to screen a mouse cDNA
library. With this approach cDNAs from human and mouse were obtained. Both show an
open reading frame (ORF) encoding a C-terminal kinase domain and an N-terminal domain
of unknown function, which consists of about 150 amino acids [10]. Throughout the kinase
domain the fission yeast and mammalian sequences share 53 % identical amino acids. The
N-termini, however, share less than 20 % identical amino acids. The two mammalian primary
amino acid sequences are 98 % identical.

Chimeric mouse/fission yeast gene constructs were used to investigate by functional
complementation, whether the mouse kinase is active in S. pombe. The mouse kinase domain
complemented the prp4-73ts allele only when the N-terminus of the fission yeast prp4 gene was
fused to it [10]. Meanwhile, identification and characterization of mammalian counterparts
of Prp4 by other groups revealed that it has an extented N-terminal region [12–14]. When
compared with the sequences of Prp4 homologs in the database, this region shows variable
length within different organisms, with fission yeast displaying the shortest N-terminal region
[15]. In addition, all eukaryotic organisms whose genome is known contain a counterpart of
Prp4 kinase, with the remarkable exception of the hemiascomycetes to which the budding yeast
S. cerevisiae belongs. Therefore, we use for comparison the Prp4 counterpart found in the
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Figure 1. Structure of the Prp4 kinase. (A) Schematic representation of the Prp4 homologs from S. pombe,
N. crassa, M. musculus and H. sapiens. Numbers on top indicate positions of the kinase domain and total
length of the proteins, respectively. (B) ClustalX alignment of the N-terminus of Prp4 kinase homologs.
Serine-rich elements matching the search pattern [SPRKEQLG]X0−1S are highlighted in green. Sequence
motifs of spPrp4, which were characterized previously in reference [10], are marked with braces
underneath the alignment. The highly conserved DMFA motif and the DYRK homology box (DH-Box)
are marked with lines. Amino acid residues of the human Prp4 kinase altered by post-translational
modification, such as phosphorylation (P), acetylation (Ac) or ubiquitinylation (Ubi), are marked with
arrows (↓). Positions were retrieved from the GeneBank entry of human Prp4 kinase. The
phosphorylated S92 of spPrp4 is shown in red. GeneBank accession numbers of the aligned sequences
are for spPrp4: CAA20718, ncPrp4: XP001728078, mmPrp4: AAM19102 and hsPrp4: Q13523. Sequences
were aligned with ClustalX using default parameters. Shading and labeling of the alignment was done
with TEXshade [11].
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4 Phosphorylation

filamentous fungus Neurospora crassa. The N-terminal domain of Prp4 in S. pombe, N. crassa,
M. musculus and H. sapiens comprises 158, 522 and 686 amino acids, respectively (Figure 1).

A mutational analysis of the N-terminus of the fission yeast kinase, testing the effect of
the mutations by functional complementation led to the discovery of three short elements,
essential for functioning of the kinase. Two elements, SDSPSI and SPSPSV at position 90–95
and 112–117, respectively, were called the serine elements (SX1 and SX2). The third element
EGY at position 144–147 is located proximal to the kinase domain [10]. In all Prp4 counterparts
this sequence is highly conserved (Figure 1). Alignment analyses led to the classification of
Prp4 as a dual specificity tyrosine-regulated kinase (DYRK) family member. The element
(EGY), called DH-box in these analyses, is part of the signature which assigns the Prp4 kinases
to the third subfamily of the DYRK family [16]. Based on our sequence comparison there
is one more highly conserved element in the N-terminal region close to the kinase domain.
The sequence DDMFA at position 106–110 is highly conserved in all Prp4 sequences and may
represent together with the DH-Box a signature in the N-terminus, indicating the archetypal
Prp4 kinase (Figure 1). One serine element (SX2) is located next to DDMFA and shows
no conservation between the N. crassa and the mammalian sequence at that position. The
same is true for the other serine element (SX1). Neither the fungal nor the mammalian
sequence is conserved in this position. However, in the N. crassa and the mammalian
sequence serine elements similar to those in the N-terminus of the fission yeast sequence were
found. Particularly, the mammalian sequence shows serine elements containing prolines, for
example, SVPSEPSSP or SRSPSPD proximal to the kinase domain. In the extended N-terminal
sequence serine elements of iterated serine/proline and serine/arginine dipeptides such as
SRRSRSP are prevalent. Phosphoproteome analysis of fission yeast indicated that element
SX1 is phosphorylated at the serine in position 92 which is followed by a proline [17]. Several
of the serine elements in the mammalian sequence are phosphorylated. The phosphorylated
serines were frequently found next to a proline or an arginine (Figure 1).

3. Prp4 kinase and its substrates

Both protein kinases, that is the fission yeast Prp4 kinase and the chimeric mouse Prp4
kinase, consisting of the mouse kinase domain preceded by the S. pombe Prp4 N-terminus,
phosphorylated in vitro the arginine/serine-rich (RS) domain of the mammalian protein
ASF/SF2 [10]. This protein belongs to the SR superfamily of splicing factors. SR
proteins consist of one or two N-terminal RNA-binding domains (RBDs) and a C-terminal
arginine/serine-rich (RS) domain. Members of the SR protein superfamily in mammals are
involved in constitutive splicing and are specific modulators of alternative splicing. They
serve as well as chaperones to couple splicing with transcription and RNA export. The
versatile functions of SR proteins are modulated by reversible phosphorylation [18]. In fission
yeast two SR proteins have been identified [19, 20]. Srp1 contains one RBD at the N-terminus
followed by three serine elements, which we called RS1, RS2 and RS3, respectively, containing
a various number of SR and SP dipeptides. Phosphoproteome analysis of fission yeast
revealed several phosphorylated serines in these three RS elements (Figure 2). Srp2 contains
two N-terminal RBDs and two SR and SP dipeptide displaying elements in the C-terminus,
which we called SR1 and SR2. Again, phosphoprotein analysis detected phosphorylated
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serines in these elements (Figure 2). An extensive mutational analysis of both (SR1 and
SR2) elements by replacing the serines with other amino acids and testing the effect of the
mutations in vivo, revealed that when in both elements the serines were mutated, the GFP-Srp2
fusion protein failed to enter the nucleus and was found instead in distinct dots distributed in
the cell [20].

Over the last ten years then, it has been shown that Srp1 and Srp2 are authentic targets
of the kinase Dsk1 and that the phosphorylation status influences the distribution of Srp1
and Srp2 between cytoplasm and nucleus. For example, efficient localization of Srp2 in
the nucleus requires Dsk1 kinase activity [21]. Dsk1 is the ortholog of the human SR
protein-specific kinase 1 (SRPK1). While Dsk1 was detected in the cytoplasm and nucleus,
Prp4 is localized predominantly in the nucleus [22]. As mentioned above, initial experiments
showed that Prp4 kinase of fission yeast phosphorylated the human SR protein ASF/SF2
in vitro. Other experiments indicated, that overexpression of ASF/SF2 leads to the partial
suppression of the splicing defect of intron containing genes in a prp4-73ts background at the
restrictive temperature [10, 19]. Based on these observations we checked whether Prp4 kinase
phosphorylates in vitro Srp1 and/or Srp2. Notably, Srp2, representing the SR family member
displaying two RBDs, was phosphorylated by Prp4, but Srp1 displaying one RBD was not
(Figure 2). In contrast, Dsk1 kinase phosphorylated Srp1 as well as Srp2, however, which
peptides are phosphorylated has not been determined so far [23, 24]. Therefore, we used
and combined mutants in which serines were replaced with other amino acids at different
positions in the SR1 and SR2 elements of Srp2, and produced the mutant proteins in bacteria
followed by affinity purification. In order to determine which serines become phosphorylated
in vitro by these kinases, the Srp2 mutant proteins were then employed in kinase assays
using either bacterially produced Prp4 or Dsk1 kinase, respectively. Intriguingly, both kinases
appear in vitro to phosphorylate the same dipeptides. In the SR1 element only one serine at
position 188 followed by a proline is phosphorylated by both kinases. In the SR2 element we
do not know which serines are phosphorylated. However, phosphoproteome analysis in vivo
revealed that all of them are phosphorylated [17]. Consistently, our analysis shows that both
kinases phosphorylate the SR2 element in vitro, as well as two serines to the left and right of
SR2 displaying the tripeptides RSR and PSP, respectively (Figure 2).

4. Function of Prp4 in pre-mRNA splicing

We began to address the role of Prp4 kinase in spliceosome assembly in vivo by monitoring the
co-transcriptional recruitment of spliceosomal and non-spliceosomal components including
Srp2 using ChIP (Chromatin Immuno Precipitation, [25]). Varying the kinase activity with an
ATP analog in a fission yeast strain expressing an (analog-sensitive) asPrp4 kinase indicates
that recruitment of Srp2 to nascent intron containing transcripts depends on Prp4 kinase
activity (D. Eckert and N. F. Käufer, unpublished results). It has been shown that Srp2
promotes the splicing of reporter genes by binding to purine-rich exonic splicing enhancer
(ESE) sequences [26]. Based on these observations, we hypothesize that phosphorylation
within the SR elements of Srp2 by Prp4 kinase in the nucleus may serve to target Srp2 to
ESE containing pre-mRNAs, thereby modulating their splicing efficiency. Human Prp4 kinase
phosphorylates in vitro the serine/arginine rich domain of the SR protein ASF/SF2 and has
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Figure 2. Phosphorylation of SR proteins by Prp4 kinase in vitro. (A) Schematic representation of Srp1
from fission yeast. Srp1 consists of an N-terminal RNA-binding domain (RBD1), followed by a
glycine-rich domain (G) and a domain containing three arginine/serine-rich elements (RS1–3). In order
to test whether Srp1 or Srp2 are phosphorylated by Prp4 kinase, recombinant proteins purified from E.
coli were incubated in the presence of γ[32P]ATP and separated by SDS-PAGE. Phosphorylated proteins
were detected by auto-radiography. Prp1, which has been previously identified as a substrate of Prp4
kinase served as a positive control. Lanes 5 & 6: negative control without addition of the kinase. (B)
Schematic representation of Srp2 from fission yeast. Srp2 consists of two N-terminal RNA-binding
domains (RBD1, RBD2) and a C-terminal domain containing two serine/arginine-rich elements (SR1,
SR2). Numbers below indicate positions of the serine residues within the SR elements. (C) In vitro kinase
assay of recombinant Srp2 proteins, mutated within the SR elements as indicated in the table, with
recombinant Prp4 kinase. (D) In vitro kinase assay of mutated Srp2 proteins with recombinant Dsk1
kinase.
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been shown to co-localize in HeLa cells with SR family members, including ASF/SF2, in
molecular structures called speckles [13]. In addition, Clk1 (Cdc2-like kinase 1) as well as
SRPK1, a protein kinase phosphorylating SR-rich domains in SR proteins, have been shown
to phosphorylate in vitro several of the serines within the SRSP elements that are located in the
extended N-terminus of hsPrp4 (Figure 1, ↓, P). Phosphorylation of the serine elements in this
region may be in mammalian cells part of the process to move and target hsPrp4 kinase to the
location of its action [13]. In mammals the SR protein ASF/SF2 is involved in the regulation
of alternatively spliced genes. Intriguingly, based on results with human immunodeficiency
virus type 1 (HIV-1), it has been proposed that the interaction of hsPrp4 kinase with the HIV-1
Gag polyprotein may lead to the down-regulation of alternative splicing through reduced
phosphorylation of ASF/SF2 by hsPrp4 at late stages of infection to support production of
unspliced viral genomic RNA [27].

We took advantage of the powerful genetic system available with fission yeast and produced
an epistasis map, particularly, by screening for genetic interactions with the prp4-73ts allele.
With this approach we identified Prp8/U5-220K and Brr2/U5-200K [29, 30]. Both proteins are
highly conserved between yeast and human and play key regulatory roles in the activation
of spliceosomes. Prp8/U5-220K interacts directly with the splice sites and branch region of
pre-mRNAs [31]. Brr2/U5-200K belongs to the DEAD/DEXH-box family of ATP-dependent
RNA helicases containing two helicase domains. Brr2/U5-200K has been implicated in the
unwinding of U4/U6 molecules as a prerequisite for the snRNA rearrangements necessary
for the activation of a spliceosome [32]. As mentioned above, we started to investigate with
ChIP analysis the association of spliceosomal and non-spliceosomal proteins with nascent
transcripts. Brr2, represents a specific U5 snRNP protein. The recruitment of Brr2 to nascent
intron containing transcripts appears to be strongly influenced by active Prp4 kinase. (D.
Eckert and N. F. Käufer, unpublished results). Genetic interactions with the prp4-73ts allele
indicate by no means that the interaction partner is a substrate of Prp4 kinase. However,
the multiple genetic interactions we determined between Prp8, Brr2, Prp1 and Prp4 kinase,
and among themselves, unambiguously pointed to Prp8, Brr2 and Prp1 as a structural
center of the spliceosome which is targeted by Prp4 kinase [15, 29, 30]. While there is no
indication that Prp4 kinase is a stable spliceosomal component, Prp8, Brr2 and Prp1 have
been determined as bona fide spliceosomal components on all accounts present together in
pre-catalytic spliceosomes. We identified Prp1 as a physiological substrate of Prp4 kinase
in fission yeast by demonstrating that in vivo Prp1 was not phosphorylated in the genetic
background of prp4-73ts at the restrictive temperature. In addition, immunoprecipitated (IP)
and recombinant Prp4 kinase phosphorylated recombinant Prp1 in vitro [33].

To avoid confusion, we discuss here shortly the nomenclature of the orthologs of Prp1 in
the literature and suggest a standardization. The ortholog of Prp1 in S. cerevisiae is called
Prp6, whereas the ortholog in human is called hsPrp6 or U5-102K, referring to a protein
with a molecular weight of 102 kDa, which is associated with the spliceosomal snRNP U5
in mammalian cells. Prp1 (Prp6/U5-102K) is a protein consisting of multiple direct repeats
called tetra-tricopeptide repeats (TPRs), which are listed as HATs (half a TPR) in UniProtKB
(Q12381, PRP1_SCHPO; P19735, PRP6_YEAST; Q872D2_NEUCS ; O94906, PRP6_HUMAN).
In this report, we analysed Prp1 of fission yeast and its homologs in other eukaryotes
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Figure 3. (A) Schematic representation of Prp1 from S. pombe, N. crassa, H. sapiens and S. cerevisiae.
Conserved sequence elements (see Fig. 3) within the N-terminus are coloured in green, red and black.
Tetratrico peptide repeats (TPRs) within the C-terminus are drawn as grey boxes. Positions of the TPR
sequences were determined using the program TPRpred [28]. Only TPRs with a P-value lower than
P = 0.01 are shown. (B) ClustalX alignment of the Prp1 C-terminal domain. Red arrows (↔) above the
alignment mark TPR sequences within spPrp1, black arrows (↔) below indicate TPR positions of
hsPrp1. Mutated amino acid residues of the spPrp1 temperature-sensitive alleles prp1-127ts, prp1-4ts, and
zer1-C5ts are indicated with arrows (↓).
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C

TPR1

Figure 3. (C) ClustalX alignment of the Prp1 N-terminus. Conserved sequence elements are coloured in
green, red and black. Positions of spPrp4 kinase in vitro phosphorylation sites are marked with arrows
(↓) above the alignment. The in vivo phosphorylation site at pos. 235 of spPrp1, determined by
phospho-proteome analysis [17] is marked with a star (�). Phosphorylation sites within hsPrp1
determined by [34] are indicated below the alignment (arrows, ↑). Amino acid residues which are
phosphorylated in both spPrp1 and hsPrp1 are marked with a frame. The region containing most Prp1
phosphorylation sites, whose function was previously analysed by deletion mapping in [35], is marked
with a brace (Δ227–249). GeneBank accession numbers of the sequences shown in the alignment are:
spPrp1, CAA17050; ncPrp1, XP_958849; hsPrp1, NP_036601; mmPrp1, AAH23691; scPrp6, CAA84998.

including Prp6 of S. cerevisiae using TPRpred, a computer algorithm recently developed to
find tetra-tricopeptide repeats [28]. Based on this analysis, Prp1 family members display 16
TPR positions in the C-terminus preceded by an N-terminal region of about 250 amino acids.
Prp1 of fission yeast and the mammalian orthologs show 13 TPR repeats, of which 12 share
the same positions. The sequences of N. crassa and S. cerevisiae display 12 and 10 TPR repeats,
respectively (Figure 3A and 3B). A comparison of the N- termini revealed that there is only
one highly conserved region comprising 32 amino acids with an identical core, GRGATGF,
of seven amino acids proximately to the start codon. Two further conserved regions with
the signatures, DEEAD and QFADLK at positions 85 and 129, respectively, were detected
(Figure 3C). Most intriguingly, however, the fourth highly conserved signature sequence in
the N-terminus, DPKGYLT, is directly next to the first TPR domain of fission yeast, N. crassa
and the mammalian sequence, whereas the sequence in S. cerevisiae in this region is diverged
and does not reveal a TPR repeat according to the algorithm used (Figure 3C). In addition,
phosphoproteome analysis of fission yeast and human proteins revealed that the threonine in
DPKGYLT is phosphorylated as documented in UniProtKB (PRP1_SCHPO, PRP6_HUMAN).
Mapping the in vitro phosphorylation sites in Prp1 of fission yeast by recombinant Prp4 kinase
using peptide fingerprinting revealed this site and additional sites close to this threonine [35].
Mass spectrometry analyses of in vitro assembled and purified pre-catalytic B complexes from
HeLa cells treated with recombinant human Prp4K also show additional phosphorylation
sites in this region [34]. The results of both analyses are shown in Figure 3C.
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10 Phosphorylation

5. Participation of mammalian Prp4K in other cellular processes

Mammalian Prp4K has been shown to interact and colocalize with many diverse cellular
structures and defined proteins, such as speckles, spliceosomal particles, chromatin
organizing complexes and with proteins at the kinetocore organizing the spindle assembly
checkpoint [12–14, 27, 36–39].

6. Role of Prp4 kinase in the activation process of pre-catalytic
spliceosomes

The results discussed above, presenting the genetic, molecular and biochemical interactions
of Prp4 kinase in fission yeast demonstrate genetic interactions with several major regulatory
spliceosomal components, however, up to date a stable association with spliceosomal particles
and any other cellular complexes was not detected. Prp4 kinase molecules in whole cell extract
(WCE) sediment around 9S [30, 35, 40–42].

Particularly the lack of an in vitro splicing system in fission yeast, led us to use extensively
the inducible and repressible expression systems available to switch-off and -on spliceosomal
components and to express mutant versions for studying their molecular consequences in
vivo. With this approach, we discovered that the expression of mutations in the N-terminus of
Prp1 leads to the appearance of spliceosomal complexes containing the five snRNAs U1, U2,
U5 and U4/U6 and pre-mRNAs. The mutations in the N-terminus, which prevent splicing to
occur, include the identified phosphorylation sites of Prp4 kinase, as well as the other three
highly conserved regions in the N-terminus (Figure 3C). This substantial mutational analysis
revealed that the structural integrity of the N-terminus is required to mediate a splicing event,
but that it is not necessary for the assembly of a pre-catalytic spliceosome. The purification
of spliceosomal complexes by the tandem affinity purification (TAP) method, using the
TAP-tagged spliceosomal component Prp31 of a strain expressing solely the N-terminal
Prp1 mutant version in which the phosphorylation sites were deleted, yielded spliceosomal
complexes containing pre-mRNA, the five snRNAs, Prp31-TAP, MycΔNPrp1 and HA-Cdc5,
indicating that this complex is frozen or stalled in a pre-catalytic stage [35]. In fact, mass
spectroscopy revealed a spliceosomal protein content clearly suggestive for a pre-catalytic
complex containing all five snRNPs and the Prp19 complex (NTC) as shown for in vitro
assembled mammalian B complexes (Lützelberger and Käufer, unpublished, [43]). Based
on these observations, we hypothesized that phosphorylation of Prp1 by Prp4 kinase is
involved in the activation of spliceosomes. However, it is not clear as of yet, whether this
phosphorylation is involved directly, that is, inducing the rearrangements of the snRNPs for
catalysis, or indirectly by recruiting other components necessary for the switch.

This in mind we employed again classical genetics to screen for suppressors and synthetic
lethals of the three temperature sensitive alleles prp1-127ts, prp1-4ts and zer1-C5ts, respectively
(Figure 3B). For prp1-127ts, displaying one point mutation, we found two extragenic
suppressors, but none for the two other alleles [49]. In addition, we found a strong epistatic
interaction between prp1-4ts, displaying two point mutations, and a gene in fission yeast
called cdc28-P8ts [50]. This genetic interaction implicates that for proper processive action
of Cdc28 a functional Prp1 is a prerequisite. The cdc28 gene encodes the ortholog of Prp2 in S.
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Figure 4. Tandem affinity purification (TAP) of pre-catalytic spliceosomal complexes. For this
experiment a strain with the genotype h−s prp31 int::prp31-CTAP leu1-32 int::pMLtetON prp2H539D cdc5
int::HA-cdc5 was used. In this strain, expression of a mutated Prp2 helicase is driven by a tet-inducible
CaMV35S (tetON) promotor [44]. It has been shown that expression of Prp2H539D leads to growth arrest
by inhibition of pre-mRNA splicing [45–47] in yeast and human cells. TAP was performed as described
in reference [48], after 3 hours of induction with 6 μM anhydro-tetracycline. RNA purified from the TAP
eluate by phenol-extraction was analysed by RT-PCR in (A) using primer pairs amplifying the five
snRNAs (U1–U6) and in (B) with a primer pair amplifying RNA expressed from the ribosomal protein
gene rpl29, which contains a single intron of 53 nt. The PCR products of snRNA U1, U2, U4, U5 and U6
have a size of 166, 207, 149, 139 and 119 bp, respectively. The PCR products of rpl29 pre-mRNA and
mRNA migrate at 182 and 129 bp. Prior to reverse transcription, all samples were treated with DNase I.
Samples were treated with RNase A as indicated (+), to verify that they were not contaminated with
genomic DNA. (C) Whole cell extract, E, flow-through, F, eluate of the first-, T, and second TAP affinity
column, C, were analysed for the presence of Prp31-CTAP (90.3 kDa; Prp31-CM after treatment with
TEV protease, 62.6 kDa), Prp1 (103 kDa) and HA-Cdc5 (89.8 kDa) with a Western blot, using anti-TAP,
anti-Prp1 and anti-HA antibodies as indicated on the top of each blot. Unspecifically recognized bands
and degradation products of Prp31 and Prp1 are marked with asterisks (�).
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12 Phosphorylation

cerevisiae, DHX16 (hPrp2) in mammals and belongs to the DEAH subgroup of DExD/H-box
ATPases/RNA helicases. Prp2 is required for the first catalytic step of the splicing pathway,
and thus, is involved in the early activation process of spliceosomes [45, 46]. The stalled
pre-catalytic complex found in fission yeast when ΔNPrp1 mutations were expressed did not
contain Prp2, suggesting that, as observed for spliceosomes in mammals, the interaction of
Prp2 with the spliceosome is transient.

Therefore, to study how this helicase affects pre-mRNA splicing in fission yeast, we made
mutations in the conserved DEAH-box of Prp2 (spCdc28). In yeast and human, this
mutation (Prp2H539D) leads to a diminished helicase activity and inhibition of splicing, when
overexpressed [45–47]. When we expressed the mutation with one of the inducible expression
systems mentioned above, cells stopped mitotic growth within three hours. At this time point
spliceosomes were purified using the TAP method [51, 52]. Spliceosomes purified under these
conditions contained Prp31-TAP, Prp1, HA-Cdc5, all five snRNAs U1–U6 and pre-mRNA
indicating the arrest of spliceosomes in a pre-catalytic stage (Figure 4). We have reason to
believe that the protein composition of this spliceosomal complex is equivalent to the stalled
spliceosomes purified after expressing the ΔNPrp1 mutations described above [35]. First, the
results presented are consistent with the notion, that Prp1 operates in the activation center of
a pre-catalytic spliceosome and emphasize that phosphorylation of Prp1 might be involved
to recruit chaperones to induce the dynamic rearrangements of a spliceosome for activation.
Second, and most intriguingly, the overexpression of mammalian DHX16/hPrp2 mutant
versions in human cell lines led to the retention of unspliced pre-mRNA in the nucleus. It
has been suggested that this nuclear retention is directly related to the fact that DHX16/hPrp2
functions after spliceosome formation [46, 53].

7. Inhibition of Prp4 kinase activity affects splicing of intron-containing
genes differentially

Based on the observation that a relatively small number of intron-containing transcripts
accumulated in cells expressing mutant versions, it was speculated that DHX16/hPrp2 might
affect the splicing of different introns or different genes [46, 53]. These considerations
prompted us to ask the question: Does the inhibition of Prp4 kinase in fission yeast affect
splicing of intron-containing genes differentially?

Therefore we constructed a conditional analog sensitive (as) allele prp4-as2 which allows
to reversibly inhibit Prp4 kinase with ATP analogs [54]. Adding the inhibitor 1-NM-PP1
to a growing cell culture expressing Prp4-as2 leads to growth arrest [1]. We performed
semi-quantitative RT-PCR analyses to detect mRNA and pre-mRNA of different intron
containing genes, using RNA of a growing culture prepared 10, 20 and 30 minutes after adding
the kinase inhibitor. Here we present selected data of the most interesting observations we
made in these series of experiments.

We used, for example, tbp1 encoding the TATA-binding protein. This gene contains three
introns in the open reading frame (ORF). Within 30 min after adding the inhibitor, the ratio
of tbp1 mRNA and pre-mRNA is reversed, indicating that pre-mRNA is accumulating and
mRNA degraded. In contrast, the ribosomal protein gene rpl29 containing one intron of 53 bp
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is hardly affected, showing no significant change in mRNA concentration and a slight increase
in pre-mRNA (Figure 5). We also used the genes res1 and res2 containing one intron in a similar
5’-position of the ORF with a size of 127 bp and 164 bp, respectively. Both genes, res1 and
res2, encode components of the Mlu1-binding factor (MBF). In fission yeast MBF is required
together with the cyclin-dependent kinase Cdc2 for passage through Start in G1 phase by
activating the transcription of genes for S phase. At this point the cell is in each cycle faced
with a critical decision between vegetative proliferation by cell division or sexual conjugation
followed by meiosis [55].

In case of res1 only pre-mRNA is detected after 10 min exposure to the kinase inhibitor. Thus,
splicing of this pre-mRNA is inhibited immediately and pre-mRNA accumulates, whereas the
mRNA is rapidly degraded. On the contrary, res2 is still efficiently spliced (Figure 5). These
examples demonstrate that fission yeast contains genes with introns whose removal appears
strictly dependent on Prp4 kinase activity, and also contains genes whose intron removal
seems independent of kinase activity. The observed differences in mRNA and pre-mRNA
concentrations detected indicate that there are major differences in pre-mRNA and mRNA
stability of each gene (Figure 5).

It has been shown for several precursor pre-mRNA (prp) temperature sensitive mutants, that
introns of different genes show a range of splicing defects in these strains. There are introns
which are spliced independently of the large subunit of the U2 auxiliary factor (U2AF59).
Noteworthy here, U2AF59 is essential for growth [56–58]. Moreover, there is some evidence
that the recruitment of U2AF59 to auxiliary factor dependent introns might be mediated by
the SR protein Srp2, which has been shown above to be an in vitro substrate of Prp4 kinase
[26]. However, we have no data, whether U2AF59 dependent introns are also Prp4 kinase
dependent introns.

This is the first report demonstrating Prp4 kinase dependent removal of introns from essential
genes, such as tbp1 and res1, respectively. Furthermore, inhibition of Prp4 kinase by the
ATP-analog leads to growth arrest, and cells in this cell population are specifically arrested
in G1 and G2 phase, respectively (Figure 5). These results are consistent with the notion that
those cells in which the res1 intron is not spliced out specifically arrest in G1 and, therefore,
splicing control of res1 might be involved in the regulatory switch between vegetative
proliferation by cell division and sexual conjugation [59].

Apparently only few cases of pre-mRNA splicing regulation exist in fission yeast. A meiotic
cyclin, Rem1, is only expressed when a 87-nt intron is spliced out of the rem1 pre-mRNA.
Splicing of rem1 pre-mRNA is dependent on the meiosis specific transcription factor Mei4
regulating transcription of the rem1 gene and recruiting the splicing machinery to the
transcribed locus [60, 61]. About 45 % of the genes contain introns, whereas the genes contain
from one to more than 10 introns. The introns are small with a mean size of 78 nt [62]. There is
no known case of regulated alternative splicing in fission yeast producing different isoforms
of a protein from the same open reading frame.

We have suggested that fission yeast represents the archetype of the pre-mRNA splicing
machinery in eukaryotes [63]. And, we proposed that phosphorylation of Prp1 by Prp4 kinase
is part of the process in which spliceosomes are activated: either the phosphorylation by Prp4
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Figure 5. Inhibition of Prp4 kinase activity with 1-NM-PP1. (A) A strain with the genotype h−s prp4-as2
was grown to early log-phase. Then, 1-NM-PP1 was added to the culture medium (0 hours, arrow, ↓) at a
final concentration of 10 μM. Growth of the culture was monitored by counting the number of cells/mL
with a haemocytometer every hour (closed circles, •) and compared to a culture growing in absence of
the inhibitor (open circles, ◦). (B) Immediately before (0 hours) and 2 hours after addition of 1-NM-PP1,
cells were analysed by FACS for their DNA content (1C, 2C). (C) RNA prepared after 0, 10, 20 and 30 min
of inhibition with 1-NM-PP1 was analysed by RT-PCR, using primer pairs detecting tbp1 (second intron),
rpl29, res1 and res2 RNA, resulting in PCR products with a size of (pre-mRNA/mRNA) 225/173 bp for
tbp1, 182/129 bp for rpl29, 374/247 bp for res1 and 366/203 bp for res2. Prior to RT-PCR, all RNA
samples were treated with DNase I. To verify that contaminating genomic DNA was completely
removed, samples were treated with RNase as indicated. The analog-sensitive prp4-as2 kinase allele was
generated by introducing a point mutation within the kinase domain at position 238, changing the
so-called “gate-keeper”amino acid [54] from phenylalanine to alanine.
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kinase is part of a mechanism which signals that an intron is occupied by a splicing competent
spliceosome in a sense of quality control and/or the phosphorylation is directly involved in
inducing the rearrangements for catalysis [30, 35]. The results received since then, including
those reported here, allow now a discussion which will help further to pinpoint the function
of Prp4 kinase in pre-mRNA splicing.

8. Is Prp4 a pre-mRNA splicing checkpoint kinase?

The Prp4 kinase dependent genes we detected do not reveal any obvious sequence motifs
indicating their Prp4 dependency. For example, the comparison of res1 and res2 exon and
intron sequences did not offer anything clearly pointing into this direction. However, there is
one tendency to observe: The removal of introns from transcripts which are encoded by genes
that are essential for growth appears to be Prp4 kinase dependent.

In consideration of all the facts and thoughts presented above, we reason that in general,
removal of introns in fission yeast during mitotic growth is constitutive by default.
That means, the splicing machinery is recruited to the pre-mRNA and assembled on
introns to form a splicing competent spliceosome. Spliceosomal ATPases/RNA helicases,
including Prp2, have been identified as the candidates of a pre-mRNA splicing proofreading
system in eukaryotes. They control stepwise induced conformational changes to turn a
competent spliceosome into a catalytically active one [64–66]. Therefore, it is conceivable
that phosphorylation of Prp1 by Prp4 kinase enhances the interaction of Prp1 with the
ATPase/RNA helicase Prp2 to induce conformational changes in a pre-catalytic spliceosome.
This suggestion does neither imply, nor exclude that the phosphorylation of Prp1 is the cause
for the recruitment of Prp2 helicase. As a matter of fact, the Lührmann laboratory showed
by using the mammalian HeLa cell splicing system that in vitro assembled pre-catalytic
B-complexes are stabilized when Prp1 is phosphorylated by the Prp4K kinase in vitro [34].
This is consistent with our suggestion that stabilizing the pre-catalytic spliceosome in vivo
by phosphorylation of Prp1 might increase time and chance for the ATPase(s) to operate as
chaperone(s) at the pre-catalytic spliceosome.

In addition, while probing different transcripts containing multiple introns for their splicing
defects, we discovered that pre-mRNAs containing introns larger than 250 nt never
accumulate when splicing is inhibited in vivo. This occurred neither in cells where Prp4 kinase
was inhibited by 1-NM-PP1 nor in cells containing the ts alleles prp1-127ts or prp1-4ts grown
at the restrictive temperature, respectively (Eckert and Käufer, unpublished). It appears
that transcripts containing introns of this size are rapidly degraded as a consequence of
the splicing defect. This observation is consistent with the notion that this degradation of
pre-mRNA most likely takes place in the nucleus. Noteworthy here, fission yeast contains
only 9 % introns in the size range of 250–800 bp [62]. Preliminary results indicate that Rrp6,
a subunit of the nuclear exosome, might be a candidate involved in this degradation process
(Zock-Emmenthal and Käufer, unpublished).

Not much is known yet about the mechanisms of pre-mRNA degradation in the nucleus.
However, distinct pathways of poly(A)-dependent mRNA degradation involving the nuclear
poly(A)-binding protein (Pab2) and Rrp6 have been described in fission yeast [67–71].

209The Prp4 Kinase: Its Substrates, Function and Regulation in Pre-mRNA Splicing

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



16 Phosphorylation

Eukaryotic cells have developed several RNA surveillance pathways to prevent the expression
of aberrant transcripts [72–74]. An early surveillance checkpoint acts at the transcription
site and prevents the release of mRNAs that carry processing defects [75]. In mammals, the
exosome including the Rrp6 subunit homolog PM/SCl-100, has been shown to be involved in
many different RNA processing pathways. Based on these interactions of the exosome with
multiple RNA processing machineries, it has been speculated that the production of a fully
functional mRNA may be ensured through several different checkpoints [76].
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Figure 6. Checkpoints controlled by Prp4 kinase during splicing of a pre-mRNA. Phosphorylation of
splicing factors, such as Srp2 may modulate their recruitment/binding to specific pre-mRNA substrates,
thereby affecting the efficiency of intron recognition and removal. The phosphorylation of Prp1 acts as a
“switch” to convert a fully assembled spliceosome into a catalytically active spliceosome. This is
achieved, either directly or indirectly, by the recruitment of RNA helicases such as Prp2, which act as
chaperones and aid in the proofreading of this process. Prp4 might also contribute in proofreading, i.e.
by linking the splicing machinery to the nuclear exosome, which prevents that aberrant or unspliced
pre-mRNA accumulates within the nucleus, if the transition from an inactive to an active spliceosome
fails or the splicing reaction is unable to proceed. Exons of the pre-mRNA substrate are drawn as filled
boxes, connected with a line (intron). Abbreviations: NTC, Nineteen Complex (containing Prp19, Cdc5
and other components, see reference [77]; ESE, Exonic Splicing Enhancer; U2AF, U2 auxiliary factor; ss,
splice site.

We propose that Prp4 kinase is the pre-mRNA splicing checkpoint kinase, operating at the
pre-catalytic spliceosome to provide splicing competent spliceosomes and to ensure that only
properly spliced mRNA is transported out of the nucleus. Recruitment and/or enhancement
of interactions between spliceosomal and exosomal components might be dependent on the
phosphorylation of Prp1 by Prp4 kinase as suggested above for the ATPases (Figure 6).
In the mammalian system Prp4K kinase appears also to phosphorylate hPrp31 in vitro
which is a direct interaction partner of hPrp1 [34]. Interestingly, mutations in the hPrp31
phosphorylation sites seem to decrease the biochemical interaction capacity of pre-catalytic
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spliceosomes with the exosome [76]. Prp4 kinase of fission yeast does neither phosphorylate
Prp31 in vivo nor in vitro. Two of the three mammalian phosphorylation sites are not conserved
in the fission yeast homolog.

Collectively, we propose that phosphorylation of Prp1 determines the architecture of a
platform for the proofreading and activation action of the ATPases at an assembled
pre-catalytic spliceosome. At this level, the surveillance system is in close communication
with the nuclear exosome and results in degradation of “aberrant” pre-mRNA at the
transcriptional site (Fig. 6). All the questions which come up with our hypothesis can be
experimentally approached and are currently under investigation. Further analysis will help
to unravel in more detail the mechanism of this early surveillance checkpoint involved in
controlling the expression of intron-containing genes.
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1. Introduction 

Upon binding to their receptors, growth factors trigger intracellular signaling cascades. These 
cascades are propagated and modulated by many subsequent phosphorylation/ 
dephosphorylation events, which ultimately influence the cellular response. BDNF, a major 
growth factor of the central nervous system, is a member of the family of neurotrophins, which 
also comprises nerve growth factor (NGF) and neurotrophins (NT) 3 and 4. Neurotrophins bind 
to their cognate Trk receptor tyrosine kinases TrkA, B or C, to initiate downstream signaling 
events (Figure 1) (1, 2). During development, neurotrophins act as target-derived growth factors, 
which are essential for the survival of selective populations of neurons, especially within the 
peripheral nervous system (3). However, neurotrophin signaling extends well beyond effects on 
neuronal survival during development, and also plays important roles in higher order function 
in the adult, such as behavior, learning and memory. This is best characterized for BDNF- TrkB 
signaling. Mature BDNF facilitates long-term potentiation and dendritic spine formation in the 
hippocampus, a process that has been implicated in learning and memory (4). Animals with 
lower levels of BDNF or its receptor TrkB, as well as mice harboring a common polymorphism in 
the bdnf gene leading to decreased BDNF secretion, give rise to eating disorders and an increase 
in anxiety-related behaviour (5). Moreover, decreases in BDNF have been correlated with 
depression while increases in BDNF seem to have an antidepressant effect, and conversely, 
commonly prescribed anti-depressants raise BDNF levels (5, 6). 

In this chapter, we will describe in detail examples of feedback and feed-forward loops 
downstream of BDNF-TrkB signaling, which transmit and adjust the signal, and therefore 
determine the ultimate physiological outcome. These cascades comprise multiple protein 
phosphorylation and dephosphorylation events to modulate both the duration and 
localization of the signal, as well as the downstream targets affected. These processes help 
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shed light on how a single, well conserved ligand-receptor pair can have such diverse effects 
on cellular physiology as described above for BDNF-TrkB. 

 
The neurotrophin family consists of four closely related proteins encoded by four different genes that include NGF (nerve 
growth factor), BDNF (brain-derived neurotrophic factor), NT-3 (neurotrophin-3) and NT-4 (neurotrophin-4). Neurotrophins 
act as homodimeric ligands for the Trk (tropomyosin-related kinase) receptors. Three Trk receptors encoded by independent 
genes afford selectivity among neurotrophins with NGF and NT-3 binding to TrkA, BDNF and NT-4 binding to TrkB and 
NT-3 binding to TrkC. All Trk receptors are composed of extracellular leucine-rich repeats, cysteine-rich domains and a 
single immunoglobulin C2 domain that ensure proper conformation of the ligand-binding pocket. Neurotrophin binding 
promotes homodimerization of Trk receptors, which in turn initiates intracellular phosphorylation cascades. The 
intracellular tyrosine kinase domain common to all Trk receptors is necessary for neurotrophin signaling as it allows 
transphosphorylation of several key tyrosine residues of the Trk receptor dimer at the origin of pleiotropic neurotrophic 
function. Several splice isoforms of the Trk receptors encode for a truncated protein that lack large portions of the 
intracellular domain. The TrkB.T1 and TrkB.T2 isoforms lack the prototypical tyrosine kinase domain. These isoforms are 
abundant in the adult brain and notably in glial cells. Nevertheless, glial cells respond to neurotrophin by eliciting distinct 
intracellular events. For instance, BDNF signaling mediated by the glial truncated TrkB.T1 isoform elevate intracellular 
calcium and associated phosphorylation waves mediated by calcium-sensing proteins kinases like CaMK2. 

Figure 1. Neurotrophins and Trk neurotrophin receptor family of proteins. 
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2. Immediate changes in protein phosphorylation  
downstream of BDNF/ TrkB 

Activation of TrkB upon BDNF binding leads to receptor dimerization and 
phosphorylation, thereby creating docking sites for effector proteins that initiate the 
activation of intracellular signaling pathways (7). The phosphorylated tyrosine residues 
Y516 and Y817 in human TrkB receptor serve as the main docking sites to initiate 
downstream signaling pathways, such as Src homology 2 containing protein (Shc), Akt, 
mitogen-activated protein kinase (MAPK)/ extracellular signal-regulated kinase (Erk) 1/2 
and phospholipase C (PLC) γ (Figure 2) (1, 8). This in turn leads to the activation of various 
pathways involved in cellular functions that range from initiation of gene transcription and 
protein synthesis to decisions involved in cell growth and survival. The residues Y702, 
Y706 and Y707, located within the tyrosine kinase domain, can also recruit adaptor 
proteins when phosphorylated, including Grb2 and SH2B. At the same time as inducing 
multiple protein tyrosine, serine and threonine phosphorylation events in diverse proteins, 
BDNF stimulation may cause a reduction in the phosphorylation of other proteins, such as 
focal adhesion kinase (9), thereby reducing their activity. In the following paragraph, we 
will discuss in more detail multiple ways of neurotrophin-dependent activation of Erk1/2 
signaling pathways. 

3. Multiple cascades leading to BDNF-dependent Erk1/2 activation 

Three major pathways mediate activation of Erk1/2 downstream of BDNF: PLCγ/ PKC 
signaling following phosphorylation of Y817 site, or Shc-Grb2 signaling through Ras or 
Rap1 (Figure 3) (1).  

Phosphorylation of hTrkB (human TrkB) at the most C-terminal tyrosine, Y817, leads to the 
recruitment and activation of PLCγ, which hydrolyses phosphatidylinositol(4, 
5)bisphosphate (PI(4,5)P2) into diacylglycerol (DAG) and inositol tris-phosphate (IP3). IP3 
subsequently leads to release of intracellular Ca2+, which in turn activates Ca2+-dependent 
enzymes such as Ca2+-calmodulin-regulated protein kinases (CaM kinases), as well as the 
phosphatase calcineurin. Additionally, the release of Ca2+ and the production of DAG 
activate protein kinase C (PKC), which stimulates Erk1/2 signaling via activation of Raf and 
the mitogen activated protein kinase kinase MEK. 

Along another pathway leading to active Erk, phosphorylation of hTrkB at the tyrosine 
residue closest to the plasma membrane, Y516, creates an Shc binding site to initiate 
downstream transient or prolonged Erk1/2 signaling. Transient activation follows the 
recruitment of a complex of growth factor receptor bound protein 2 (Grb2) and the Ras 
activator son of sevenless (SOS), which in turn stimulates activation of Ras and 
downstream, the activation of the c-Raf/ MEK/ Erk1/2 cascade. Erk in turn 
phosphorylates SOS, leading to the dissociation of the Grb2/ SOS complex, which then 
no longer activates the Ras/ c-Raf/ MEK cascade, thus only leading to transient 
activation of Erk. 
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Upon binding to BDNF, a series of tyrosine phosphorylation events occur within TrkB cytoplasmic domain. These 
phospho-tyrosine residues form unique binding sites for intracellular adaptor proteins, Y516 and Y817 recruiting 
specifically Shc and PLCγ, respectively. The typical wave of second messengers involves, PLCγ, which raises 
intracellular calcium, the Ras-Erk and PI3-Kinase/Akt pathways.  The elevation of intracellular calcium allows the 
activation of CAMK (calmodulin kinases), which converges with the Erk pathway to activate transcription factors like 
CREB within the nucleus by phosphorylation on S133. Trancription factors like CREB transform transient BDNF 
signaling into durable signaling by changing the expression of many selective target genes.  

 
Figure 2. Proximal intracellular signaling of the TrkB receptor. 
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Prolonged Erk activation is also initiated at the Y516 site, but requires the adaptor protein 
ankyrin-rich membrane spanning protein (ARMS, also known as Kidins220), which recruits 
Grb2 and CrkL. This complex formation depends on tyrosine phosphorylation of ARMS at 
the residue Y1096. Binding to CrkL then activates the Rap exchange factor C3G and thus 
initiates prolonged Rap1/ Raf-dependent MEK/ Erk1/2 signaling. Accordingly, loss of ARMS 
impairs Rap1 activation and prolonged activation of Erk1/2, while early Erk1/2 activity is not 
affected (10). 

Ultimately, Erk1/2 signaling not only promotes local axonal growth via cytosolic signaling 
events, but activated Erk1/2 can also translocate to the nucleus to phosphorylate and 
activate transcription factors, such as CREB (cAMP response element-binding), leading to 
the initiation of transcriptional events and the expression of immediate early genes (IEGs), 
which can further modulate the response (11). 

4. The importance of signal duration 

In the mid 1990s, it became widely recognized that the actual signal duration will 
critically influence the ultimate cellular outcome (12). Because the MAPK pathway (e.g. 
Erk1/2, JNK, P38) is central for the activation of transcription factors, the expression of a 
large array of genes is sensitive to extracellular trophic factors, such as BDNF (13). One 
classical example that highlights the importance of the temporal control of signaling is the 
activation of Erk1/2 downstream of NGF versus EGF in pheochromocytoma (PC12) cells 
(14). NGF leads to sustained activation of Erk1/2 by inducing a positive feedback loop on 
to the upstream activator Raf, whereas EGF activates a negative feedback loop to Raf and 
thus leads to transient activation of Erk1/2. As a consequence, EGF promotes cell division, 
while NGF initiates differentiation. This is not specific to PC12 cells, as sustained Erk1/2 
activity also transforms fibroblasts and macrophages (15, 16). Indeed, under pathological 
conditions unrestricted activation of the Ras-Erk1/2 pathway through point mutations is 
one of the most frequently identified cellular defects leading to tumour formation and 
cancer (17). 

One explanation for a differential duration of Erk1/2 activation downstream of different 
growth factors may be the expression levels of their cognate receptors. Indeed, PC12 clones 
with low amounts of the NGF receptor TrkA fail to differentiate in response to NGF, while 
PC12 cells overexpressing EGF receptor can undergo differentiation in response to EGF (18). 
In line with this, tumour cells frequently upregulate growth factor receptors, leading to 
aberrant activation and transformation (19). 

In addition to activation through distinct cascades, both positive and negative feedback 
loops further influence the amplitude and duration of MAPK signals. For example, BDNF 
induces its own release, thus initiating further rounds of receptor-mediated signal 
activation (20). On the other hand, Erk1/2 phosphorylates SOS, which impairs SOS-Grb2 
complex formation and thus decreases further activation of Erk1/2 (21). Moreover, 
multiple phosphatases (PP1, PP2a and MKPs) inactivate ERKs, implying that the duration 
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and extent of ERK activation is controlled by the balanced activities of the upstream ERK 
kinases, MEKs, as well as MEK and ERK phosphatases (22-24). Modeling approaches 
showed that these multiple layers of feedback along the MAPK cascade can not only 
determine the strength and timing of the signal, but also induce robust and sustained 
signal oscillations, thereby ultimately allowing for a multitude of biological outcomes 
(25). 

5. Localizing the signal: Signal transduction cascades versus trafficking 
and intracellular localization of the ligand-receptor complex 

Receptor tyrosine kinases are activated by ligand binding at the cell surface. They are 
subsequently internalized into the endosomal pathway and either recycled back to the 
plasma membrane for further rounds of activation, or sorted to the lysosome for 
degradation. For a long time, the classical belief was that signal transduction terminates 
with receptor internalization. However, receptors are internalized very rapidly upon 
activation, thus leaving only a short time window to induce signal transduction. In the mid 
1990s the view changed and it became accepted that receptors continue to signal following 
internalization, from so-called signaling endosomes (26-28). Much work has since focused 
on endosomes as signaling platforms, and it is now well established that cascades such as 
the Erk1/2 or Akt pathways can be initiated from endosomal membranes. For example, the 
MEK1 scaffold, MEK partner 1 (MP1), recruits MEK1 and Erk1/2 to endosomal membranes, 
and knockdown of MP1 leads to lack of recruitment and a concomitant reduction in Erk1/2 
signaling (29).  

The essential role of signaling from endosomes in physiological processes such as 
polarization and migration is widely accepted. In addition, a large body of work has 
highlighted the importance of signaling endosomes in neurons, where signals at times have 
to traverse large distances. For example, intracellular trafficking of the signal-receptor 
complex from the synapse along the axon and to the cell body is essential for health and 
survival of neurons of the peripheral nervous system, which depend on target-derived 
growth factors (30, 31). Consequently, mutations in genes involved in this retrograde axonal 
transport process are frequently associated with neuropathies (32). 

Interestingly, two recent studies in cell lines questioned the view that intracellular 
trafficking of the activated ligand-receptor complex is critical for downstream cellular 
responses (33, 34). Following EGF stimulation, they demonstrated that the cascades 
eventually influencing transcriptional changes are already initiated at the plasma 
membrane, and within a short time after ligand binding. Consequently, interfering  
with subsequent ligand-receptor sorting had only minor effects on the overall 
transcriptional response. How these findings apply to different cell systems, for 
example in highly polarized cells such as neurons, remains to be seen. At least for 
peripheral neurons, it has been demonstrated that internalization of the NGF-TrkA 
complex at the distal axon is strictly required for activation of CREB, initiation of 
transcription, and survival (28). 
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6. Activation of an essential CREB co-activator through 
dephosphorylation 

Phosphorylation of CREB is an activation mark that is required but not sufficient to induce the 
expression of responsive-genes (35). The CREB co-activator, transducer of regulated CREB 
(TORC or CRTC) must be actively transported to the nucleus to allow CREB-dependent 
transcription of target genes (35). There are three members of the CRTC family (CRTC1/2/3) 
that are encoded by independent genes. Each isoform presents specific expression profile and 
binding to CREB-occupied genes, but redundancy was highlighted by loss-of-function 
experiments (36). For instance, CRTC1 null mice decrease BDNF expression in the prefrontal 
cortex and hippocampus down to 40 % of wildtype levels, suggesting additional mechanisms 
of regulation and/ or compensatory mechanisms (37). Knockdown of CRTC1, the major 
isoform in the limbic brain is sufficient to prevent BDNF-induced structural plasticity such as 
dendritic and axonal arborization, as well as physiological features like long-term potentiation 
that also depends on BDNF/TrkB signaling (38, 39). Because the transcriptional activity of 
CREB downstream of BDNF depends on CRTC1 and perhaps other CRTC isoforms, it is now 
interesting to describe how CRTC1 function is regulated.  

When phosphorylated, CRTC proteins reside in the cytoplasm of resting neurons via high 
affinity interactions with 14-3-3, a family of cytoplasmic scaffold proteins that help organize 
and sequester phosphorylated proteins in the cytoplasm. Upon neuronal activation, CRTC 
proteins become dephosphorylated notably at residues S171, S275 and S307, which unmask a 
nuclear localization sequence and permit the translocation of CRTC proteins into the nucleus 
(40). If at the same time CREB is phosphorylated, the formation a CREB-CRTC1-CBP protein 
complex can drive transcription at target genes (Figure 3). Such a mode of action raises 
questions about the coincidence detection mechanisms that allow the convergence of CREB 
phosphorylation and CRTC dephosphorylation. Calcineurin, a calcium sensing phosphatase, 
directly dephosphorylates CRTC proteins. BDNF signaling induces robust and sustained 
phosphorylation of CREB, but cannot elicit nuclear translocation of CRTC1 (38). In similar 
experiments conducted in hypothalamic neurons, where CRTC2 is the major isoform 
expressed, BDNF signaling did not elicit CRTC2 translocation to the nucleus, while cAMP-
elevating drugs or drugs that elevate intracellular calcium did (41). Although BDNF/TrkB 
signaling has been previously shown to elevate cAMP and calcium levels in neurons (1, 42), it 
is believed to occur and remain local, such as neurite terminals (20). However, it is clear that 
elevation of intracellular cAMP or calcium facilitate the functional and morphological synaptic 
responses to BDNF signaling (43, 44). Elevation of intracellular calcium activates calcineurin 
whereas cAMP activates PKA, which in turn phosphorylates and deactivates the upstream 
CRTC kinase, salt-inducible kinase (SIK). Only such coordinated signaling guarantees efficient 
translocation of CRTC proteins to the nucleus (Figure 3). So, what neuronal mechanisms 
mediate calcineurin-dependent dephosphorylation of CRTC protein? Neuronal activity via 
calcium-permeable glutamate ion channels not only phosphorylates CREB, but also triggers 
the calcineurin-dependent dephosphorylation of CRTC1 in cortical neurons and of CRTC2 in 
hypothalamic neurons that is necessary to activate CREB-mediated transcription (38, 41).  
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Figure 3. Subcellular compartmentalization of CRTC proteins regulates their function as necessary 
CREB-cofactors. CRTC proteins are constitutively phosphorylated in many cell types including neurons. 
Consequently, they reside in the cytoplasm via sequestration by the 14-3-3 family of proteins. When 
actively dephosphorylated by the calcium-sensing phosphatase calcineurin, a nuclear localization 
sequence is unmasked and CRTC translocates to the nucleus. Efficient translocation of CRTC protein to 
the nucleus is also governed by concomitant inactivation of the CRTC upstream kinases like SIK (Salt-
inducible kinase) via its phoshorylation by the protein kinase A. Once in the nucleus, CRTC proteins 
form a multi-complex with the phosphorylated form of CREB, thus, acting as a permissive signal for 
robust and specific genomic signaling response.  

7. Wait a minute: Immediate-early gene expression following  
BDNF stimulation 

Following the immediate phosphorylation and dephosphorylation events, BDNF signaling 
eventually results in a nuclear response and immediate-early gene (IEG) expression. This 
process starts within minutes, and the first translated proteins are detectable within 30 min 
following the initial stimulation. Many IEGs are themselves transcription factors, such as fos, 
which will set off a series of transcription/ translation waves to adjust the cellular 
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transcriptome and proteome. Other IEGs directly modulate cellular shape and 
responsiveness. The probably best-characterized BDNF-sensitive IEG is Arc (Arg3.1), a 
modulator of actin depolymerizing factor (ADF)/ cofilin activity and regulator of AMPA 
receptor trafficking (45). Local translation of Arc plays an essential role in the consolidation of 
long-term potentiation, which equates to an increase in synaptic transmission in response to 
neuronal activity. In addition, BDNF initiates its own synthesis and release, thereby 
strengthening and prolonging its own signal and starting a positive feedback loop. Other 
IEGs induced by Erk1/2 signaling are phosphatases, which provide a negative feedback loop. 
For example, we recently reported that BDNF-TrkB signaling induces the expression of the 
dual-specificity phosphatase MKP-1 (MAP kinase phosphatase 1, also known as DUSP1) (46). 
MKPs comprise a family if phosphatases that recognize and dephosphorylate both the 
threonine (T) and tyrosine (Y) within a TxY motif in the catalytic core that is conserved 
among the family of MAPKs (24). Below, the role of MKP-1 expression in modulating MAPK 
signaling, and its ultimate cellular consequences, will be discussed in greater detail. 

8. MKP-1 molds the MAPK signal and neuronal morphology 

Basal MKP-1 protein levels within the cell are very low, but its expression is induced 
following Erk1/2 activation by growth factors in a variety of cell types (47). Generally, MKPs 
have a preference for specific members of the MAPK family, and the favored substrates for 
MKP-1 are JNK, p38 and Erk1/2. Therefore, MKP-1 can terminate the signal that initially 
induced its expression (24). This form of feedback inhibition is a common theme in many 
signal transduction events, such as discussed above for Erk1/2 signaling. After induction, 
MKP-1 is rapidly degraded by the proteasome within one hour post stimulation. But BDNF 
signaling prolongs MKP-1 protein stability by several hours (46). Erk1/2-dependent 
phosphorylation of carboxy-terminal serine residues can modulate the half-life of MKP-1 
protein. One study proposed that phosphorylation of serines 296 and 323 is required for 
recognition of MKP-1 by the ubiquitin ligase, thereby promoting degradation (48), while 
another study suggested that phosphorylation at serines 359 and 364 interferes with 
ubiquitination and thus prevents degradation (49). Serial mutagenesis of such signature 
motifs helped crack MKP-1 phosphorylation code (Figure 4). Only the mutations of all four 
phospho-sites alter significantly MKP-1 protein half-life whereas mutations of individual 
phospho-sites or motifs (S296/S323 and S359/S364) are mainly ineffective. Notably, alanine 
mutations in place of serines 359 and 364 as well as phospho-mimicking glutamate 
mutations in place of serines 296 and 323 in a single quadruple mutant diminish MKP-1 
protein stability despite BDNF signaling. Therefore, BDNF signaling not only induces mkp-1 
expression but also prolongs MKP-1 protein half-life as a result of phosphorylation/ 
dephosphorylation of MKP-1 C-terminal signature motifs (Figure 4) (46). If the kinase 
involved in MKP-1 phosphorylation at serine 359 in neurons is Erk1/2, the identity of the 
phosphatases for serines 296 and 323 are presently unknown.  

Within the immune system, MKP-1 is largely nuclear. One of its best-described functions is 
terminating cytokine production and therefore the immune response by inactivating p38 
and p38-mediated transcription following an immune challenge. Indeed, mice lacking  
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Figure 4. Mkp-1 is a BDNF and CREB sensitive gene. Among the many genes regulated by CREB, mkp-1 
is an immediate early gene that can be expressed within minutes of BDNF stimulation. With low basal 
expression in resting neurons, the induction of the mkp-1 gene product represents a mechanism of 
activation necessarily delayed in time from the initial BDNF signaling cascade. It is thought that MKP-1 
protein serves to terminate the MAPK signaling via a negative feedback loop mechanism, since MKP-1 
is a deactivating MAPK phosphatase. To support this view, the protein turnover of MKP-1 is extremely 
rapid (< 1 hour) allowing the rapid reinstatement of basal MAPK signaling homeostasis. Of note, 
phosphorylation of MKP-1 by Erk is sufficient to stabilize the protein. This serves to maintain MKP-1 
function where needed in the cell whereas other signaling compartments lacking Erk signaling are 
preserved. So, MKP-1 induction and stabilization offers a sophisticated mode of regulation for MAPK 
signaling in time and space. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



More Than Just an OFF-Switch: The Essential Role of Protein  
Dephosphorylation in the Modulation of BDNF Signaling Events 227 

MKP-1 die due to cytokine overproduction after activation of the immune system (50). In 
neurons, MKP-1 localises to the cytosol. Here, it inactivates JNK, which is constitutively active 
within axons of neurons of the central nervous system (51). Prolonged MKP-1 expression thus 
leads to decreased phosphorylation of JNK substrates. Among the neuronal JNK substrates are 
many cytoskeleton-associated proteins, such as neurofilaments, tau and stathmins (46). The 
role of neurofilament phosphorylation is still debated, but has been suggested to influence its 
axonal transport rate and therefore subcellular localization. Tau has an exceptionally complex 
phosphorylation signature, and its over 30 phosphorylation sites are affected by many 
different kinases and phosphatases (52). Under physiological conditions, tau binds to and 
stabilizes existing microtubules and promotes microtubule growth, but pathological 
hyperphosphorylation leads to self-assembly of tau, which results both in tau tangles and also 
in microtubule detabilization. In contrast, the role of phosphorylation on stathmin activity is 
much better elucidated. Stathmins have four phosphorylation sites, all of them serine residues 
(53). When phosphorylated at these residues, stathmins are inactive, and dephosphorylation 
therefore equates to activation. Active stathmins sequester free tubulin dimers, the building 
blocks for microtubules, and therefore passively decrease microtubule growth (53). This results 
in an increase in microtubule dynamics or a decrease in microtubule stability.  

Spatio-temporal control of MKP-1 expression is critical to increase dynamic microtubules, a 
prerequisite for the remodeling of the cytoskeleton that manifests in the forms of branching or 
pruning of axonal collateral arbors. For instance, transient expression of MKP-1 permits 
branching of axons (46). On the other hand, disruption of such spatio-temporal expression of 
MKP-1, in the forms of ectopic expression or sustained protein half-life over prolonged periods 
of time impedes axonal growth or prunes axons, depending on the developmental window.  

9. From behavior to MKP-1 and back 

Arborization of axons is critical to adjust neural network wiring to environmental needs. 
Behavioral experience evokes multiple signaling pathways that converge to cytoskeletal 
remodeling via both slow genomic and rapid non-genomic mechanisms. Protein 
phosphorylation is instrumental in the signaling toolbox that controls both of these programs. 
The balance of phosphorylation and dephosphorylation of the molecular components of the 
cytoskeletal machine dictates, in part, its continuous plasticity (54). By challenging this 
equilibrium at defined subcellular locations, timely, BDNF signaling instructs the position of 
branching points that mold the topographic maps of innervation. The manifold aspects of 
phosphorylation on BDNF signaling in this process can be illustrated by the molecular 
mechanisms that regulate the expression, localization and degradation of MKP-1, the dual 
specificity MAPK phosphatase. Induction of MKP-1 requires both a linear phosphorylation 
cascade through the MAPK-ERK1/2-CREB pathway and a feed-forward dephosphorylation 
switch via the calcineurin-CRTC1/2 pathway (Figure 5). Failure of either signaling branches 
prevents mkp-1 expression, which impinge on activity-dependent remodeling of the 
cytoskeleton. Baseline mkp-1 mRNA expression is limited in the brain of naturally behaving 
songbirds and rodents (55, 56).  But hearing song, seeing visual stimuli, or performing motor 
behavior robustly increases mkp-1 transcripts respectively, in auditory, visual, and 
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somatosensory neurons (56-58). Therefore, expression of mkp-1 is driven by neural activity in 
the primary sensory areas of the brain. What may result from the deregulation of MKP-1 
expression during higher order behaviors? When ectopically expressed in humans and animal 
models, MKP-1 triggers depressive behavior (55). In contrast, genetic disruption of mkp-1 
protects from stress in an animal model (55). Therefore, too little MKP-1 may prevent activity-
dependent remodeling of axons and dendrites that is necessary for behavioral adaptation, 
learning and memory. In contrast, too much MKP-1, as observed in depression and stress, may 
destabilize cytoskeletal architecture that impinges on the maintenance of functional neural 
networks. How titration of MKP-1 levels affects structural characteristics such as dendritic 
spines, physiological features like long-term potentiation and cognitive performance like 
learning and memory is unknown. Future investigations will shed light into these possibilities. 

 
Figure 5. BDNF signaling from the plasma membrane to the nucleus. Activation of TrkB by BDNF 
rapidly elicits numerous waves of protein phosphorylation that converge to the nucleus to trigger a 
genomic response. Coincidence detectors like CRTC proteins may determine the nature of the genomic 
response based on the cellular context. In effect, phosphorylation of CREB by BDNF signaling is 
required but not sufficient to elicit a transcriptional response. Neuronal activity and excitatory 
neurotransmitter, glutamate signaling converge to CREB activation via the dephosphorylation and 
nuclear translocation of the CREB-coactivors, CRTC. Among the regulated genes, MKP-1 is a MAPK 
phosphatase that terminates upstream BDNF-induced signaling in a delayed fashion. But MKP-1 serves 
also to deactivate JNK, which is constitutively activated in the axon. In consequence, many of the JNK 
substrates that serve cytoskeletal attributes are dephosphorylated. Numerous cytoskeletal-binding 
proteins that are substrates of JNK are either activated or deactivated upon phosphorylation. Spatio-
temporal phosphorylation and dephosphorylation of these proteins helps maintain the integrity of the 
cytoskeletal architecture of the axon, as much as its remodeling capacity.  
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10. Conclusion  

We have described how multiple steps of phosphorylation and dephosphorylation along the 
signaling pathways initiated by the neurotrophin BDNF determine its function via its receptor 
TrkB. These phosphorylation and dephosphorylation loops serve to efficiently activate in time 
and space the downstream components of BDNF signaling either proximal to the plasma 
membrane or distal in the nucleus. Concurrent activation of a kinase and deactivation of the 
substrate’s phosphatase is a common, but not exclusive mechanism to ensure both the 
robustness and fidelity of the output signal. Indeed, phosphorylated or dephosphorylated 
residues may serve to accelerate or delay the target protein’s turnover as exemplified by MKP-
1. Where BDNF signaling is not capable of initiating its entire signaling machinery such as the 
dephosphorylation of CRTC proteins, it relies on converging signaling pathways. Coincidence 
detectors, like CRTC proteins may serve to ‘gate’ neurotrophin signaling and filter the 
physiological output consequences as a function of the cellular context.  
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1. Introduction 

1.1. Types and sources of DNA damage 

During our lifetime, the genome is constantly being exposed to different types of damage 
caused either by exogenous sources (radiations and/or genotoxic compound) but also as 
byproducts of endogenous processes (reactive oxigen species during respiration, stalled 
forks during replication, eroded telomeres, etc).  

From a structural point of view, there are many types of DNA damage including single or 
double strand breaks, base modifications and losses or base-pair mismatches. The amount of 
lesions that we face is enormous with estimates suggesting that each of our 1013 cells has to 
deal with around 10.000 lesions per day [1]. While the majority of these events are properly 
resolved by specialized mechanisms, a deficient response to DNA damage, and particularly 
to DSB, harbors a serious threat to human health [2].  

DSB can be formed [1] following an exposure to ionizing radiation (X- or γ-rays) or clastogenic 
drugs; [2] endogenously, during DNA replication, or [3], as a consequence of reactive oxygen 
species (ROS) generated during oxidative metabolism. In addition, programmed DSB are used 
as repair intermediates during V(D)J and Class-Switch recombination (CSR) in lymphocytes 
[3], or during meiotic recombination [4]. Because of this, immunodeficiency and/or sterility 
problems are frequently associated with DDR-related pathologies.  

2. DNA repair of DSB. NHEJ and HR 

Mammalian cells are equipped with two mechanisms that repair DSB and prevent 
dangerous chromosomal rearrangements; [1] Non-homologous end joining (NHEJ), which links 
together the two ends of broken DNA by direct ligation, and [2] Homologous Recombination 
(HR), which is only available S and G2 phases when a sister chromatid can be used as a 
template for the repair reaction (see Figure 1).  
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Figure 1. DSBs repair mechanisms. A) NHEJ. DSBs are sensed by the ring-shape heterodimer Ku70/Ku80 
which then stabilizes the two DNA ends and recruits DNA-PK. Next, DNA-PK phosphorylates and 
activates the NHEJ effector complex (ligase IV/XRC44/XLF) that finally religates the broken DNA. B) HR. 
The ATM kinase is recruited to DSB via an interaction with the MRN (Mre11-Rad50-Nbs1) complex. Once 
at the break, ATM that becomes activated, phosphorylating multiple substrates. In a reaction that depends 
in multiple endo and exonuclease activities (including Mre11, Exo1 and CtIP) DSBs are resected forming 
ssDNA strands. These ssDNA regions attract Rad51 and other associated proteins. The Rad51-coated 
nucleoprotein filaments then invade the undamaged sister strands forming HJ structures. HR is completed 
by new DNA synthesis and still to be identified HJ “resolvase” enzymes. 

2.1. Non Homologous End Joining (NHEJ) 

NHEJ is simpler and faster than HR, and can take place in any cell cycle stage. However, NHEJ 
can process altered or improper ends is thus more error-prone that HR. Therefore, HR is the 
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preferred repair mechanisms during S/G2 phases. However, due to the preponderance of the 
G0/G1 stage, NHEJ is key to safeguard genomic integrity in mammalian organisms. Moreover, 
and probably due to the larger genomes and abundant repetitive sequences which limit HR 
proficiency, mammalian genomes are also frequently healed by NHEJ in S/G2 [5]. 

The mechanism by which NHEJ rejoins a DSB is fairly understood. First, DSB are recognized 
by a heterodimer formed by Ku70 and Ku80 proteins [6]. Ku proteins display a ring-like 
structure and are able to bind and stabilize the ends of DSB, acting as sensors, and 
subsequently attracting the transducer kinase, DNA-PK (DNA dependent protein Kinase). 
DNA-PK is a large Ser/Thr kinase (about 470 Kda), which belongs to the PIKK family (PI3-
kinase like family of protein kinases). Other members of this family, ATM (ataxia 
talangectasia mutated) and ATR (ATM and RAD3-related), are key kinases in the DDR and 
will be explained in futher detail below. Once DNA-PK is located to the DSB it becomes 
activated and phosphorylates several substrates involved in the processing and ligation of 
DNA ends. Significantly, DNA-PK can also auto-phosphorylate in several residues, which 
seems to be essential for its repair capacity [7]. 

Finally, the main effectors of NHEJ form a multimeric complex (DNA Ligase IV-XRCC4-
XLF), which is recruited to DSB and activated by DNA-PK dependent phosphorylation. This 
complex is responsible for the actual rejoining of the ends [8]. Ligase IV provides the 
catalytic activity for the rejoining, while XRCC4 stabilizes and stimulates its activity [9]. 

Ku70 and Ku 80 (sensors), DNA-PK (transducer) and DNA ligase IV and XRCC4 (effectors) 
are the core component of NHEJ. But often other accessory components are required for the 
conversion of altered broken ends. For instance, DSB produced by IR usually requires an 
end-processing step prior to relegation, such as the one regulated by Artemis, a 5’- 3’ 
exonuclease, that acquires endonuclease activity when phosphorylated by DNA-PK [10]. 
This activity of Artemis is important to open closed hairpins in which the two strands of the 
DSB have linked together. Importantly, such hairpins are normally generated at the DSB 
generated by RAG nucleases during V(D)J recombination. Note that ATM can also induce 
the phosphorylation and activation of Artemis [11]. In fact, and in addition to be important 
for the repair of accidental DSB, NHEJ carries out several specialized functions in 
lymphocytes during V(D)J and CSR [12, 13]. Accordingly, patients with mutation in 
Artemis, ATM or DNA-PKcs, as well as in other NHEJ components, often suffer from 
immune deficiencies as well as from an increased predisposition to cancer [14].  

Another context in which difficult-to repair DSB are formed relates to chromatin 
accessibility. For instance, it is estimated that around 10% of radiation induced DSB are 
repaired with slow kinetics, this population being enriched adjacent to compacted 
chromatin (heterochromatin). In this case, ATM and not DNAPK will play an important role 
in the NHEJ-mediated repair of these difficult-to-repair breaks. In this context, ATM 
activation is necessary to phosphorylate some substrates like H2AX or KAP1, which would 
relax chromatin compaction allowing the access of repair proteins to DSB at 
heterochromatin [11, 15]. Nevertheless, it should be noted that the main cell-type that suffers 
from ATM deficiency is Purkinje cells which are almost devoid of heterochromatin, so that 
ATM must play additional roles in euchromatin [16].  
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2.2. Homologous recombination 

The other mechanism that cells use for DSB repair, and the most important for replicating 
cells, is Homologous Recombination. In contrast to NHEJ, during HR DSB need to be first 
extensively processed to allow for the search of the homologous undamaged template. First, 
ends undergo 5’-3´ resection producing two single stranded DNA regions. Rad51-coated 
ssDNA stretches invade the sister chromatid DNA duplex forming inter-strand structures. 
How these heteroduplexes are finally resolved is still not fully characterized. 

Since HR repairs DSB using the sister chromatid as template, it is restricted to S and G2 
phases. Restricting HR in G1 is in fact critical, since if HR takes place in G1 it could lead to 
loss of heterozigosity (LOH) or chromosomal translocations [17]. To avoid this problem the 
activity of several HR components is regulated by several S-G2 specific CDKs (cyclin 
dependent kinases) [18].  

For teaching purposes, and trying to simplify the complex process that takes place during 
HR, we will artificially divide it in 4 independent stages. We acknowledge that many of the 
stepwise events described here are still to be fully validated, but just want to transmit a 
holistic view of how a DSB can be sensed, signaled and repaired by HR: 

a. Recruitment to the DSB: Foci forming factors 

The Mre11-Rad50-Nbs1 (MRN) complex is one of the first in being recruited to DSB [19]. 
Next, through a direct interaction, MRN recruits ATM which, among other things, 
phophorylates H2AX (a variant of the canonical histone H2A) at serine 139, forming γH2AX 
[20]. Direct phospho-binding to γH2AX recruits the adaptor protein MDC1 [21], which 
through interaction with ATM and Nbs1 forms a positive feedback loop that amplifies the 
γH2AX signal [22]. In addition, ATM-dependent phosphorylation of MDC1 is recognized by 
the E3 ubiquitin ligase RNF8, that ubiquitinates histones in the vicinity of the DSB [23, 24]. 
Another E3 ubiquitin ligase, RNF168 (mutated in the human RIDDLE immunodeficiency 
syndrome), is also recruited and amplifies the ubquitylation signal, in both cases mediated 
by UBC13 E2 ligase, eventually recruiting 53BP1 and BRCA1 to DSB-associated foci [25-27]. 
In the case of BRCA1, RAP80 binds to ubiquinylated substrates at DSB through its UIM 
(Ubiquitin Interaction Motif) [23]. RAP80 then interacts with Abraxas [28], the 
deubiquitylating (DUB) enzyme BRCC36 and BRCA1 (breast cancer 1, early onset). BRCA1 
is a well known human breast cancer susceptibility gene, responsible for the third part of 
familiar breast cancer [29]. BRCA1 is a large protein (over 200 kDa) that is constitutively 
bound to BARD1. Together, BRCA1/BARD1 present E3 ubiquitin ligase activity [30]. 
Although BRCA1 has been the subject of many studies and it is known to participate in HR, 
its exact role(s) and whether its ubiquitin ligase activity is critical for its activity is still not 
well understood. Whereas the road from DSB to BRCA1 is more understood, how 53BP1 is 
loaded to substrates modified by RNF8/RNF168 remains unknown. 

Importantly, it should be noted that all of these events have been inferred from the 
formation or absence of foci at DSB and, to date, it is not clear to what extent capacity to 
recruit to foci represents an accurate measurement of the function of the protein [31]. 
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b. Processing of the end: Resection 

As mentioned before, the resection of the two 5’ ends of the DSB is an essential step for HR. 
Three exonucleases (Mre11, Exo1 and CtIP) and one helicase (BLM) have been involved in 
resection [32-34]. Importantly, ATM dependent phosphorylation seems to stimulate CtIP-
mediated resection, linking DNA damage signaling with the processing of DNA ends [35]. In 
addition to ATM, ssDNA is quickly coated by RPA (replication protein A) and triggers a 
parallel pathway resulting in the activation of the kinase ATR [18, 36-38], that will be described 
below. It remains to be seen to what extent ATM, ATR, and perhaps DNA-PK collaborate in 
the processing of DSB for HR. One important recent development is the finding that, against 
all expectations, 53BP1 might limit resection [39]. This would explain how the absence of 
53BP1 rescues the cancer and ageing phenotypes of a BRCA1 mutant mouse model, which 
could be explained by an improved HR through enhanced resection [40].  

c. Sister chromatid invasion 

The initiation of recombination requires the loading of the recombinase Rad51, which 
replaces RPA coating on the ssDNA. Rad51, a protein with DNA-dependent ATPase 
activity, together with other associated proteins (DSS1, RAD52,RAD51B, RAD51C, RAD51D, 
XRCC2, XRCC3, RAD54, etc.) form a nucleoprotein filament that mediates strand invasion 
of the sister chromatid [41]. In mammals, Rad51 loading is mediated by BRAC2 [42]. Once 
again, BRCA2 is another important breast cancer susceptibility gene suggesting a critical 
role of HR in the prevention of breast cancer [43]. In contrast to BRCA1, BRCA2 recruitment 
to DSB is not fully understood, one possible scenario being that BRCA1 could mediate the 
recruitment of FancD2 and BRCA2 to DSB [44]. 

The nucleoprotein filament (ssDNA, RAD51 and other HR proteins) searches for an 
homologous region within the duplex DNA in the sister chromatid and displaces a DNA 
strand forming a D-loop structure and the 3’ end of the invading strand. This invading end 
then is extended by un unknown DNA polymerase (in vitro data indicates that DNA pol eta 
may be implicated [45]). The “X” shaped structure formed as a consequence of this invading 
process is called a Holliday Junction (HJ) [46]. When the other 3’ end of broken DNA enters 
the D-loop a double Holliday junction structure is formed. Noteworthy, whereas this model 
was proposed almost half a century ago, it was only recently that evidence for the double 
Holliday junction intermediates of repair was found [47] 

d. Resolution 

If HJ formation was remained elusive, the resolution of Holliday junctions is even a bigger 
mistery, many proteins having been proposed as candidates to be the HJ “resolvase”. Such a 
protein should have helicase and nuclease activities, like BLM (Bloom syndrome protein), 
MUS81-EME1 complex or GEN1 [48-51]. All of them have been proposed to be the missing HJ-
resolvase at some point. Moreover, recent evidence suggests that another enzyme, SLX4, could 
be such missing link [52, 53]. Whereas it seems clear that many proteins can deal with HJ-
resembling structures in vitro, only clean genetic data will finally resolve this “resolution” 
problem. We should mention that although the HR classical model consists in the formation of 
these two Holliday Junctions, there are other alternative models that explain the HR process. 
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In addition to its role at DSB, HR also has a key role in restarting stalled replication forks 
(RF). SSBs, interstrand crosslinks or other lesions in the DNA promote stalling of the RF 
which, if persistent, could lead to breakage that has to be resolved by HR [54]. ATR, another 
PIKK kinase that is essential for an appropriate progression of RF, may be regulating HR in 
this case. In fact, ATR and its target kinase Chk1 phosphorylate a number of HR-related 
proteins such as BRCA1, BLM and Rad51 [55-57].  

HR also participates in the maintenance of telomere length, by promoting inter-telomeric 
HR in the absence of telomerase. This pathway is known as alternative lengthening of 
telomeres (ALT) [58]. Finally, HR is the repair pathway of the recombination reaction that 
occurs between homologous chromosomes in meiosis, where DSB are intentionally 
generated in order to increase genetic variability. 

Whereas we here provided a simplified view of DSB repair, it should be noted that other 
still poorly understood pathways of repair such as micro-homology directed NHEJ, which 
joins partially resected DSB, are emerging as important genome caretakers. 

3. Signaling DSB 

We here present a general view of how cells signal DSB, with a particular emphasis on 
phosphorylation, which is the most known mechanism to date.  

3.1. Phosphorylation. The so-called DNA Damage Response (DDR) 

The so-called DDR stands for a coordinated signaling response which starts at the DSB and 
which promotes DNA Repair while it limits the expansion of the damaged cell by apoptotic 
or cytostatic mechanisms. The canonical DDR begins with the activation of two PIKK, ATM 
and ATR, upon detection of DSB. The role of DNA-PK, another member of the PIKK family, 
is mainly to stimulate repair activities locally at the break but without triggering a cellular 
response. Thus, ATM and ATR are considered the main upstream kinases in the signaling of 
DNA damage. Whereas they are activated by different types of damage and have some 
specific substrates and functions, their “response” is frequently interconnected. The 
activation of any of these kinases starts a phosphorylation cascade leading to cell cycle arrest 
(Checkpoints). Among others, the tumor suppressor p53 plays a central role in coordinating 
the apoptotic and checkpoints initiated by DNA damage.  

In the last decade the knowledge about the DDR has substantially increased, and besides the 
classical activation of the PIKK and phosphorylation cascades, other types of signaling such 
as ubiquitylation or sumoylation have burst [59]. A general overview of this complex 
pathway will be explained below. 

3.1.1. Central players of the DDR: PIKK kinases: ATM, ATR and DNA-PK 

The DDR has a well defined hierarchy. Their components have been classified into sensors, 
transducers, mediators and effectors. ATM and ATR kinases are considered the main DDR 
transducers. 
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As mentioned, ATM, ATR and DNA-PK belong to the PIKK (phosphatidylinositol-3-kinase 
related kinases) family [60]. They are large proteins (more than 300 kDa) with similar structure: 
a variable number of repeat domains in the N-terminus (HEAT domains), a FAT domain, a 
catalytic domain homologue to that in PI-3-Kinase (PI3K), a PIKK regulatory domain (PRD) and 
a FATC domain at the very C-terminus [61]. The PRD domain has been shown to mediate 
kinase activation, at least for ATR; and HEAT, FAT and FATC domains may be involved in the 
specific interactions of these proteins with their substrates and modulators [62]. 

ATM, ATR and DNA-PK specifically phosphorylate serine and threonine residues 
frequently followed by a glutamine. Upon activation, they are able to phosphorylate 
hundreds of common substrates regulating many cellular functions [63]. Noteworthy, some 
of them are preferred by one specific kinase, which is likely due to mediators. For instance, 
whereas all three can phosphorylate H2AX, Chk1 is only phosphorylated by ATR and this is 
explained by the need of Claspin in mediating the ATR/Chk1 interaction. 

Despite their similarities, these kinases play different roles in the DDR. In brief, DNA-PK is 
activated in response to DSB and promotes their repair by NHEJ. However, if DSB are 
located in heterochromatin or they are too numerous, ATM activates additional repair 
mechanism (e.g. HR) and starts checkpoints signaling. In addition, ATR is activated by 
ssDNA, generated when DSB persist and are ressected into ssDNA, or when a replication 
fork is collapsed, promoting a strong checkpoint signaling. Besides, whereas ATM and 
DNA-PK are active through all the cell cycle, ATR activity is confined only to S and G2 
phases [64]. One possible scenario is that the activity of the three kinases follows a stepwise 
activation if a DSB persist. This model is explained below. 

a. DNA-PK. Stimulation of DNA Repair 

The first step in this model will be the immediate activation of DNA-PK at a DSB. 
Previously in this chapter, we described how DNA-PK is activated and promotes NHEJ. In 
summary, the dimer Ku70/Ku80 binds and stabilizes the DSB ends, it recruits DNA-PK that 
activates the NHEJ effectors, LigaseIV-XRCC4-XLF. Thus, DNA-PK will provide a fast 
repair mechanism for easy-to-repair breaks, without the activation of checkpoint activities. It 
must be emphasized again, that DNA-PK has a very limited role in checkpoint signaling. 
However in the absence of ATM, DNA-PK may stay longer at the DSB and contribute to 
checkpoint functions [65]. 

b. ATM. DSB sensing and ATM Activation 

If the DSB persist, one plausible scenario is that ATM could phosphorylate and displace 
DNA-PK from the DSB, so that repair and checkpoint activities are implemented. ATM is 
the most studied and likely best known DDR kinase. One reason for this is that its absence is 
responsible for the human Ataxia-Telangiectasia (A-T) hereditary disorder [66]. A-T is a 
severe autosomal recessive disease characterized by early onset progressive cerebellar 
ataxia, oculocutaneous telangectasia, immunodeficiency and lymphoid tumours [67]. 
Immunodeficiency and predisposition to lymphoid tumours is explained by the role of ATM 
during T and B lymphocyte development, where DSB are generated as by-products of 
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immune rearrangements. Besides, cells of these patients present numerous breaks, what 
explains their increase predisposition also to other cancer types.  

Whereas it seems clear that the main role of ATM is related to the DDR [68], the two 
symptoms that named the disease, ataxia and telangiectasia, are still not explained by the 
role of ATM in relation to DNA damage, suggesting that ATM may have other functions not 
related to DSB-signaling. Moreover, even though we have significant understanding of the 
effects of ATM activation, how this is accomplished is still a matter of debate. 

As described above, ATM activation is triggered by the recruitment of the MRN complex 
(sensor) in response to DSB (Figure 2). MRN complex recruits ATM and collaborates for its 
activation [69]. However, the precise mechanism by which ATM becomes activated is still a 
matter of controversy [62]. Some authors claimed that, in basal conditions, ATM is an 
inactive homodimer which undergoes dissociation and activation in response to DSB, due to 
its autophosphorylation [70]. Importantly, it has later been shown that ATM 
autophosphorylation is not necessary for its activation in vivo [71, 72]. 

 
Figure 2. Mechanisms of ATM and ATR activation. A) ATM activation. DSBs (red asterisk) are sensed 
by the MRN (Mre11-Rad50-Nbs1) complex which attracts ATM and probably contributes to its 
activation. It is not well established how ATM is converted from its inactive to active status, one 
possibility being that it changes from an inactive dimer to an active monomeric form. B) ATR activation. 
The input for ATR activation is ssDNA, which can derive from resected DSB (left), or from stalled 
replication forks (right). RPA coated ssDNA loads the ATRIP-ATR complex and the 9-1-1 complex, 
which brings together ATR and its allosteric activator TopBP1.  

Nbs1, part of the MRN complex, could contribute to ATM phosphorylation and activation 
[73], and several other proteins, such as the histone acetyl transferase Tip60 [74], have been 
reported to be involved in ATM activation. In vitro, ATM can be activated in the absence of 
MRN members. However, the MRN complex amplifies ATM activity and collaborates for an 
optimal ATM accumulation surrounding the DSB [75]. Noteworthy, defects in two members 
of the MRN complex cause A-T related syndromes: Nijmegen breakage syndrome (NBS1 
mutants) and A-T-like disorder (MRE11 mutants) [76, 77]. 
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ATM has been claimed to be activated by other stimuli rather than DNA damage, like 
chloroquine or osmotic shock [70]. However, whether those stimuli do not generate damage, 
particularly during replication, remains to be seen. There are some evidences of a 
cytoplasmic fraction of ATM that might be helpful to explain part of the symptoms of A-T 
disease not related to the DDR like the early neurodegeneration. Of note, ATM in neuronal 
cells has been found predominantly cytosolic [78]. 

c. ATR. Activation by ssDNA 

The last (in fact, its activation occurs later than ATM) main PIKK kinase in the signaling of 
DSB is ATR. As noted before, despite their homology, ATR responds to different types of 
stresses than ATM does, and although these two kinases share several substrates, ATR 
regulates different processes. ATR has an essential role during replication, sensing 
alterations in fork progression and activating cellular checkpoints if necessary [79, 80]. 

In contrast to ATM, ATR is essential at the organism and the cellular level [81]. Consequently 
there is not any human disease lacking ATR. However, patients of a very rare ATR-related 
disease known as the Seckel syndrome are alive with very low amounts of ATR [82]. 

The input for ATR is not the DSB itself, but rather unusual large strands of ssDNA that can 
be generated in several circumstances [64]:  

- RS (replication stress) is a not well defined concept that refers to a variety of alterations in 
the normal progression of the replication fork, caused by lesions encountered in the 
DNA (SSBs, crosslinks, base adducts), dNTPs deficiency or other problems at the RF. 
When RS is prolonged or, in the absence of ATR, RF collapse and DSB are generated. 
Notice that there is no such a thing as RS-free replication, and thus ATR is essential to 
complete replication even in the absence of exogenous DNA damage. 

- End resection of DSB. Initially DSB lead to DNA-PK and ATM activation. However if 
DSB occurs in S or G2 phases and they persist enough, DSB are resected by ATM-
stimulated exonucleases generating strands of ssDNA which then activate ATR.  

- Telomeres. ssDNA can be also generated at uncapped telomeres that have lost its 
capping function, leading to ATR activation. 

- NER (nucleotide excision repair). The process of NER can generate patches of ssDNA as 
repair intermediates, which lead to the activation of ATR, perhaps even in G1 [83].  

In contrast to ATM, the molecular mechanism of ATR activation by ssDNA is well 
established (Figure 2). RPA-coated ssDNA [84] recruits the ATR-ATRIP (ATR interacting 
protein) complex [85]. At the same time, Rad17 and subsequently the 9-1-1 (Rad9-Rad1-
Hus1] complex are also brought to the damage sites by RPA [86]. The 9-1-1 complex, with a 
PCNA-like clamp conformation, then brings the allosteric activator TopBP1 (topoisomerase-
binding protein 1] into close proximity of ATR [87]. The interaction of ATR with TopBP1 is 
then sufficient to unleash ATR activity [88]. Of note, activation of ATR by TopBP1 even in 
the absence of DNA breaks is sufficient to promote a robust cellular response including 
senescence, demonstrating the key role of the DDR in responding to DNA damage [89].  
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3.1.2. Mediators and DDR amplification. Foci forming factors 

Downstream of the PIKK, DDR signaling is amplified by several mechanisms, allowing the 
response to achieve its final cellular outcomes. On one hand, the DDR, like any other 
phosphorylation cascade, amplifies its signal in subsequent (enzymatic) step. This involves 
the participation of mediators, which are proteins acting downstream of the transducer 
kinases ATM and ATR. Several substrates, regulators, recruiters and others proteins acting 
as scaffold are considered mediators (e.g. Mdc1, 53BP1, MRN complex, Claspin, BRCA1), 
and, they modulate the activation of the effectors. Another mean of amplifying the signal, is 
an intense accumulation of many of their components surrounding the DNA lesions in spots 
so-called IRIF (Ionizing Radiation Induced Foci). 

Once ATM or DNA-PK are activated, the rapid phosphorylation of the histone H2AX 
(H2AX) is key for subsequent events. The H2AX mark is accumulated in such a large 
amount in the proximity of DSB that can be visualized in spots (IRIF) by standard 
immunofluorescence techniques. Many DDR proteins (MRN complex, ATM, 53BP1, BRCA1 
and others) form IRIF that co-localize with H2AX foci. Actually, H2AX modulates the 
accumulation of repair and signaling proteins in chromatin regions distal to the DSB. 
However, this has nothing to do with the recruitment of the proteins to the DSB, and rather 
by altering chromatin conformation in the vicinity of the break [90]. But what are foci good 
for? One likely possibility is that the accumulation of DDR proteins surrounding DNA 
lesions is necessary to build a signaling threshold in conditions of limited damage [91]. 

Among the different factors, 53BP1 is probably one of the most studied examples of an IRIF 
forming protein. 53BP1 has a pan-nuclear location which, after exposure to genotoxic agents, 
is quickly repositioned to IRIF. 53BP1 localization into foci is dependent on several 
upstream events including H2AX phosphorylation [90], recruitment of MDC1, 
ubiquitinating activity of RNF8 and RNF168 [23, 25, 92, 93], and methylation of histones H3 
and H4 [94, 95]. Regardless of their importance for our understanding of the DDR, the 
absence of foci does not seem to be essential for a proficient DDR. Thus, mouse models 
lacking H2AX or MDC1, that abolishes IRIF formation, as well as 53BP1 null mice, are 
viable, but they exhibit phenotypes related to DDR deficiency like genome instability, cancer 
predisposition or immunodeficiency [22, 96, 97]. In summary, while not essential, IRIF seem 
to modulate the amplitude of the signaling of DSB which might be important in conditions 
of low numbers of DSB. 

In contrast to ATM, ATR does not undergo any post-translational modifications which 
would modify its activity, such as autophosphorylation. Nevertheless, a number of 
mediators of ATR signaling are indeed regulated through phosphorylation. For instance, the 
ATR activator TopBP1 is phosphorylated by ATM at resected DSB [98]; and probably also 
by ATR in response to RS. In addition, Claspin phosphorylation is also required for ATR-
dependent phosphorylation of Chk1 in response to DSB [99]. 

In summary, ATM and ATR signaling are amplified and driven by these and many other 
mediators. The endpoint of the signaling cascade arrives with the activation of the effectors, 
which would finally be responsible for the cellular responses.  
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3.1.3. Effectors and cellular outcomes of the DDR 

In addition to promote the repair of DNA lesions, the DDR can orchestrate multiple cellular 
responses orientated to safeguard genome integrity or, in some cases, to avoid transmission 
of harmful alterations by activating apoptosis or senescence. In this context, one of the main 
effectors of the DDR is the transcription factor p53 which provides a late sustained response 
to DNA damage. p53 up-regulation contributes to the activation of checkpoints, and, if the 
damage persists, may activate senescence, apoptosis or cell differentiation programmes. 

Regardless of this p53-centric view, it is clear that many p53-independent pathways are also 
stimulated by the DDR. For instance, a single proteomic study identified more than 700 
ATM/ATR phosphorylation substrates, pointing out the wide variety of effectors and 
pathways that are regulated by the DDR [63]. 

Given that there are multiple reviews elsewhere that focus on these cellular responses, we 
here only briefly describe the main cellular responses promoted by the DDR: cell cycle 
checkpoints, senescence, apoptosis and differentiation. 

3.1.3.1. Transient cell cycle delay: Checkpoints 

The transitions through the different stages of the cell cycle are tightly regulated by the 
activity of cyclin-dependent kinases (CDKs). CDKs are activated by cyclins and inhibited by 
CDK inhibitors (CKIs) or inhibitory tyrosine phosphorylations [100]. In brief, a simplified 
scheme depicts that four CDKs are involved in the regulation of cell cycle; CDK2, CDK4 and 
CDK6 during interphase, and CDK1 being considered the mitotic CDK. An activated DDR 
can limit the activity of CDKs and thus prevent cell cycle progression into the next stage 
(G1/S and the G2/M). In addition, the DDR can also slow down replication (intra-S 
checkpoint), but this is not a full stop and cells with damage in S-phase progress into G2 
stop at the G2/M checkpoint [101]. The way that the DDR gets to the CDKs is through 
effectors that limit CDK activity which we now briefly summarize. 

First, the main PIKK targets that regulate checkpoints are the so-called checkpoint kinases 
Chk1 and Chk2, direct substrates of ATR and ATM respectively [102, 103]. Checkpoint 
kinases act by regulating CDK inhibitory effectors such as Cdc25a, Wee1 or p53. Cdc25a is a 
phosphatase that controls CDK1 and CDK2 activities. In response to DNA damage, ATR-
activated Chk1 phosphorylates Cdc25a inducing its degradation [104, 105], and thereby, 
inhibition of CDK activity [106]. An opposing force for Cdc25a is Wee1, the kinase that 
counteracts Cdc25a activity. Finally, a major mediator of cellular responses to DNA damage 
is p53. p53 is rapidly stabilized upon DNA damage by a number of inter-dependent PTMs. 
ATM, ATR, Chk1 and Chk2 are all able to phosphorylate p53 contributing to its stabilization 
[107, 108]. Besides its apoptotic targets, p53 has a number of transcriptional targets that 
contribute to checkpoint function, perhaps the most notorious being the CKI p21cip1 which is 
an important regulator of the G1/S checkpoint.  

Specifically, the G1/S checkpoint avoids the replication of damaged DNA (see Figure 3 for a 
scheme of checkpoint responses). The transition from G1 to S is directed by an increase in 
CDK2 activity induced by cyclin E [109]. As such, the G1/S checkpoint is directed to limit 
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this burst in CDK activity. An early and late component checkpoint can be separated. First, 
the G1/S checkpoint is initiated by degradation of Cdc25a, leading to the accumulation of 
inhibitory phosphorylations on CDK2 [110, 111]. This is an early response that does not 
require the synthesis of new proteins. If the damage persists, p53-dependent transcriptional 
upregulation of p21cip1 would implement a stronger G1/S arrest [112].ATM and Chk2, but 
not ATR/Chk1 are the main DDR mediators of the G1/S transition. 

 
Figure 3. Chekpoint regulation by the DDR. ATM and ATR orchestrate a transitory delay of the cell 
cycle in response to DSBs and ssDNA, respectively. Wherease direct phosphorylation of of cdc25a and 
wee1 allow a rapid establishment of the G1/S and G2/M checkpoints, p53-dependent regulation 
contributes to checkpoint maintenance at later timepoints. During S and G2 phases DSBs can be 
resected leading to the generation of ssDNA, which also activates ATR-signaling. 

If damage arises in S phase, the intra-S checkpoint is also mainly regulated by the 
phosphatase Cdc25a, but now under de control of ATR and Chk1 [102]. In addition, DDR-
promoted replication inhibition is in part mediated by Cdt1, which participates in the 
loading of MCM helicases that facilitate DNA unwinding ahead of the RF [113]. How the 
DDR promotes Cdt1 degradation and thus replication control is yet uncharacterized. 

The last key control point is the G2/M checkpoint, that “checks” genome integrity before 
proceeding into chromosome segregation. Here, the transition from G2 into M is governed 
by an increase cyclinB-CDK1 activity. Once again, this checkpoint is also established by 
Cdc25a phosphorylation, in this case mediated by the ATR-dependent Chk1 kinase. In 
addition, the kinase Wee1 also contributes to the G2/M checkpoint. In a normal G2/M 
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transition Plk1 (Polo kinase 1) phosphorylates Wee1 inducing its degradation and entry into 
mitosis. Upon damage ATM and ATR are able to phosphorylate and inhibit Plk1, 
contributing to an increase of Wee1 and therefore reduced CDK1 activity [100]. In addition 
to this early checkpoint, p53 also regulates the maintenance or sustained G2/M arrest. In this 
case, rather than mediated by p21, which has little CDK1 inhibitory capacity, other p53 
targets such as GADD45 and 14-3-3 act as effectors [114]. 

3.1.3.2. Permanent cell cycle arrest: Senescence 

By definition, checkpoints are a transitory state from which cells can escape if repair is 
accomplished and the signal is turned off. In contrast, cellular senescence is a persistent and 
irreversible cell cycle arrest. It was firstly observed in cell culture in 1965 [115]. Depending 
on the load of DNA damage or the cell type, a persistent activation of the DDR might direct 
cells into senescence [89].  

Besides the presence of DSB, other cellular stresses can also promote senescence. These 
include telomere shortening [116], oxidative stress [117] and oncogenes [118-121]. 
Nevertheless, all of these stimuli can activate the DDR, so that DNA damage might be the 
ultimate cause of the senescent response. First, short or unprotected telomeres resemble and 
are actually sensed by cell as DSB [122, 123]. Second, reactive oxygen species generated by 
oxidative stress are an obvious source of DNA damage. Finally, several oncogenes have 
been shown to induce RS so that oncogene-induced senescence (OIS) would be linked to the 
DDR [124-126]. Importantly, and as it will be discussed below, OIS has been suggested as an 
early anti-cancer barrier in vivo, providing a link between the DDR and cancer development 
[127]. However, it must be pointed out that alternative, DDR-independent pathways of 
promoting OIS and which operate through the Ink4a/ARF locus have been described [128]. 

3.1.3.3. Apoptosis 

Apoptosis, or programmed cell death, is other phenomenon activated by the DDR in order to 
eliminate cells with intolerable amounts of DNA damage. As such, apoptosis has an important 
role in eliminating damaged cells during aging [129] or in the acute responses genotoxic cancer 
therapies. In addition, apoptosis is a physiological process essential for normal development.  

As in the case of senescence, apoptosis is also chiefly governed by p53. DDR-induced p53 
promotes the expression of several pro-apoptotic factors, such as Puma, Noxa and Bax [130-
132]. This pro-apoptotic p53 program leads to mitochondrial membrane permeabilzation 
[133], allowing the exit of cytochrome c to the cytosol, forming the apoptosome, which 
finally activates effector caspases [134]. 

Why some cells undergo apoptosis and other senescence in response to DNA damage is still 
a matter of study [135]. Although most cells are capable of both phenomenons, cell type is 
indeed determinant to undergo one or another. For instance, whereas DNA damage in 
fibroblasts and epithelial cells specially promotes senescence, low amounts of DNA breaks 
in lymphocytes are sufficient to trigger apoptosis. Of note, post-mitotic cells like neurons, 
have a limited capacity to become senescent or undergo apoptosis which might be due to 
their particular cell cycle status. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 

 

246 

3.1.3.4. Other cellular pathways stimulated by the DDR 

Given the large amount of PIKK phospho-targets and p53 transcriptional targets it is not 
surprising that the DDR exerts its function in many cellular processes by means that remain 
poorly understood. For instance, high doses of DNA damage can induce the differentiation of 
melanocyte stem cells (SC), resulting in their depletion and thereby promoting aging 
phenotypes on the skin [136]. Similar results linking the DDR and differentiation have been 
found in neurons [137]. Related to this, p53 has been shown to regulate the polarity of 
mammary cancer stem cell divisions [138]. p53 loss promotes symmetric and promiscuous 
cancer stem cell divisions, which contribute to the expansion of premalignant pools. It is 
therefore tempting to speculate that one of the means by which DNA damage leads to stem 
cell exhaustion is by promoting p53-dependent asymmetric cell divisions in SC. 

Finally, another process that might be modulated by DNA damage is autophagy, which functions 
to promote cell survival through the degradation of damaged organelles and molecules. 
Interestingly, one of the key regulators of autophagy is mTOR (mammalian target of 
Rapamycin), another member of the PIKK family. Whereas the mechanism remains to be solved, 
recent studies suggest a connection between the DDR and mTOR that could be the responsible 
for DNA damage induced autophagy [139, 140]. To what extent these additional effects of the 
DDR impact on the physiological consequences of a deficient DDR, remains to be seen. 

3.1.4. Physiological consequences of the DDR 

DDR deficiencies cause important physiological consequences. As commented on this 
chapter, DSB are physiologically generated during B and T lymphocyte maturation and 
during meiotic recombination, and many DDR-related proteins are required for normal 
functioning of these processes. In addition, the DDR has an essential role in facing the 
stochastic DNA damage that our cells acquire through our lifetimes. In this context, it is not 
surprising that deficiencies in DDR components cause human diseases associated to 
immune deficiencies, sterility, premature aging and cancer predisposition. Alterations 
during embryonic development are also frequent, suggesting that the high division rates 
occurring at this stage might be prone to accumulate DNA damage, particularly RS.  

DDR-mutant mouse models recapitulate many of the phenotypes found in DDR-associated 
human syndromes. Some of the most relevant DDR-related diseases are shown in table 1. 
Most of them are of recessive nature, with some exceptions such as variants of Li-Fraumeni, 
which can be caused by dominant mutations in just one allele of p53. 

3.1.4.1. The DDR and cancer: Protector and target 

The relationship between the DDR and cancer is of particular interest from multiple points of 
view. First, the DDR is critical to prevent the accumulation of spontaneous pro-cancerous 
mutations and overall genomic instability. This is why most DDR-related human diseases are 
prone to cancer development. In addition, the DDR is particularly relevant in preventing 
chromosome rearrangements during lymphoid maturation which makes lymphomas one of 
the most frequent cancer in Genomic Instability Syndromes. Note that in some cases mutations  
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Disease Mutated gen Clinical feature
Ataxia Telangiectasia  ATM Cerebellar ataxia, telangiectasia, inmunodeficiency, lymphoid 

tumours.  
Nijmegen breakage 
syndrome 

Nbs1 Growth retardation, microcephaly, immunodeficiency, 
lymphoid tumours. 

A-T like disorder Mre11 Cerebellar ataxia, mild predisposition to tumours. 
Seckel Syndrome ATR Progeria, microcephaly and other developmental defects. 
Li-Fraumeni p53 Early development of cancer (breast cancer, sarcomas, brain 

tumours, leukemias, etc.) 
Riddle syndrome RNF168 Inmunodeficiency, dysmorphic features, mental retardation. 
Werner syndrome RECQL2 (WRN) Progeria and age-associated disorders 
Fanconi Anemia 13 different FA 

genes 
Bone marrow failure, predisposition to leukemias and solid 
tumours. 

Table 1. Several human genetic syndromes related to DDR components. 

in only one allele convey a dramatic increase in cancer predisposition. This is the case for 
BRCA1 and BRCA2 mutations carriers, whose life-time breast cancer risk raise up to 80%. 

Second, the DDR is activated by oncogenes in early stages of tumorigenesis [124, 141]. 
These studies proposed a model where the activation of certain oncogenes could generate 
RS which, by activating the DDR, would limit cancer development by promoting cell 
senescence [142, 143]. In fact, convincing evidence exists to show that certain oncogenes 
indeed are able to generate DNA damage trough promoting abnormal replication [124, 125]. 
Note that this type of damage, known as RS, is sensed and signaled mainly by ATR rather 
than ATM [83], raising the relevance of ATR-signaling in the oncogene-activated DDR 
model of cancer progression. 

Finally, many of the current anti-cancer therapies (including radiotherapy) operate by 
generating high loads of DNA damage that activate the DDR towards apoptosis. In this 
regard, there is increasing interest in the development of new anti-cancer strategies that take 
advantage of our knowledge of the DDR to specifically target tumor cells. The idea behind 
these new strategies is to exploit synthetic lethal interactions that will only occur in cancer 
cells. For instance, one of the most promising approaches in this regard is the use of PARP 
inhibitors for the treatment of BRCA1/2 deficient breast cancers. These inhibitors block a 
ssDNA repair pathway which is mostly dispensable for normal cells, but essential for cells 
deficient in HR, such as BRCA1/2 mutant cells [144]. Other examples of synthetic lethality 
could be the use of Chk1 inhibitors and ATR inhibitors, to treat p53 deficient tumors [145-148]. 

3.1.4.2. The role of the DDR in ageing 

Ageing is intuitively associated with the natural degeneration of our tissues, which would 
derive from the accumulation of some “toxic” factor. Studies mostly performed in the last 
decade have identified DNA damage as this deleterious factor that is associated to the onset 
of ageing [149, 150]. For instance, aged tissues or stem cells show evidences of an activated 
DDR [151, 152]. Moreover, most DDR-related genetic diseases suffer from premature ageing, 
which is likely due to a faster accumulation of intolerable amounts of DNA damage. 
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The most accepted theory is that DNA damage, when accumulated in SC, activates a DDR 
that limits their regenerative capacity and thus promotes ageing [151, 153]. To what extent 
DNA damage is the natural cause of actual ageing in humans, and which types of DNA 
damage (RS, eroded telomeres, ROS…) are most important in this process, remains to be 
understood. In what regards to RS, the faster nature of embryonic cell divisions might make 
this stage particularly susceptible to this type of damage. In fact, recent studies in ATR 
hypomorphic mice revealed that an intra-uterine exposure to RS can accelerate the later 
onset ageing [146, 154]. Whereas the exact mechanism of this intrauterine programming of 
ageing is not fully understood, it raises the question about to what extent our adult well-
being can be already conditioned by the stresses to which we were exposed in utero. 

3.2. Other posttranslational modifications in the DDR 

There is little doubt that PIKK-mediated phosphorylation is a major controller of the DDR. 
Nevertheless, to end this chapter we would want to describe the role that non-
phosphorylation based signaling of DNA damage might play in genome protection. In the 
light of recent discoveries, DNA damage signaling through other PTMs such as acetylation, 
methylation, ubiquitination and, sumoylation might also play crucial roles for appropriate 
DNA damage signaling. 

3.2.1. Ubiquitination 

Ubiquitination is a highly regulated process that promotes covalent modification of specific 
proteins substrates with the 76-amino acid protein ubiquitin, catalyzed in three sequential 
steps by E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin 
ligase) enzymatic activities [155]. Classically, ubiquitination (UQ) was described as a 
mechanism to target proteins for proteasome mediated degradation. However, at present, 
other functions of UQ such as during protein localization or in mediating protein-protein 
interactions are known. In fact, phosphorylation signaling (not only by the DDR) is often 
coupled to substrate ubiquitination, which increases the potential network of protein-
protein interaction [156, 157]. 

UQ presents seven lysines in its surface: K6, K11, K27, K29, K33, K48 and K63. Whereas 
poly-ubiquitination linked to K48 residues is usually related to proteasomal degradation 
[158], K63-linked polyubiquitin chains are more related to other regulatory functions [159]. 
In addition to the conjugating lysine, ubiquitin chains display an ample structural diversity, 
that has its counterpart in many different ubiquitin interactif motifs (UIM) in other proteins 
[160]. The role of UQ is counteracted by deubiquitianting enzymes (DUB), which are 
responsible for the elimination of UQ conjugates. 

Several ubiquitination events have been assoctaied to DSB signaling. As previously discussed, 
PIKK activation is followed by ubiquitination of various substrates. Again, ATM-dependent 
phosphorylation of H2AX and MDC1 are sufficient to recruit the E3 ubiquitin ligase RNF8. 
Together with another E3 ligase known as RNF168, and with Ubc13 as the E2 ligase, RNF8 
promotes the accumulation of ubiquitinylated substrates in the vicinity of the DSB. Of note, 
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RNF168 loading to foci occurs trough direct recognition of RNF8-deposited UQ chains through 
its UIM domains [25, 26]. These poly-ubiquitinations are mainly K63-linked and contribute to 
attract specific UIM-containing proteins and/or to modulate chromatin architecture via histone 
ubiquitinylation [159]. Recent works have shown that HERC2 (Hect Domain and RLD2) is an 
important regulator of RNF8 and RNF168-dependent ubiquitinitalion which mediates through 
promoting the binding to the E2 ligase Ubc13 [161]. 

This coordinated cascade of UQ modifications generated at DSB is necessary for the formation 
of BRCA1 and 53BP1 foci. However, once again, the absence of RNF8 does not lead to major 
BRCA1 phenotypes, which challenges the relevance of IRIF as predictors of functionality. It 
should be noted also that there is no evidence of direct binding of 53BP1 to ubiquitin chains, 
and how UQ mediates 53BP1 foci remains a mistery. In addition, 53BP1 can bind methylated 
histones which may provide an independent way of loading to DSB [94, 95, 162]. 

In contrast to 53BP1, the relationship of BRCA1 foci with UQ is well characterized. RAP80, a 
protein containing several UIMs in tandem, binds to ubiquitinated substrates (perhaps 
histones) [23], and brings Abraxas [28] and BRCA1. Interestingly, RAP80 also interacts with 
BRCC36, a DUB, which activity is also required for proper DSB repair and signaling [163, 
164]. Thus, ordered ubiquitinylation and deubuquitinylation may be needed during the 
signaling of DNA damage. 

The UQ pathway does not end with 53BP1 or BRCA1. BRCA1 itself is an E3 ubiquitin ligase 
activity resident in the N-terminal RING domain of this large protein. In fact, this is the only 
enzymatic activity found in BRCA1. While BRCA1 has E3 activity by itself, this activity 
increases in several orders of magnitude when bound to its constitutive partner BARD1 [30]. 
To date, the only well characterized BRCA1 substrates are BRCA1 itself and CtIP. CtIP 
ubiquitination by BRCA1 [165] has been proposed to promote the resection of DSB, leading 
to HR and a regulation of the G2/M checkpoint through ATR-activity. Hence, in this system 
UQ would be upstream of the phosphorylation DDR.  

To complicate things further, BRCA1 auto-ubiquitination is linked to K6, which is mediated by 
the E2 enzyme Ubch5c [166]. Ubiquitinated BRCA1 is found at DSB and also in several 
endogenous spots during S phase. Interestingly, even though 20% of human BRCA1 mutations 
predisposing to breast and ovarian cancer are found in the RING domain [30], recent data 
emerging from mouse models suggest that the E3 ligase activity of BRCA1 might be unrelated 
to genome maintenance and its tumor suppression role [167, 168]. However, other studies [169, 
170] indicate the importance of the RING domain in BRCA1 tumor suppressor function. 
Certainly, further work needs to be done to solve these divergent observations. 

Finally, regardless of DSB there is solid evidence that UQ-mediated signaling pathways also 
contribute to other genome protective pathways. For instance, UQ plays a key role in the 
Fanconi Anemia pathway. Fanconi Anemia (FA) is a recessive disease characterized by 
developmental abnormalities, bone marrow failure and cancer predisposition [171]. The 
disease is caused by mutations in at least 13 genes which mutations compromise the repair of 
interstrand DNA cross-links. A key event on the activation of the FA pathway is the 
monoubiquitination of FancD2 and FancI proteins, with is thought to be essential for its 
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localization at chromatin [44, 172, 173]. Again, there is evidence to suggest that FANCD2 
ubiquitinylation is downstream of ATR signaling, providing a further example of the constant 
interaction between the different signaling pathways that are activated by DNA damage [55]. 

3.2.2. SUMOylation  

SUMO stands for Small Ubiquitin-like modifier due to its similarities with UQ. In fact, 
SUMOylation is a similar process to ubiquitinylation involving E1, E2 and E3 enzymes. 
Importantly, very few SUMO E3 ligases exist in the mammalian proteome, which limits the 
search for potential ligases. In addition, SUMO E3 ligases are mostly dispensable and E2 
ligases can complete the SUMOylation reaction largely by themselves. In contrast to UQ, 
three SUMO variants (SUMO1, SUMO2 and SUMO3 exist [174].  

A number of SUMO roles with genome maintenance pathways have been discovered. In 
what regards to the DDR, two recent studies identified a SUMO-related signaling cascade 
that also coordinates the foci formation of BRCA1 and 53BP1 in response to DSB [175, 176]. 
At present, PIAS1 (Protein Inhibitor of Activated STAT-1) and PIAS4, are the E3 SUMO ligase 
enzymes found to participate in the DDR, using SAE1 (SUMO activating enzyme subunit 1) as 
E1 and UBC9 (Ubiquitin Conjugating Enzyme 9) as E2 enzymes. All these proteins, as well 
as SUMO1 and SUMO2/3 conjugates are rapidly recruited to DSB, forming IRIF. Whereas 
the mechanism is still not totally clear, it seems that PIAS1 promotes SUMO2/3 modification 
of BRCA1, and PIAS4 is mainly involved in SUMO1 modifications of both 53BP1 and 
BRCA1. Together, these SUMOylations seem to be necessary for RNF8 and RNF168 
function, providing another instance of inter-PTM signaling at DSB [175, 176]. A summary 
of key SUMO and UQ modifications in the DSB response is illustrated in table 2. 

 
E3 Ligase E2 Ligase Main substrates Function

Ubiquitinations
FancL Unknown FancD2 DNA Cross-link repair 
BRCA1 / BARD1 Ubch5c BRCA1 

CtIP 
Unknown,  
DSB resection 

RNF8  Ubc13 H2A, H2AX DSB signaling 
RNF168 Ubc13 H2A, H2AX DSB signaling 

SUMOylations
PIAS1 Ubc9 BRCA1 DSB signaling 
PIAS4 Ubc9 BRCA1, 53BP1 DSB signaling 

Table 2. Relevant ubiquitinations and SUMOylations in genome maintenance. 

Regardless of the DDR, other genome maintenance pathways are also controlled by SUMO. 
One example is the role of a SUMO ligase called Mms21, which is an essential component of 
a cohesin and condensin related complex formed by Smc5 and Smc6 [177]. Whereas the role 
of this complex is far from being understood, it seems it might be important to prevent the 
accumulation of hemicatenates at stalled replication forks [178].  
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3.2.3. Interplay of PTMs in the DDR 

Other post-translational modifications, such as methylation and acetylation, are also 
involved in the regulatory network of the DDR. A paradigm of multiple and interconnected 
PTM is found in the regulation of p53 levels, that involves a coordinated network of 
phosphorylation, acetylation, methylation and ubiquitination [179].  

In the absence of DNA damage, p53 levels are kept low due to its ubiquitination by the E3 UQ 
ligase MDM2 and rapid degradation by the proteasome [180]. In fact, one of the ways by 
which DNA damage and other stress signals promote p53 stabilization is by PTMs which 
alters the MDM2/p53 interaction. p53 also suffers DDR-dependent phosphorylations [107] are 
thought to stabilize the protein and allow its association with the CBP/p300 acetyltransferase 
complex, promoting p53 acetylation and further stabilization [181]. Besides, p53 activity is 
limited by Set8/Pr-Set7 mediated methylations [182], which are also upon DNA damage [183].  

Another relevant example of the interplay between different PTMs in the DDR is found in 
histones. Indeed, post-translational modifications of histones regulate many other processes 
related to chromatin compaction and structure, such as replication and transcription. The 
best known histone modification upon DNA damage is the already described 
phosphorylation of H2AX, that it is mediated by ATM, ATR or DNA-PK [20]. We also 
discussed how RNF8 and RNF168 can ubiquitinate histones in the proximity of DSB [26, 92]. 
Finally, methylations of histones H3 and H4 could modulates the recruitment of 53BP1 [94, 
95, 162]; and several acetylations of histones have been described to play roles in genome 
maintenance which are still not completely understood [184-186]. How histone 
modifications enhance DSB repair is a very active area of research and discussion. One 
possibility is that histone modifications could increase chromatin accessibility, which would 
therefore facilitate the repair and signaling of the breaks [187]. 

4. Future perspectives 
We have here provided a general overview of how cells signal the presence of DNA 
damage, and how a proper signaling is necessary to maintain a healthy genome. Still, 
whereas the amount of PTMs that coordinate the cellular response to DNA damage is 
already intimidating, it is likely that we are only seeing the tip of the iceberg. Many other 
targets and even PTM (ADP-rybosylation, Neddylation, N-terminal glycosylation, etc…) 
will probably be involved in mounting a proper DDR. Without a doubt, the fast 
development of massive proteomic technologies will soon provide a breathtaking picture of 
how cells detect, signal and repair DNA breaks; by promoting a myriad of PTMs in almost 
every molecule involved in the DDR.  
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1. Introduction 

Cerebral ischaemia (stroke) describes a condition wherein blood flow to the brain is reduced 
such that neurological function is disrupted, and neural cell death becomes possible. For 
several decades, stroke has remained a leading international cause of death and disability, 
which is the reason considerable effort has been applied to improve understanding of its 
pathogenesis; however, only a modest comprehension of the complex cellular processes 
underlying ischaemia-mediated cell death can currently be claimed. Our limited knowledge 
regarding how the brain is changed by an ischaemic event is part of the explanation for the 
absence of a successful clinical intervention, despite the examination of more than a 
thousand potential pharmacotherapies during the past fifty years [61, 69, 169].  

Phosphorylation is the most broadly examined post-translational modification within the 
central nervous system [125, 222, 244]. Physiological shifts in neuronal activity, such as those 
that occur during memory formation, can lead to changes in protein phosphorylation; in a 
similar fashion, pathological changes in brain activity, such as those that occur during 
cerebral ischaemia, can also affect phosphorylation status. One principal means whereby the 
pattern of phosphorylation, especially at tyrosine residues [45, 80], can affect brain function 
is by regulating the activity of ionotropic receptors, which mediate the vast majority of rapid 
signal transmission. While the phosphoregulation of many ionotropic receptors has been 
examined, the NMDA sub-type of receptors that respond to the excitatory neurotransmitter 
glutamate has been the subject of a disproportionate level of attention due to its key role in 
neuronal communication.  

To contribute to ongoing efforts directed at developing improved pharmacotherapies for 
stroke, the present review will provide a reflection on the manner in which ischaemic injury 
may alter neuronal physiology through changes in the tyrosine phosphorylation of the 
NMDA receptor; in particular, three goals will aim to be accomplished: (a) providing a 
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general review of the primary upstream changes initiated by cerebral ischaemia, and, in so 
doing, highlighting the importance of the NMDA receptor (b) offering a summary of the 
structure and function of the NMDA receptor, and the evidence that establishes how the 
receptor’s function and cellular distribution are altered by tyrosine phosphorylation (c) 
outlining what is known about how ischaemia may set in motion cellular changes leading to 
the aberrant, potentially harmful, and possibly self-amplifying over-activation of the NMDA 
receptor.  

2. Cerebral ischaemia 

2.1. Definition, prevalence, and risk factors 

Insufficient cerebral blood supply may result from either the collapse of systemic circulation 
(leading to global ischaemia), or from the occlusion of a vessel that supplies a discrete region 
of the brain (leading to focal ischaemia). Although there are several possible causes of focal 
occlusions, they are predominantly the result of a foreign substance travelling within the 
cerebral circulation until the lumen becomes too narrow to permit further movement 
(embolism) [240]; the principal source of emboli is believed to be atherosclerotic plaques [187]. 
While uncontrolled bleeding from a vessel (haemorrhage) can also cause ischaemia of a focal 
nature, occlusion is thought to account for approximately 80% of focal events [198, 230]. 

For several decades, stroke has consistently been recognised as one of the leading causes of 
death worldwide, and one of the major causes of severe disability. Globally, over 15 million 
people per year are diagnosed with stroke, and a third of those afflicted die from 
complications relating to the injury [255]. In addition to significant medical consequences for 
affected individuals, cerebral ischaemia also presents enormous socioeconomic costs; for 
example, recent estimates place the direct and indirect annual costs associated with stroke in 
the United States at approximately 65 billion USD [47], while similarly constructed 
European estimates place the annual costs at approximately 77 billion USD [172]. Given that 
those who survive an ischaemic attack must cope with a variety of significant cognitive 
deficits (including aphasia, hemiparesis, and memory problems) that often lack treatment, 
the social costs of stroke are as enduring as they are significant. 

Understanding the underlying causes of cerebral ischaemia requires an appreciation for the 
numerous genetic and environmental factors that contribute to its development, and that its 
determinants may be divided into non-modifiable and modifiable categories. The primary, 
and most significant, non-modifiable risk factor is age. The incidence of stroke rises 
exponentially with age, and the majority of strokes are seen within individuals who are 
older than 65 years of age [83, 203]. Gender is also an important consideration, for stroke 
incidence among men has consistently been shown to be approximately one-third greater 
than among women [203]. In addition, numerous American studies have indicated that the 
occurrence of stroke among multiple non-white demographic groups is greater than among 
white individuals, even when socioeconomic factors are considered [95, 202]. The principal 
modifiable risk factor for cerebral ischaemia is hypertension, and a large body of work has 
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illustrated that the likelihood of stroke rises proportionately with increasing blood pressure 
[210, 256]. As well, cardiac disease, notably atrial fibrillation and coronary artery disease 
[203, 257], and metabolic disease, particularly type II diabetes and dyslipidaemia [189, 256], 
are also associated with elevated stroke risk. Finally, several lifestyle factors, including 
physical activity levels, cigarette smoking, alcohol consumption, and diet, have been shown 
to independently affect the potential for stroke development [13, 92, 93, 251].  

2.2. Pathogenesis 

Despite comprising only about 2% of total body weight, the brain receives 15% of cardiac 
output and consumes about 20% of the oxygen utilised by the body [28]. The brain’s 
disproportionate circulatory demands are attributable to a high metabolic rate based almost 
exclusively upon cellular respiration; in addition, unlike most other organs, glucose stores in 
the brain are sufficient to cover energy requirements for only about one minute [83]. In a 
relatively quick manner, reduction of blood flow beyond a critical threshold results in the 
inability of neurones to fire action potentials, and, if sufficiently extensive, may lead to the 
failure of oxidative phosphorylation, which is the principal method of cellular energy 
production [5]. To avert the cellular energy crisis that rapidly follows reduced blood supply, 
cells in an affected area rely increasingly upon glycolysis; consequently, tissue 
concentrations of lactate and hydrogen ions increase dramatically, causing acidosis [214]. 
However, the comparatively meagre amount of energy provided by anaerobic metabolism 
provides limited compensation, and, in a short period of time, the lack of high-energy 
phosphate, combined with decreased pH, precipitates a multifactorial increase of membrane 
permeability.  

A number of ionic gradients exist across the neuronal membrane (high intracellular [K+] and 
low intracellular [Na+], [Cl-], and [Ca2+]), and these are quickly disrupted by the collapse of 
various energy-dependent pumps and transporters. Of particular note is Na+/K+-ATPase 
pump failure, which allows Na+ to move into the cell causing neuronal depolarisation 
accompanied by the passive diffusion of Cl- and water [126, 230]. In combination, the 
normalisation of ions across the cellular membrane and the concomitant movement of water 
lead to intracellular swelling that causes osmolysis (cytotoxic oedema), which significantly 
contributes to acute neuronal cell death [60].  

Disrupted ionic homeostasis also leads to a dramatic and unregulated increase in the fusion 
of neurotransmitter storage vesicles with pre-synaptic membranes, which causes a massive 
release of vesicular content. Of the transmitters that flood the synapse following ischaemia, 
the most intensely studied has been the amino acid glutamate, which is the principal 
mediator of excitatory neurotransmission within the mammalian brain. The harm that might 
result from excessive glutamate was first observed in studies that found its systemic 
administration caused pronounced retinal degeneration [142, 173], a phenomenon described 
as “excitotoxicity”. A substantial body of subsequent work has established that glutamate is 
a key element of neurodegeneration in general, and of ischaemic cell death in particular 
[119, 133, 199]. For example, glutamate efflux precedes widespread injury to cellular 
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membranes and enzyme systems [2], the extracellular concentration of glutamate rises 
dramatically during ischaemia [63, 84], glutamate release is correlated with insult severity 
[29, 224], and glutamate receptor antagonists provide significant protection against 
ischaemic brain damage [119, 155, 215]. 

The widespread release of glutamate and the excessive stimulation of its high-affinity post-
synaptic receptors are thought to act as critical elements that permit a profound rise of the 
intracellular calcium ion concentration. Calcium ions are involved in an array of neuronal 
functions, and their intracellular concentration is rigourously maintained at a level 
approximately 104 times lower than their extracellular concentration [143] by a combination 
of specialised binding proteins [8], sequestration within organelles [77], and extrusion [232]. 
One of the first studies to recognise the importance of calcium ions in cell death found that 
degeneration following axonal amputation occurred only when calcium ions were present 
in the bathing medium [208]. Subsequently, the essential role played by Ca2+ in glutamate-
mediated cell death became established by studies that used mouse neocortical cultures [36, 
88], rat hippocampal cultures [115, 190], and rat brain slices [57, 137]. Furthermore, work 
with culture [37, 67, 207], slice [276], and in vivo [15] models of ischaemia went on to reveal 
that a specific sub-type of glutamate receptor - the ionotropic NMDA receptor (section 3) - 
accounts for the majority of Ca2+ entry during and immediately after an ischaemic insult. 

The dysregulation of intracellular Ca2+ has become recognised as a central branch point 
within the ischaemic cascade [11, 133, 213, 223], and serves as an important link between 
upstream activation of glutamate receptors and downstream stimulation of cell death 
mediators; for example, catalytic enzymes and free radicals. Several cytodestructive 
enzymes appear to be activated by cerebral ischaemia [119, 133, 185, 192], including 
proteases, phospholipases, and endonucleases. One set of enzymes that has received 
significant attention is the calpains, which are cytosolic cysteine proteases with variable 
Ca2+-binding domains [217]. Calpains are ubiquitously expressed in the CNS, and a clear rise 
in their levels has been observed in models of both transient focal and global ischaemia [272, 
280]. As well, activated calpains have been associated with damage to a variety of proteins 
[10, 241, 254], and calpain inhibitors have been found to provide a measure of protection in 
both culture [10] and in vivo models of ischaemia [12].  

Free radicals have emerged as important players in the development of ischaemia-induced 
neuronal damage [3, 111, 133, 139]. The detection of free radical production following 
excitotoxicity caused by NMDA receptor stimulation has been clearly demonstrated in a 
variety of cultured rodent neurones [50, 76, 117, 194], and various groups have shown 
neuroprotection against excitotoxicity using antioxidant compounds [119]. As well, the 
mechanism of excitotoxicity-induced free radical production has been linked to Ca2+ by a 
report that demonstrated exposing isolated mitochondria to increasing calcium and sodium 
concentrations elevated free radical production [52], and another that showed removing 
extracellular calcium attenuated free radical production following NMDA application [50]. 
In addition to mitochondrial impairment, increased levels of reactive oxygen and nitrogen 
species are likely due to a combination of suppressed free radical scavengers and the 
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elevation of formative enzymes, such as xanthine oxidase, cyclooxygenase, and nitrogen 
oxide synthases. Collectively, the cellular changes caused by increased free radical activity 
are extensive, and include lipid peroxidation, protein denaturation, and nucleic acid 
modification.  

Slight changes in cerebral blood supply can be effectively managed by autoregulatory 
mechanisms that govern blood flow and oxygen extraction; however, decreases beyond this 
primary threshold initiate numerous cellular changes that become more severe in direct 
relation to the extent of the disturbance. The critical stages of stroke pathogenesis (figure 1) 
develop following a rapid and sustained drop of neuronal energy supply, and are generally 
thought to include a loss of ionic homeostasis, the unregulated release of the excitatory 
transmitter glutamate, the profound over-activation of glutamate receptors (particularly, the 
NMDA receptor), the dysregulation of intracellular Ca2+ levels, and the activation of a 
number of calcium-mediated internal changes that broadly affect cellular structure and 
function. While the exact manner and time course of ischaemia-mediated changes can be 
varied, and is influenced by factors such as insult severity, neuronal maturation, phenotype, 
and connectivity, the one thing held in common is the ultimate development of extensive 
neuronal cell death.   

 
Figure 1. Summary of major elements in the early stages of ischaemic pathogenesis. 

3. The NMDA receptor 

3.1. Historical overview 

Glutamate receptors (GluRs) mediate the majority of excitatory transmission in the 
vertebrate CNS, and participate in a number of physiological processes, including the 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 270 

formation of neuronal networks during development [43, 110], the pattern of ongoing 
synaptic communication [236], and the cellular plasticity believed to underlie learning and 
memory [21, 146]. In addition to an intimate involvement with the brain’s physiology, 
glutamate responsive receptors are also of central importance in several neuropsychiatric 
conditions. For example, the GluRs have been implicated in neurodevelopmental disorders 
(e.g., schizophrenia) [59], mood disorders (e.g., depression) [149], chronic 
neurodegeneration (e.g., Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral 
sclerosis) [1, 22, 100], and pain transmission [20], in addition to brain injury (e.g., head 
trauma and stroke).   

The broad influence of glutamate-mediated signalling upon synaptic function and 
dysfunction is attributable to the broad anatomical and cellular distribution of GluRs, and 
that they exist in two functionally and pharmacologically distinct varieties: metabotropic 
(mGluRs) and ionotropic (iGluRs). The metabotropic receptors are coupled to G-proteins, 
and, while structurally related to one another, do vary appreciably in their distribution and 
signal transduction mechanisms [175, 193]. The ionotropic receptors are non-specific cation 
channels that possess a common general structure, but vary considerably in both 
distribution and function [153, 175, 236]. As well, the iGluRs have been divided into three 
sub-types based upon relative selectivity to three exogenous agonists: N-methyl-D-aspartate 
(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate.  

Important preliminary evidence for diversity within excitatory neurotransmission was 
found in the early 1960s when the synthetic GluR agonist NMDA was shown to potently 
excite neurones [44]. Subsequent work in the 1970s, using radioligand binding and specific 
antagonists, established the existence of a specific NMDA subtype of iGluR (NMDAR) [154]. 
Following the advent of molecular cloning technology in the 1980s, a receptor complex 
possessing the functional characteristics ascribed to the NMDAR was characterised [158], 
which confirmed the existence of this particular iGluR sub-type, and helped to foment 
investigation into its physiopathological roles. 

3.2. Subunit structure and assembly 

The NMDA receptor is thought to be a heteromeric complex formed from a combination of 
four subunits: GluN1, GluN2 (with four known sub-types, labelled A-D), and GluN3 (with 
two identified sub-types, labelled A and B); notably, the nomenclature for GluR subunits 
has recently changed [42]. The GluN1 subunit has been shown to be essential to the 
formation of functional receptors [55], while the GluN2 and GluN3 subunits are believed to 
impart distinct gating and ion conductance properties [236]. Although the stoichiometry of 
subunits remains to be definitively resolved, endogenous NMDA receptors are thought to 
require the assembly of two GluN1 subunits with either two GluN2 subunits, or a 
combination of GluN2 and GluN3 subunits [19, 236]. Regardless of their ultimate 
arrangement, similar to other iGluRs, NMDARs are thought to be held within the 
endoplasmic reticulum until they assemble in a manner sufficient to permit counteraction of 
a retention signal [183].  
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One important limitation to improved understanding of NMDAR composition is the 
significant degree of developmental and anatomical heterogeneity that exists within subunit 
expression. The GluN1 subunit displays a peak degree of expression late in embryonic life 
before slightly declining to a relatively stable level of post-natal expression, while the GluN2 
subunits vary considerably in their expression across the lifespan [53, 252]. For example, the 
GluN2A and GluN2C subunits are found post-natally, the GluN2B is expressed both before 
and after birth, although expression levels decline considerably between the early post-natal 
period and adulthood, and the GluN2D subunit is overwhelmingly restricted to embryonic 
development. As well, the GluN1 subunit is found in all central neurones, but a significant 
degree of anatomical heterogeneity exists among GluN2 subunits; in particular, the GluN2A 
and GluN2B subunits are found throughout the forebrain, the GluN2C subunit is limited to 
the cerebellum, and the GluN2D subunit is found predominantly within the midbrain [53, 
156, 252, 253]. 

 
Figure 2. (A) Diagram of the structure for a typical NMDA receptor subunit. (B) Schematic illustrating 
one possible heterotetrameric combination of GluN subunits, along with identification of those GluN2 
C-terminal tyrosine residues believed most relevant to phosphorylation-mediated changes in receptor 
gating and surface expression.   

Despite being variably expressed, each NMDA receptor subunit shares a similar general 
architecture: a large extracellular region that consists of the amino-terminal and ligand 
binding domains, a pore-forming transmembrane region, and an intracellular region 
containing the carboxy-terminal domain [19, 56, 236] (figure 2). The N-terminal domain, at 
least in certain GluN2 subunits, is believed to allow receptor activity to be non-
competitively inhibited by ligands such as zinc [177], although this may be an artifact of 
heterologous expression [261]. The adjacent ligand-binding domain is elegantly formed by 
two, non-contiguous segments that are separated by a portion of the polypeptide sequence 
thought to weave its way through most of the transmembrane region; as a result, 
conformational changes within the ligand-binding domain are thought to influence opening 
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of the channel pore [56]. Four hydrophobic domains are believed to form the 
transmembrane region: the M1, M3, and M4 are predicted to cross the membrane as helices, 
while the M2, which lines the lumen of the pore, is expected to be a re-entrant loop that 
connects M1 and M3 [14, 19].  

Among the NMDAR subunits, the C-terminal domain (CTD) is regarded as the most 
divergent region of the protein sequence [201], and can vary between 80-600 amino acids 
[56]. In addition to accounting for almost half the length of certain subunits (e.g., GluN2A 
and GluN2B), the CTD appears to be particularly important for intracellular signalling, 
trafficking, and localisation of the receptors due to the presence of multiple protein motifs 
that permit interaction with a variety of enzymes and scaffolding molecules. In particular, 
the intracellular region contains multiple locations for post-translational modifications, such 
as tyrosine phosphorylation [31, 125, 205, 236].  

While the comparatively short CTD of the GluN1 does possess a tyrosine residue (Y837) 
[204], the subunit does not appear to experience tyrosine phosphorylation [121]; in contrast, 
each CTD of the GluN2 subunit contains 25 tyrosine residues, although not all of these 
residues will accept a phosphate group. On the GluN2A subunit, Y1292, Y1325, and Y1387 
are thought to be the primary tyrosine residues subject to phosphoregulation [114]. On the 
GluN2B subunit, phosphorylation of Y1252, Y1336, and Y1472 has been reported [163]. 
Despite comprising a relatively small number of sites within the extensive CTD, tyrosine 
residues have become regarded as crucial points of convergence for signalling pathways 
that modulate NMDAR activity [170, 204, 205, 237].  

3.3. Receptor function and cellular distribution 

The basic pattern of excitatory signal transmission between the overwhelming majority of 
central neurones in the mammalian brain involves the pre-synaptic release of glutamate, its 
passage across the synaptic cleft, and its interaction with post-synaptically positioned 
GluRs. While basal synaptic transmission tends to be mediated by the AMPA sub-type of 
iGluR, periods of higher frequency synaptic activation (such as those that would tend to be 
present during an ischaemic event) recruit the NMDAR; the primary reason for the distinct 
activation profiles rests with a unique characteristic of the receptor. During basal 
transmission, the NMDAR’s endogenous agonist (i.e., glutamate, which binds to an 
extracellular segment of GluN2 or GluN3 subunits) and its co-agonist (i.e., glycine, which 
binds to an extracellular segment of the GluN1 subunit) are present, yet the receptor 
remains functionally silent (i.e., ion conductance does not occur). The lack of basal NMDAR 
activity is attributable to a voltage-dependent blockade of the channel pore. At resting 
membrane potentials, external magnesium ions (which experience a significant inward 
driving force due to their high external concentration) enter the NMDAR pore, and bind in a 
manner that prevents further ion passage; however, membrane depolarisation of a sufficient 
magnitude and duration leads to the expulsion of Mg2+ from the pore, which permits the 
subsequent movement of cations [168].  
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Upon activation, glutamate receptors become permeable to both monovalent and, in some 
cases, divalent cations; however, the nature and degree of ion flux is not equivalent across 
iGluRs, and the NMDA sub-type has become acknowledged as the primary mediator of Ca2+ 
passage [57, 152, 236]. The ability to permit the entry of calcium ions is a primary reason that 
NMDARs make substantial contributions to both physiological and pathological 
phenomena [223, 236], although their pattern of cellular distribution also plays a role in their 
wide functional reach. Similar to many other ion channels, NMDARs are recognised as 
being widely dispersed across the cellular surface, however, information regarding the 
manner in which membrane bound receptors are distributed has only recently begun to be 
gathered. The available evidence indicates that NMDARs are not uniformly distributed at 
the plasma membrane, but can be divided into three spatially defined categories: synaptic, 
peri-synaptic and extra-synaptic [70].  

The post-synaptic population exhibits the greatest density, relative to the other sub-regions, 
and responds directly to pre-synaptically released glutamate [70]. Peri-synaptic NMDARs 
have been operationally defined as those located within a 300 nm range of the post-synaptic 
terminal [70, 184, 275], and are believed to be activated by glutamate released from the pre-
synaptic terminal following strong stimulation. Approximately half of all surface NMDARs, 
depending upon the developmental stage, are located extra-synaptically; however, relative 
to synaptic receptors, this compartment has a low density given the much broader area [72, 
233]. Under physiological conditions, extra-synaptic NMDARs are unlikely to be activated 
by pre-synaptically released glutamate; however, they could be stimulated by glutamate 
released either from other sources [104, 128], or following the spillover of synaptic 
glutamate caused by ischaemia. 

4. Regulation of NMDA receptors by tyrosine phosphorylation 

4.1. Phosphorylation as a key determinant of ligand-gated ion channel function 

Proteins exist as part of a complex system of elements that interact with one another to allow 
a cell to respond, directly or indirectly, to changes in its environment. Over several decades, 
the cellular distribution and molecular interactions of many proteins have been shown to be 
fundamentally regulated by post-translational modification in the form of phosphorylation 
[178, 238]. In essence, phosphorylation involves the protein kinase-mediated transfer of the 
γ-phosphate from adenosine triphosphate to a serine, threonine, or tyrosine residue of a 
substrate (although other amino acids may also be modified [40]), and is a process 
counteracted by protein phosphatases, which catalyse dephosphorylation.  

Near the end of the 1980s, phosphorylation began to emerge as an important determinant in 
the function of a class of proteins essential for most neuronal communication – ligand-gated 
ion channels (LGICs). The first study to illustrate that LGICs could be regulated by 
phosphorylation revealed that NMDA currents recorded from cultured hippocampal 
neurones gradually declined during dialysis with an intracellular solution, but that the loss 
of receptor activity could be prevented by the addition of an ATP regenerating solution to 
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the dialysate [148]. In the mid-1990s, further work not only confirmed that the NMDA 
receptor was indeed regulated by phosphorylation, but also that a critical site for the 
modification was at tyrosine residues [249]. Subsequent reports established that a variety of 
other LGICs, such as the inhibitory GABA-A receptor [159] and the nicotinic acetylcholine 
receptor [246], were also regulated by the activities of tyrosine kinases and phosphatases, 
and helped to establish the importance of phosphorylation in the control of synaptic 
function. 

4.2. Regulation of NMDA receptors by tyrosine phosphorylation 

Electrophysiological studies have established that NMDAR function is regulated by a 
balance between phosphorylation and dephosphorylation of tyrosine residues [31, 204, 205]. 
Within mammalian neurones, introducing an exogenous protein tyrosine kinase (PTK), or 
inhibiting endogenous protein tyrosine phosphatase (PTP) activity enhances NMDAR 
currents [249]; in contrast, inhibiting PTK activity [249, 250], or introducing an exogenous 
PTP [250] suppresses NMDAR currents. In addition, exogenous PTKs have been shown to 
potentiate currents mediated by recombinant NMDARs [32, 108]. During the past twenty 
years, members of the Src family of PTKs have emerged as the predominant tyrosine kinases 
responsible for mediating activity of the NMDA receptor. 

4.2.1. Src Family Kinases (SFKs) and the brain: An introduction 

The Src family of non-receptor, protein tyrosine kinases (SFKs) consists of several lower 
molecular weight proteins (52 to 62 kDa) that share a common domain organisation, which 
includes a catalytic region (the Src homology 1 or SH1 domain) and two regions that guide 
protein-protein interactions (the SH2 and SH3 domains) [170, 204]. Given that Src, the 
prototypical SFK, was initially identified as a proto-oncogene [218], SFKs in the brain were 
originally believed to influence only those processes related to the regulation of neuronal 
proliferation and differentiation [102, 116]. However, SFKs were subsequently shown to be 
expressed in differentiated, post-mitotic neurones, which suggested that these kinases might 
participate in neural activity past the point of early development [86, 220]. Notably, 
significant changes in neuronal plasticity and behaviour have been observed in adult mice 
lacking certain SFKs [68, 239], while the expression and activity of Src was shown to increase 
during spatial learning [278]. 

Within the mammalian nervous system, the expression of five members of the SFKs has 
been established; of these, Src [101], Fyn [221], and Yes [105] have been found within the 
post-synaptic density (PSD), which is a specialised region of the post-synaptic terminal 
thought to provide a molecular scaffold that helps regulate proper protein placement. In 
addition, Src [270], Fyn [267], and Yes [105] have been shown to be components of a large 
complex in the PSD that includes the NMDA receptor. Considered together, the biochemical 
analyses reveal that several SFKs have a spatial distribution appropriate to permit 
regulation of NMDAR function. 
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4.2.2. Evidence to support SFKs as modulators of NMDAR channel gating 

When activated, ion channels, such as the NMDAR, passively conduct charged particles 
(i.e., they permit current flow) across the plasma membrane in a direction influenced by 
electrostatic forces and the ionic concentration gradient. The transition of a channel between 
closed and open states (i.e., from non-conducting to conducting) is referred to as gating, and 
requires a dramatic, albeit temporary, change in the channel’s structure. The first evidence 
that SFKs might affect NMDAR function through alterations in channel gating was 
provided by a study that recorded channel currents from dissociated neurones [270]. A 
specific, high-affinity activator of SFKs [134] increased synaptic NMDAR-mediated currents, 
while an antibody that inhibited SFKs (anti-cst1; [195]), but not other protein tyrosine 
kinases, depressed NMDAR channel gating. A subsequent report, which recorded activity 
within neurones from acutely prepared brain slices, confirmed that the phosphopeptide SFK 
activator was able to significantly enhance NMDAR gating [141]. 

Additional support for the ability of SFKs to mediate NMDAR function was provided by a 
study that found protein tyrosine phosphatase alpha (PTPα) enhanced NMDAR-mediated 
synaptic currents in both cultured neurones and brain slices, while reducing PTPα activity 
with an inhibitory peptide reduced NMDAR currents [127]. Although the findings appear 
superficially paradoxical, PTPα is thought to activate SFKs by selectively dephosphorylating 
a residue in their regulatory domain, and thereby interfering with an intramolecular 
interaction that maintains the kinases in an inactive state [176]. In support of the proposed 
mechanism of action, PTPα has been shown to activate several different SFK members 
within cell lines [17, 87, 279], and SFK activity is substantially reduced in PTPα deficient 
mice [186]. As well, in cells lacking SFKs, or in which SFK activity is inhibited, PTPα has no 
effect on NMDAR currents [127]. 

While little doubt can exist that SFKs are involved in regulating NMDAR activity, the 
identities of the family members that might contribute to the process are not definitively 
known; however, considerable evidence has drawn attention to at least two kinases. The 
first candidate to be examined was Src, which was implicated by experiments illustrating 
that application of Src-specific inhibitors (the antibody anti-src1, and the peptide Src(40-58), 
which was the immunogen used to create the antibody) significantly decreased synaptic 
NMDAR-mediated currents and NMDAR channel gating [270]. As well, the Src-specific 
inhibitors were found to prevent the increased channel activity produced by application of a 
high-affinity SFK-activating peptide, which suggested that endogenous Src is required for 
SFK-mediated upregulation of NMDAR activity. To provide a structural complement to the 
functional studies, recent work with GluN2A subunits expressed in a heterologous 
expression system has found that Src directly interacts with segments in the C-terminus [75]. 

The second SFK member considered to have a role in NMDAR activity is Fyn, which was 
initially implicated by experiments wherein exogenous Fyn was shown to modulate 
glutamate-evoked currents mediated by recombinant NMDARs expressed in HEK293 cells 
[108]. Subsequently, co-expression of a constitutively active form of Fyn with GluN1 and 
GluN2B subunits in cerebellar granule cells was found to cause a significant increase in the 
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amplitude of NMDA miniature excitatory post-synaptic currents [188]. In addition, several 
groups have reported that Fyn is able to phosphorylate both GluN2A and GluN2B within 
post-synaptic densities of the rodent forebrain [237].  

Along with a direct effect upon NMDARs, SFKs may influence channel activity by 
phosphorylating proteins that associate with the receptor. For example, the post-synaptic 
density contains several proteins that are both tyrosine phosphorylated and potentially 
connected with NMDAR function, such as the scaffold protein PSD-93 [161, 206]. As well, 
phosphorylation of GluN2B may recruit signalling proteins, such as phosphatidylinositol 3-
kinase, which has been shown to associate with the subunit [94, 182]. In addition, tyrosine 
phosphorylation of GluN2 subunits may prevent the loss of signalling molecules from the 
NMDA receptor by limiting degradation caused by calpain [18, 197], one of the principal 
proteases activated following ischaemia (section 2.2). Taken together, the variety of evidence 
suggests that SFKs may indirectly influence NMDAR function by altering the manner in 
which scaffolding and signalling proteins interact with GluN subunits. 

4.2.3. Evidence to support SFKs as modulators of NMDAR trafficking 

Rapid synaptic communication was traditionally believed to be altered by structural 
changes in ligand-gated ion channels that affected gating properties, such as mean open 
time and open probability. However, during the past fifteen years, cellular trafficking 
events, which modify the surface density of ion channels, have attracted considerable 
attention as an additional means whereby synaptic transmission can be regulated [41]. 
Although the inhibitory GABA-A receptor was the first LGIC found to undergo changes in 
cell surface expression in response to extracellular signals [245], the trafficking of other 
receptors, notably the NMDAR, has been the subject of growing interest over the past 
decade [70, 120, 183]. In particular, a number of studies have revealed that NMDARs are 
quite mobile, and undergo regulated trafficking between intracellular organelles and the 
plasma membrane [51, 64, 74, 124, 188, 191] and between extra-synaptic and synaptic sites 
[65, 71, 234]. 

The earliest evidence that NMDAR trafficking could be influenced through tyrosine 
phosphorylation was provided by a study wherein the repeated application of glutamate to 
heterologously expressed GluN1 and GluN2A subunits lead to an increase in receptor 
internalisation that could be prevented by application of Src [242]; using site-directed 
mutagenesis, the authors found that agonist-mediated dephosphorylation of a single 
tyrosine residue in the C-terminus of the GluN2A subunit was responsible for the reduced 
surface expression of functional channels. Subsequent studies wherein tyrosine phosphatase 
activity was reduced have demonstrated that phosphorylation of the NMDAR is positively 
associated with its surface expression. For example, brief treatment of cultured striatal 
neurones with a general inhibitor of tyrosine phosphatases increased the level of GluN2 
subunit tyrosine phosphorylation and their surface expression [85]. As well, treatment of 
cultured cortical cells with a short interfering RNA to reduce the expression of a tyrosine 
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phosphatase known to interact with the NMDAR lead to both an increase in its surface 
expression and the level of Ca2+ influx after agonist stimulation [24]. 

While enhanced surface expression of a receptor would reasonably be expected to increase 
its activity, the possibility that such a change will have a functional outcome is greater if the 
insertion occurs at synaptic membranes. In acutely prepared striatal slices from adult 
animals, a tyrosine phosphatase inhibitor was observed to increase the phosphorylation 
state of GluN2 subunits and increase their association with synaptosomal membranes; 
notably, treatment with a tyrosine kinase inhibitor had effects in the opposite direction [51]. 
An ensuing study that used tissue slices from the adult hippocampus and a separate set of 
tyrosine kinase and phosphatase inhibitors found the same general pattern tying together 
changes in GluN2 subunit phosphorylation status with synaptosomal membrane density 
[64]. Intriguingly, a further report revealed that the surface location to which GluN2 
subunits are trafficked may be differentially affected by changes in tyrosine 
phosphorylation [65]. In particular, increasing the phosphorylation level of GluN2B 
subunits through the application of a tyrosine phosphatase inhibitor tended to increase the 
extra-synaptic expression of the NMDAR more greatly than its synaptic expression. 

4.2.4. Balancing of SFK activity by tyrosine dephosphorylation 

The level of NMDAR tyrosine phosphorylation is currently understood to be regulated by a 
balance between the activity of SFKs and protein tyrosine phosphatases [170, 204, 205] 
(figure 3). The PTPs are a large, structurally diverse family of enzymes [247] that play a 
number of important roles in the CNS, including contributing to the regulation of neural 
development [162, 219]. The striatal enriched phosphatase (STEP) is a brain-specific, non-
receptor PTP that was originally found to be highly expressed within the adult rodent 
striatum [66, 138], and has subsequently been identified in other regions, such as the 
hippocampus [23]. While STEP immunoreactivity can be observed throughout the soma and 
processes of neurons [23], its presence at the post-synaptic density [174], a prominent 
structure at excitatory synapses, and its direct interaction with NMDARs [181], strongly 
suggest that the phosphatase contributes to signal transduction. 

The ability of broad PTP inhibition to increase, and broad PTP activation to decrease, 
NMDAR gating in spinal cord neurones provided the initial evidence that the receptor was 
modulated by a phosphatase [250]. However, the identification of STEP as the putative 
candidate was not proposed until a report using the same experimental preparation showed 
that recombinant STEP reduced NMDAR activity, while the intracellular application of a 
function-blocking STEP antibody increased synaptic NMDAR-mediated currents [181]. 
Furthermore, within hippocampal slices, inhibition of STEP was shown to increase NMDAR 
activity, while recombinant STEP was able to occlude the development of a form of 
NMDAR-dependent synaptic plasticity. 

The modulation of NMDA receptor function by STEP has become associated with its ability 
to affect the level of phosphorylation at a single tyrosine residue (Y1472) located in the distal 
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portion of the GluN2B C-terminus [123, 196]. When dephosphorylated, the unique residue, 
which is part of a short motif (YXXφ, where X is any amino acid and φ = a bulky 
hydrophobic amino acid), promotes endocytosis by allowing the development of 
hydrophobic interactions between cargo molecules and clathrin adaptor proteins, such as 
AP-2 [235]. Notably, the phosphorylation of Y1472 and the association of GluN2B with 
adaptor proteins are inversely associated [164], and the overexpression of a Y1472 mutant 
unable to interact with AP-2 leads to a significant increase in the number of NMDA 
receptors at the synapse [188]. As well, STEP co-immunoprecipitates with the GluN1 
subunit [181], directly dephosphorylates Y1472 [216], and, when deleted from the mouse 
genome, causes hyperphosphorylation of Y1472 in synaptosomal membranes prepared from 
the hippocampus [277]. Along with a direct effect upon Y1472, STEP may also act indirectly 
by dephosphorylating regulatory residues in the catalytic domains of Fyn, which is the 
principal SFK acting at Y1472 [165], and proline-rich tyrosine kinase 2 (Pyk2), which is an 
upstream activator of SFKs [262]. 

 
Figure 3. A simplified illustration of the key elements that regulate tyrosine phosphorylation of the 
NMDA receptor at the post-synaptic terminal. 

5. Ischaemia-related changes in tyrosine phosphorylation of the NMDA 
receptor 

5.1. Effects of ischaemia upon NMDA receptor subunit expression 

Ischaemia causes a dramatic change in gene expression, which is largely attributable to a 
broad reduction in gene transcription and/or the inhibition of protein translation [109, 112]. 
While the general pattern of change suggests the level of most genes (and their protein 
products) will be reduced after ischaemia, several genes do show an increased level of 
expression; for example, certain ones associated with neuronal survival, such as members of 
the heat shock family of proteins. The first study to examine the effect of transient global 
ischaemia upon GluN2 subunits found that mRNA of both the GluN2A and GluN2B 
subunit declined in a progressive manner over 24 h of reperfusion, and that the 
transcriptional change was reflected in a pronounced loss of the proteins over the same time 
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period [274]; notably, the study employed an antibody that detected an epitope shared 
between the subunits, so the relative nature of the protein loss was not apparent. A 
subsequent study that used subunit specific antibodies revealed that the pattern of reduced 
protein expression may not be equal, for the loss of the GluN2A subunit was greater [228]. 
In agreement with the possibility that GluN2 subunits may be differentially affected by 
ischaemic insult, hypoxia-ischaemia applied to rats at post-natal day seven caused a 
reduction of GluN2A protein levels within one hour of reperfusion, while a reduction in the 
GluN2B subunit was not observed; in contrast, similar experiments performed with animals 
at post-natal day 21 showed a significant reduction of only the GluN2B subunit [82].  

While evidence does exist that the expression of GluN2 subunit proteins may be decreased 
by ischaemia, a comparatively greater amount of work suggests that the level of the 
subunits is not altered. For example, no change in GluN2B immunolabelling was detected in 
hippocampal synaptosomes prepared six hours after a period of transient global ischaemia 
in gerbils [179]. As well, the level of GluN2A and GluN2B subunit proteins in either 
hippocampal homogenates [227], or forebrain post-synaptic densities [226] prepared six 
hours following global ischaemia in rats did not appear to differ from the levels seen in 
control samples [227]; in agreement, a large group of studies that employed the same 
experimental approach failed to find an effect of the insult upon hippocampal protein 
expression of the GluN2A subunit (the GluN2B subunit was not examined) [33, 98, 136, 144, 
248]. When the period of reperfusion was extended to 24 h, one study continued to find no 
change [97], while another found a slight, albeit significant, decline in GluN2A protein 
levels in whole hippocampal homogenates (again, the GluN2B subunit was not assessed) 
[135]. Collectively, the data strongly suggest that GluN2 subunit protein expression, 
particularly of the GluN2A variant, is not likely to be altered within the first 24 h after a 
brief period of global ischaemia in adult animals. 

5.2. Ischaemia and the general cellular pattern of tyrosine phosphorylation 

In the early 1990s, a brief stimulation of cultured hippocampal neurones with either 
glutamate, or NMDA was shown to cause a significant increase in tyrosine phosphorylation 
of mitogen activated protein kinase (MAPK, a class of kinases that respond to extracellular 
signals and mediate proliferation, differentiation, and cell survival) in a manner sensitive to 
blockade of the NMDA receptor [7]. Given the establishment of a connection between 
NMDA receptor activation and downstream tyrosine phosphorylation, subsequent reports 
sought to determine whether the excessive stimulation of the receptor that occurs during 
ischaemia would cause a similar pattern of change. Indeed, a brief period of bilateral carotid 
artery occlusion in gerbils (which would cause global ischaemia) was found to very quickly 
evoke a significant and transient increase in hippocampal MAPK phosphorylation that 
could be prevented through NMDAR antagonism [30, 107].  

Once the association between ischaemia-mediated activation of the NMDA receptor and 
MAPK phosphorylation had been confirmed, a search for other proteins that might 
experience an induced change in tyrosine phosphorylation began in earnest. Within gerbils, 
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global ischaemia was clearly shown to cause a rapid and significant increase in the level of 
tyrosine phosphorylation of a number of hippocampal proteins, particularly those with a 
higher molecular weight [171, 179, 269]. Within rats, both transient forebrain [99, 209] and 
global [34, 225, 228] ischaemia were found to induce a sustained increase in tyrosine 
phosphorylation of higher molecular weight proteins in the hippocampus. In addition, 
acutely prepared hippocampal slices subjected to in vitro models of ischaemia (i.e., oxygen-
glucose deprivation) also displayed changes in the general level of tyrosine 
phosphorylation; however, while the magnitude of the effect was similar to that observed 
with the in vivo models, the direction of the effect was the opposite [6, 26]. 

Intriguingly, the post-ischaemic increase in tyrosine phosphorylation observed with in vivo 
injury did not appear uniformly throughout the hippocampus, which is composed of three 
major sub-fields: cornu ammonis (or CA) sector 1, CA3, and the dentate gyrus [54, 131]. 
Immunohistochemical labelling of hippocampal slices prepared at several time points 
following global ischaemia indicated that the CA3 and dentate gyrus appear to have the 
most intense initial increases in phosphorylation, but that, over several days, the CA1 region 
becomes more strongly labelled [269]. Immunoblotting revealed that the CA3 and dentate 
gyrus regions displayed greater tyrosine phosphorylation, particularly of higher molecular 
weight proteins, during the first two days after insult [228]. A disproportionate increase of 
tyrosine phosphorylation in the CA3-dentate gyrus was also observed in synaptosomes 
(sub-cellular fractions of pre-synaptic terminals that also include remnants of many post-
synaptic sites) during the first day after ischaemia [99].  

The elevated level of tyrosine phosphorylation routinely observed in various models of 
ischaemic brain injury would intuitively be attributable to increases in the activity of 
tyrosine kinases, decreases in the activity of tyrosine phosphatases, or a combination of the 
two. Within whole hippocampal homogenates, the level of Src was not found to change 
during a six hour period of reperfusion following either global ischaemia in adult animals 
[273], or hypoxia-ischaemia in pre-weanling animals [103]. In contrast, during the same 
length of time after global ischaemia the level of both Src and Fyn proteins were observed to 
experience about a twofold increase within the post-synaptic density [16, 34, 226].  

Autophosphorylation of Y416 in the catalytic domain of SFKs is necessary to permit enzyme 
activity [204, 211, 266]. Within several hours of reperfusion following global ischaemia, a 
general increase in the level of tyrosine phosphorylation at hippocampal Src was observed 
[135, 136]; as well, a specific increase in Y416 phosphorylation was found within the whole 
hippocampus [38, 79, 248, 258, 273], and the CA1 [130, 264, 273] and CA3-dentate gyrus [79] 
regions. The level of phosphorylated Y416 was also found to be increased in both 
synaptosomes [160] and post-synaptic densities [16, 35, 160] prepared from the rodent 
forebrain region after the return of blood supply to the insulted area. In agreement with the 
immunoblotting data, in vitro enzyme activity assays confirmed that Src function in either 
whole hippocampal homogenates [78], or hippocampal synaptosomes [180] was clearly 
greater several hours after a brief period of global ischaemia. 
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While understanding how ischaemia may alter tyrosine kinase activity has been the 
principal focus of many studies, a developing body of work has chosen to examine changes 
at the level of tyrosine phosphatases; in particular, attention has been drawn to STEP. 
Glutamate-mediated excitotoxicity within cultured cortical neurones lead to the cleavage of 
STEP (i.e., STEP61, a membrane-associated isoform localised to the endoplasmic reticulum 
and post-synaptic density) into a lower molecular weight isoform [66, 166, 263]. In 
agreement with the cell culture work, transient hypoxia-ischaemia in younger rats [81], brief 
focal ischaemia in adult rats [25], and global ischaemia in gerbils [89] caused the loss of 
STEP61, and a concomitant rise of lower molecular weight STEP in the affected brain areas. 
Quite likely, STEP degradation is mediated by Ca2+-activated proteases, such as calpain; for 
example, the in vitro incubation of isolated PSDs with calpain causes STEP61 breakdown [81, 
166], while treatment with a calpain inhibitor (calpeptin) prevents glutamate-activated 
STEP61 cleavage [263]. Ischaemia also appears to reduce STEP levels at the transcriptional 
level by causing a rapid and significant reduction in its mRNA expression [25]. In addition, 
the exposure of cultured neurones to oxidative stress, using a free radical that undergoes 
increased production after ischaemia [4], results in greater oligomerisation of STEP61, which 
causes a reduction in its activity level [46]. Considered together, the data indicate that 
ischaemia initiates a series of different processes that reduce STEP activity, and thereby 
contributes to enhanced levels of tyrosine phosphorylation. 

5.3. The NMDAR as a specific substrate of ischaemia-mediated tyrosine 
phosphorylation 

5.3.1. Evidence to illustrate ischaemic alteration of GluN2 phosphotyrosine status 

The knowledge that ischaemia can bring about changes in the broad pattern of tyrosine 
phosphorylation, particularly of a glycoprotein with a molecular weight of 180 kDa, began 
to acquire additional significance after the identification of the GluN2B subunit as the major 
tyrosine phosphorylated, higher molecular weight glycoprotein associated with the post-
synaptic density [157]. Shortly thereafter, came the first direct demonstration that ischaemia 
could specifically alter the tyrosine phosphorylation of NMDA receptor subunits; in 
particular, for several hours after a brief period of global ischaemia in adult rats, Takagi et 
al. [225] observed a rapid and dramatic rise in tyrosine phosphorylation of hippocampal 
GluN2A and GluN2B subunits. Although the modified phosphorylation pattern of the 
subunits was still clear 24 h after the insult, the GluN2A subunit consistently displayed a 
degree of change several times greater than that observed for the GluN2B subunit. As well, 
the magnitude of the effect was substantially greater in the hippocampus than either the 
cerebral cortex, or the striatum. The seminal report showed that ischaemia can cause a sharp 
and sustained rise in NMDAR tyrosine phosphorylation that differentially affects the 
receptor’s constituent subunits and develops in an anatomically heterogeneous manner; in 
addition, the findings helped to influence a number of studies that confirmed ischaemia 
initiates cellular changes that ultimately modify the degree of tyrosine phosphorylation at 
GluN2 subunits (Table 1). 
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As noted, one of the first details to emerge regarding the pathological modification of 
NMDAR phosphorylation was the swift manner in which the change developed. 
Subsequent work revealed that within twenty minutes of reperfusion following a brief 
period of global ischaemia, a substantial rise in tyrosine phosphorylation of the GluN2A 
subunit could be detected [33, 34, 135]. As well, the magnitude of the GluN2A subunit 
modification was shown to increase during at least the first six hours of reperfusion, and 
was seen to slowly return to basal levels over 2-3 days [135, 228]. Using a similar in vivo 
model of ischaemia coupled with immunoprecipitation-based experiments, several groups 
confirmed a significant rise in the tyrosine phosphorylation of GluN2A subunits in either 
whole hippocampal homogenates [98, 136, 144, 226, 248], or CA1 homogenates [264] 
prepared within six hours of reperfusion.  

While an increase in tyrosine phosphorylation of the GluN2B subunit was also detected 
after ischaemia, those studies that examined both subunits tended to find that the effect 
upon the GluN2A subunit was more pronounced [16, 160, 225, 226, 228]. One exception, was 
a study that applied global ischaemia to gerbils; however, the variation may have been, in 
part, attributable to a species difference [271]. In contrast to adult animals, ischaemic 
injury in weanling rats (post-natal day 21) was found to affect tyrosine levels of the 
GluN2A and GluN2B subunits in a similar fashion, and was shown to have a significantly 
greater effect upon the GluN2B subunit in pre-weanling rats (post-natal day 7); as well, 
the change in phosphorylation appeared to be more transient, for the levels had returned 
to baseline within a day of reperfusion [82, 103]. While the effect of oxygen-glucose 
deprivation (OGD) upon cultured neurones tended to match well with the effect of in vivo 
ischaemia upon the GluN2A subunit [248], the application of OGD to acutely prepared 
hippocampal slices caused an apparent decrease in the level of tyrosine phosphorylation 
at both subunits [6, 26]; notably, Src protein levels have been shown to rise in 
hippocampal slices after OGD [9], which suggests that the unexpectedly reduced level of 
phosphorylation might be attributable to a comparatively greater elevation in the 
expression and/or activity of tyrosine phosphatases. 

In addition to an obvious effect upon GluN2 subunit phosphorylation at the cellular level 
(i.e., within whole homogenates of a brain region), several reports observed that 
ischaemia also clearly modified subunits located within synaptic compartments. For 
example, the immunoprecipitation of GluN2A and GluN2B subunits from post-synaptic 
densities after global ischaemia in the rat revealed a clear rise in tyrosine phosphorylation 
during the first six hours of reperfusion [34], while immunoblotting with antibodies 
directed against phosphotyrosine residues in the GluN2A (Y1387) and GluN2B (Y1472) 
subunits displayed a similar effect [16]. In agreement, several hours after transient 
restriction in blood supply to the rat cerebral cortex, tyrosine phosphorylation of both the 
GluN2A and GluN2B subunits was found to be increased in both post-synaptic densities 
and synaptosomes [160]. As well, the phosphotyrosine level of the GluN2B subunit in 
synaptosomes enriched from gerbil hippocampus was markedly increased within six 
hours of reperfusion after global ischaemia [179]. 
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Table 1. Studies examining GluN2 tyrosine phosphorylation following experimental ischaemia. 4VO, 
four vessel occlusion; BCAO, bilateral carotid artery occlusion; CCAO, common carotid artery 
occlusion; DIV, days in vitro; OGD, oxygen-glucose deprivation; PND, post-natal day; pY, 
phosphotyrosine; REP, reperfusion 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 284 

5.3.2. Interaction of GluN2 with synaptic elements may influence its phosphorylation 

Along with changes in the synaptic concentration and/or activity of those tyrosine kinases 
and phosphatases that act upon the NMDA receptor, the increased degree of tyrosine 
phosphorylation observed at GluN2 subunits after an ischaemic insult may also be 
attributable to changes in how the receptor directly interacts with SFKs. In particular, there 
may be greater association between phosphotyrosine sequences within GluN2 subunits and 
the segment of SFKs containing SH2 domains, which are relatively short amino acid 
modules believed to be necessary to permit the interactions that underlie many tyrosine 
based signalling cascades [150, 243]. Notably, ischaemia-mediated tyrosine phosphorylation 
was found to increase, by approximately twofold, the association of Src and Fyn with both 
GluN2A and GluN2B during reperfusion [226]. In agreement, a number of subsequent 
studies also observed greater association of SFKs with GluN2A during the first six hours 
following global ischaemia in adult rats [97, 98, 135, 248, 273]. As well, hypoxia-ischaemia 
applied to neonatal rats [103] and OGD of cultured neurones prepared from late-stage 
embryonic animals [268] also lead to greater co-immunoprecipitation of SFKs and the 
GluN2A subunit. Despite being examined to a lesser degree, the interaction between 
GluN2B and SFKs has also been clearly demonstrated after neonatal hypoxia-ischaemia 
[103], following global ischaemia in adult rats [179], and in response to global ischaemia 
within adult gerbils [271].  

An additional component that may facilitate ischaemia-mediated changes in GluN2 
phosphorylation is its enhanced interaction with a prominent post-synaptic scaffolding 
protein. The post-synaptic density 95 kDa (PSD-95) protein is a member of the membrane-
associated guanylate kinase (MAGUK) family, and functions as an integral scaffolding 
protein in excitatory post-synaptic terminals [106, 265]. Like other MAGUK relatives, PSD-
95 displays a modular structure that consists of three N-terminal PDZ domains (PDZ 1-3), 
an SH3 domain, and C-terminal guanylate-kinase domain. Through the PDZ1/2 domains, in 
particular, PSD-95 has been shown to bind with a conserved ES(E/D)V amino acid sequence 
located in the distal portion of GluN2 C-termini [113, 167], which permits PSD-95 to 
influence gating and surface expression of the receptor [39, 132]. A series of studies that 
employed multiple co-immunoprecipitation experiments helped to establish that an 
enhanced association of PSD-95 with the GluN2A subunit develops during the first few 
hours of post-insult reperfusion [33, 97, 144, 248, 273]. As well, an increased degree of 
binding with PSD-95 has been displayed by GluN2A subunits after OGD with cultured 
neurones [268] and by hippocampal GluN2B subunits within a few hours after global 
ischaemia in the gerbil [271]. 

Ischaemia clearly enhanced the interaction of GluN2 subunits with both SFKs and PSD-95, 
and increased the level of interaction between SFKs and PSD-95 [33, 49, 97, 144], presumably 
at its SH3 domain. As well, SFK-mediated tyrosine phosphorylation of GluN2 fusion 
proteins augmented their binding to PSD-95 [197], and co-expressing PSD-95 with the 
GluN2A subunit improved its ability to be phosphorylated by SFKs [231]. Considered 
together, these data suggest that the post-ischaemic increase of GluN2 tyrosine 
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phosphorylation (section 5.3.1) is attributable to a pathologically heightened and, 
potentially, self-amplifying degree of interaction among GluN2 subunits, PSD-95, and SFKs. 
Our understanding of how the tripartite complex operates following ischaemia has been 
greatly aided by a set of elegant studies that used molecular level approaches to alter its 
assembly. Reducing by approximately one-third the hippocampal expression of PSD-95 
protein, through the repeated intracerebroventricular injection of antisense oligonucleotides, 
sharply attenuated both the post-ischaemic rise in GluN2A tyrosine phosphorylation and 
the elevated binding of SFKs with the GluN2A subunit [98]. In addition, adenoviral-
mediated overexpression of the PSD-95 PDZ1 domain was able to nearly eliminate 
ischaemia-mediated changes in GluN2A phosphorylation, and prevented the expected 
increased interactions between the GluN2A subunit, PSD-95, and Src [248]. 

5.4. Ischaemic changes that may contribute to increased SFK activation   

The elevation of tyrosine phosphorylation within neurones, in general, and at GluN2 
subunits, in particular, would seem to be a consistent feature in the array of changes that 
follows cerebral ischaemia. Proximally, the ischaemia-mediated interactions of a complex 
formed between GluN2 subunits, synaptic scaffolding proteins, and members of the SFKs 
provide at least one working explanation for the increased pattern of phosphorylation; 
however, the fashion in which these components begin to assemble is still unclear. A 
starting point in understanding, from a slightly more distal perspective, the reason for 
heightened GluN2 phosphotyrosine levels may be to focus on SFKs; specifically, to ask why 
might SFK activity rise after ischaemia? Fortunately, the answer to the question is beginning 
to take shape, and appears to involve the activity of two other, putatively interconnected, 
kinases. The first one is protein kinase C (PKC), which acts upon serine-threonine residues 
and exists in at least ten different isoforms, most of which are heterogeneously distributed 
within the brain [229]. While the various members of the PKC family have different 
mechanisms underlying their activation, many of them are stimulated by changes in Ca2+ 
dynamics and the generation of free radicals [27], which are key consequences following 
from the over-activation of NMDARs that characterises ischaemic injury (section 1). Also, 
the translocation of PKC to the post-synaptic density after ischaemia has been well 
established [35, 151]. 

The signalling cascade initiated by the stimulation of PKC is quite diverse, however, the 
ability of the activated enzyme to enhance NMDA receptor function [147, 260] and surface 
expression [118], is, to a large extent, attributable to its engagement of SFK activity. For 
example, the ability of PKC activators to potentiate NMDA-evoked currents in dissociated 
neurones was blocked by both tyrosine kinase inhibitors and Src-specific blocking peptides; 
as well, the PKC-dependent upregulation of the receptor was absent in neurones isolated 
from mice with a targeted deletion of the Src gene [140]. In addition, the stimulation of PKC 
activity in hippocampal slices was able to dramatically increase the level of phosphotyrosine 
detected within immunoprecipitated GluN2A and GluN2B subunits [73]. Direct support for 
the possibility that a PKC-dependent tyrosine kinase signalling cascade contributes to 
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ischaemic changes in GluN2 tyrosine phosphorylation was provided by a study wherein a 
PKC inhibitor administered immediately after an ischaemic challenge was able to reduce, by 
approximately half, Src Y416 phosphorylation, general GluN2A tyrosine phosphorylation, 
and GluN2B Y1472 phosphorylation [35]. 

The second kinase that may serve to regulate post-ischaemic SFK activity is the proline-rich 
tyrosine kinase 2, which is a member of the focal adhesion kinase family and highly 
expressed within the brain [62, 259]. Through mechanisms that are still being uncovered, 
Pyk2 stimulation (permitted by phosphorylation of its Y402 residue) can be initiated 
through either depolarisation-induced Ca2+ influx, or PKC activation [101, 129, 212]; notably, 
the level of total and phosphorylated Pyk2 in the post-synaptic density increases sharply 
less than an hour after post-ischaemic reperfusion has begun [34, 35]. Upon 
phosphorylation, Pyk2 has been observed to interact with the Src SH2 domain to form a 
complex that enhances Src function [48, 101, 122]. In addition, the degree of interaction 
between Pyk2 and GluN2A is quickly amplified in the hippocampus during reperfusion 
after global ischaemia in either rat [135, 145], or gerbil [271]. Together, the data strongly 
suggest that ischaemia actuates Pyk2 and enhances its interaction with GluN2 subunits, 
which, in turn, likely allows Pyk2 to bind and activate the SFKs that would also have been 
drawn into a complex with NMDA receptors (figure 4). 

 
Figure 4. Model summarising the proximal steps leading to the ischemia-mediated increase in tyrosine 
phosphorylation of the NMDA receptor, and the possible association of its post-translational 
modification with upstream processes leading to cell death. 

Direct support for Pyk2 as a critical component in the pathologic increase of GluN2 
phosphorylation has been provided by a set of elegant studies that used either 
pharmacologic, or genetic approaches to downregulate the kinase’s activity. The first study 
used lithium chloride (LiCl), which has been shown to protect neurones from ischaemic 
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injury [200]. The application of LiCl for several days to cultured cortical neurones was able 
to dramatically reduce the basal level of both activated Src and phosphorylation at Y1472 of 
GluN2B [90, 91]; more importantly, administration of LiCl to animals for several days prior 
to global ischaemia was able to reduce insult-mediated increases in tyrosine 
phosphorylation of GluN2A [144]. As well, pre-ischaemic LiCl was observed to reduce both 
the phosphorylation of Y402 of Pyk2 and Y416 of Src, and to diminish the association of both 
Pyk2 and Src with GluN2A that generally accompanies ischaemic reperfusion [145]. The 
second study involved the intracerebroventricular injection of Pyk2 antisense 
oligonucleotides, which lead to a reduction of nearly one-quarter in the enzyme’s protein 
expression within the hippocampus [136]. Animals in which Pyk2 levels had been 
downregulated displayed not only very little post-ischaemic change in the level of GluN2A 
tyrosine phosphorylation, but also very little change in the activity of Pyk2 and Src and their 
ability to be co-immunoprecipitated with GluN2A. 

6. Conclusions 

A short period of time after the circulation of blood to a region of the brain is substantially 
reduced, a series of escalating changes is initiated that can very quickly place neurones on a 
path leading to cell death. One of the principal elements in the pathologic cascade is the 
excessive stimulation of the excitatory NMDA receptor, which initiates a broad array of 
potentially cytodestructive changes; most germanely, a disruption in the usually strict 
regulation of the intracellular calcium ion concentration. One consequence of the elevated 
level of internal Ca2+ is the initiation of an enzyme cascade that involves either the direct, or 
indirect (through the serine-threonine PKC) stimulation of the tyrosine kinase Pyk2, 
followed by the subsequent activation of SFK members that go on to increase the tyrosine 
phosphorylation of GluN2 subunits. Notably, the post-translational modification of the 
GluN2 subunits is likely both a consequence, and, potentially, a cause of the post-ischaemic 
enhancement of the degree of interaction between the subunits and Pyk2, SFKs, and PSD-95. 
One important outcome of the ischaemia-mediated increase of GluN2 tyrosine 
phosphorylation that is quite likely concerns the enhancement of NMDA receptor gating 
properties and surface expression, which would serve as a form of signal amplification with 
the undesirable effect of contributing to increased cell death. 

Preliminary support for the possibility that elevated NMDA receptor phosphorylation may 
contribute to post-ischaemic neuronal loss is found in a collection of studies that have 
sought to manipulate the cellular level of tyrosine phosphorylation for a neuroprotective 
effect. The first report in the area revealed that the intracerebral injection of specific 
inhibitors of protein tyrosine kinases minutes prior to a brief period of global ischaemia was 
able to prevent the significant degree of neuronal loss that would normally have been seen 
within the CA1 sub-field of the gerbil hippocampus a week after the insult [107]. 
Subsequently, the intraperitoneal injection of a selective inhibitor of Src shortly after 
forebrain ischaemia was found to significantly reduce not only the usual increases in Src 
activity and general tyrosine phosphorylation, but also the level of cell death observed in the 
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hippocampus four days after the insult [171]. A group of successive studies observed that 
pretreatment of rats with PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-
d]pyrimidine), a selective SFK inhibitor, 0.5 h prior to global ischaemia was able to reduce 
by greater than half the usual increase in phosphorylated Src [130, 273] and GluN2A 
tyrosine phosphorylation [96, 273] seen after six hours of reperfusion; as well, cell density of 
the hippocampal CA1 sub-field five days after the insult was approximately 7-8 fold greater 
in the treated animals [96, 130, 273]. In addition, the injection of PP2 into neonatal mice 
shortly after hypoxia-ischaemia was able to reduce by about a third the degree of 
hippocampal cell loss observed several days after the insult [103]. 

By using tyrosine kinase inhibitors to control the level of GluN2 tyrosine phosphorylation 
after an ischaemic challenge, the excessive NMDA receptor activation that plays a critical 
upstream role in the resulting cell death may be, at least partially, addressed. As a result, a 
foundation may begin to be constructed that will serve as inspiration for the careful 
development of new approaches to address the discouraging absence of treatments for brain 
injury. Regardless of the outcome displayed by future studies that explore how 
understanding the causes and consequences of NMDA receptor tyrosine phosphorylation 
may be applied therapeutically, the activity will undoubtedly continue to add important 
details to our understanding of how the phosphorylation of brain proteins influences 
neuronal communication and synaptic dysfunction 
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1. Introduction 

There are two homologous members of the flotillin family which have been designated as 
flotillin-1/reggie-2 and flotillin-2/reggie-1, owing to their almost simultaneous discovery by 
two separate research groups (1, 2). In 1997, these proteins were described under the name 
“reggies”, since they were found to be upregulated during the regeneration of retinal 
ganglion cells of the goldfish, following an optic nerve lesion (2). In the same year, Bickel et 
al. independently discovered them as components of detergent resistant fractions, and due 
to their ability to float in density gradients ascribed them as flotillins (1). 

Biological membranes are complex structures composed of numerous proteins and lipids. 
As shown in Figure 1A, flotillin-1 and flotillin-2 are both constitutively associated with 
sphingolipid and cholesterol enriched membrane microdomains, known as lipid rafts (1, 3-
5). Especially flotillin-1 is often considered as a bona fide marker protein for lipid rafts. The 
lipid raft concept was first postulated in 1997 by Kai Simons and Elina Ikonen (6), and has 
since then been refined and reshaped throughout the years. Nowadays, lipid rafts can be 
described as fluctuating nanoscale membrane assemblies composed of proteins, 
sphingolipids and cholesterol, which can coalesce to form platforms that are important for 
cell signaling, viral infection and membrane trafficking (7). It has been proposed that 
proteins with a high affinity for an ordered lipid environment, often achieved by post-
translational modifications, will preferentially associate with lipid rafts (8). We have shown 
that flotillin proteins are linked to the plasma membrane by means of fatty acid 
modifications, especially myristoylation and palmitoylation (4), and both modifications 
facilitate the interaction with membrane cholesterol (our unpublished results). Earlier 
studies proposed that flotillins are localized in caveolae-type of lipid rafts, but later findings 
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demonstrated that flotillins rather reside outside of caveolae and are thought to define their 
own subtype of lipid rafts (9). 

The first description of flotillin-2 actually took place in 1994, when the group of Madeleine 
Duvic cloned an N-terminally truncated version of flotillin-2 from human epidermal 
keratinocytes and named it epidermal surface antigen (ESA) (10). However, in later studies 
by the same group, it turned out that the true ESA (ECS-1 antigen) is actually distinct from 
flotillin-2 (11). The flotillin-2 cDNA originally cloned by Schroeder et al. represents a 
truncated protein with a lower molecular mass that has not been detected in vivo and most 
likely came about due to a missing 5’ end of the cloned cDNA and false assignment of the 
ATG start codon. A monoclonal antibody ECS-1 raised against human keratinocytes was 
used for the identification of ESA. Curiously, a very similar approach with a monoclonal 
antibody against cell surface proteins was used by the Stuermer group to identify reggie-
1/flotillin-2 and reggie-2/flotillin-1 as regeneration proteins of goldfish retinal ganglion cells 
(2). In this case, the true antigen of the M802 antibody was later shown to be identical with 
Thy-1, a glycophosphatidyl-inositol (GPI)-linked neuronal protein (12). Since flotillins have 
been shown not to traverse the membrane, it is unlikely that they were directly recognized 
by the antibodies used for the screenings. A more likely explanation is that flotillins were 
associated with the true antigens as molecular complexes and thus accidentally discovered. 
This is also supported by the data showing that flotillins are generally strongly associated 
with GPI-linked proteins (13-15). However, the details of their interaction have 
mechanistically not been clarified, since neither flotillins nor GPI-anchored proteins 
completely traverse the membrane. Thus, their interaction may be mediated by a yet to be 
identified transmembrane protein. Accordingly, we were able to show that both flotillins are 
coprecipitated after immunoprecipitation of surface biotinylated membrane proteins in 
confluent human epithelial MCF10A cells (our unpublished results).   

Both flotillin-1 and flotillin-2 show a constitutive expression in almost all mammalian cell 
types and are highly conserved from fly to man (reviewed in 16). Furthermore, flotillin-like 
proteins are also present in bacteria (17), plants (18), fungi and metazoans but are absent in 
yeast and Caenorhabditis elegans (19). In humans, a 15 kb single-copy flotillin-1 gene with 13 
exons is located on chromosome 6 (6p21.3), giving rise to a 1.9 kb mRNA transcript. The 
ORF encodes a 427 residue protein with a molecular mass of 47 kDa (20). A single copy of 
flotillin-2 gene is located on chromosome 17 (17q11-12) which encodes for a 48 kDa protein 
(10). Human flotillin-1 shares 98% identity with the murine protein and 47% identity with 
human flotillin-2. Flotillins are classified as part of the SPFH (Stomatin/ Prohibitin/ 
Flotillin/HflK/C) superfamily of proteins, also called prohibitin homology (PHB) proteins 
(21, 22). Different from other members of the SPFH superfamily, flotillins exhibit a 
conserved domain termed the flotillin domain C-terminally to the SPFH domain (Fig. 1B). 
This domain is characterized by several repeats of glutamic acid and alanine (EA repeats) 
and is predicted to form coiled coil structures (23, 24). A few years ago, the crystal structure 
of the core SPFH domain of mouse flotillin-2 was solved, and it shows partial similarity to 
the respective segment of Pyrococcus horikoshii stomatin (25). This structural region includes 
amino acids 43 to 173 of the SPFH domain of flotillin-2 and depicts that flotillin-2 SPFH 
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domain has a compact, ellipsoid-globular structure, comprising four alpha helices and six 
beta strands. Although the structure of the flotillin domain has not yet been solved, it is 
predicted to show a high propensity for alpha helices. This could explain why flotillin 
domains are engaged in coiled coil structures that are important for the oligomerization of 
flotillins.  

 
Figure 1. Flotillin-1 and otillin-2 form oligomers in lipid rafts. A: Flotillin-1 and otillin-2 are 
associated with specialized membrane microdomains, known as lipid rafts. Lipid rafts are dened as 
uctuating nanoscale assemblies in membranes, composed of certain proteins and enriched in 
sphingolipids and cholesterol. They can coalesce to form platforms that are important for cell signaling, 
viral infection and membrane trafcking. Flotillin-1 and otillin-2 are linked to the membrane by 
acylation, namely palmitoylation (both otillins) and myristoylation (only otillin-2). An important 
feature of otillin function is the formation of homo- and hetero-oligomers. B: Flotillins contain in their 
N-terminal region a domain homologous with the prohibitin family of proteins, whereas their C-
terminus is characterized by the unique otillin domain with AEAE repeats. 

2. Modifications, oligomerization and trafficking of flotillins  

Flotillin-1 and flotillin-2 are ubiquitously expressed proteins and exhibit a relatively 
complementary tissue distribution. Northern blot analysis showed a high tissue-specific 
expression of flotillin-1 in murine brain, fat and heart tissue (1). High protein levels of 
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flotillin-1 and flotillin-2 were found, e.g. in murine lung, thymus, bladder, cerebrum and 
hypothalamus tissue lysates (24, our unpublished results). Additionally, it has been shown 
that the expression of flotillin-2 increases during differentiation and myogenesis of C2C12 
cells, whereas flotillin-1 increases during 3T3-L1 cell adipogenesis (1) and osteoclastogenesis 
(26). In contrast, during differentiation of rat pheochromocytoma PC12 cells, no change in 
the expression of flotillin-1 or flotillin-2 was observed (24). 

The subcellular localization of flotillin-1 and flotillin-2 is as diverse as their tissue expression 
pattern and seems to be cell type specific. In glandular cervical cancer HeLa cells, PC12 cells, 
human hepatocellular carcinoma HepG2 cells, Chinese hamster ovary (CHO) cells and 
human breast cancer MCF-7 cells, flotillins mainly reside at the inner leaflet of the plasma 
membrane and to a minor extent in vesicular structures. A major localization in vesicular 
structures is found in astrocytes, the human HaCaT keratinocyte cell line and mouse 
embryonic fibroblast (MEF) cells. Colabeling experiments and immunogold electron 
microscopy studies identified the vesicular structures as endosomes and lysosomes in 
astrocytes, Jurkat, PC12 and HeLa cells (13, 14, 27-30). In line with the previous results, 
endogenous labeling of flotillin-2 in MCF10A cells shows a more prominent localization at 
the plasma membrane, whereas flotillin-1 is found in vesicular structures in non-confluent 
cells. However, with increasing confluency and advanced differentiation, flotillin-1 
translocates to the plasma membrane (our unpublished results), a feature already observed 
in differentiating mouse 3T3-L1 cells (31). Rajendran et al. (32, 33) showed that flotillin-1 and 
flotillin-2 reside in preassembled structures under resting conditions in immature and 
mature hematopoietic cells, but they can move into uropods during cell migration and in 
immunological synapses during T-cell activation. These two studies highlight the fact that 
the subcellular localization of flotillin proteins is highly versatile and depends on the cell 
type and the differentiation status. 

Total internal reflection fluorescence (TIRF) microscopy revealed that flotillin-1 and flotillin-
2 exhibit a vesicular cycling at the plasma membrane (28), which seems to be independent of 
clathrin and caveolin (9, 13, 34, 35). Microtubule disruption in HeLa cells results in the 
accumulation of flotillin-1/flotillin-2 positive vesicles in the cytosol (28), while the same 
treatment in murine neuroblastoma N2a cells did not affect flotillin-2 localization (36). 
Manipulation of the actin cytoskeleton might also have a cell type dependent influence on 
the mobility of flotillins. In FRAP (fluorescence recovery after photobleaching) experiments, 
an increased lateral mobility of flotillin-2 after disruption of the actin cytoskeleton with 
cytochalasin D in N2a cells was observed, while treatment with the actin stabilizing 
compound jasplakinolide reduced the lateral mobility. On the contrary, the use of 
cytochalasin D in HeLa cells had no significant effect on flotillin-2 mobility (36). Recently, 
Affentrager et al. (37) showed that a dynamic actin turnover is required for capping of 
flotillin-1 and flotillin-2 in primary human peripheral blood T-lymphocytes, which 
underscores the importance of the actin cytoskeleton for flotillin localization and trafficking. 
The lateral motility is also dependent on the localization itself, since at least in Jurkat T cells, 
flotillin-2 is selectively immobilized in the region of the preformed cap and only shows a 
high lateral mobility at the plasma membrane outside the cap (29). In other studies, flotillin-
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1 was found in exosomes of rat and human reticulocytes, human erythroleukemia K562 
cells, lymphoid-B Daudi cells, human breast carcinoma MCF-7 cells and in exosomes of the 
cerebrospinal fluid (38-40). Flotillin-2 was detected in exosomes derived from MCF-7 cells 
and oligodendroglial Oli-neu cells (40, 41). Flotillin-1 was additionally found in mature 
phagosomes of murine J774 macrophages (42) and in the nucleus of human prostate cancer 
PC-3 cells (43). 

Localization and trafficking of flotillins in the Golgi apparatus is still controversial. 
Nevertheless, evidence suggests that the involvement of Golgi in flotillin trafficking is also a 
cell type-specific process. In non-differentiated PC12, normal rat kidney (NRK), CHO and 
HeLa cells, flotillin-1 localizes to the Golgi complex (44-46). Also in rat brain tissue sections, 
flotillin-1 was found in the Golgi (47). In contrast, Morrow et al. (3) reported that flotillin-1 
reaches the plasma membrane via a brefeldin A-resistant pathway in baby hamster kidney 
(BHK) cells. However, they did not rule out the possibility of Golgi involvement in flotillin-1 
trafficking, as a GFP-tagged construct of the flotillin-1 SPFH domain colocalized with the 
cis-medial Golgi marker GM130 during early times of expression. Less is known about 
flotillin-2 and Golgi complex association. Only the study of Langhorst et al. (28) showed by 
immunogold EM microscopy that flotillin-2 was localized in vesicles in the Golgi field in 
Jurkat cells, but not in Golgi stacks. 

Chemokines, growth factors and certain proteins can affect the localization and the 
trafficking of flotillin proteins. In Satb2-negative neuronal cells, flotillin-1 becomes more 
clustered in response to semaphorin 3a treatment, which acts as a potent guidance cue 
presented to cortical axons in vivo (48). In primary human peripheral blood T-lymphocytes, 
flotillin-1 and flotillin-2 are randomly distributed along the inner leaflet of the plasma 
membrane, and upon stimulation with stromal cell derived factor 1 (SDF-1), flotillins form 
stable caps in the uropod (32, 37). The best studied growth factor that has an effect on 
flotillin trafficking is the epidermal growth factor (EGF), as originally shown by us (30). 
Recently, we showed that flotillin-1 is indeed involved in the activation and downstream 
signaling of the EGF receptor (EGFR) (27). Upon stimulation with EGF, flotillin-2 becomes 
tyrosine phosphorylated at several tyrosine residues by Src kinases (30). This 
phosphorylation event is dependent on the activation of the EGFR, since the EGFR 
autophosphorylation inhibitor AG1478 prevents flotillin-2 phosphorylation. In regard to its 
localization, EGF stimulation results in a Tyr163-dependent translocation of flotillin-2 into 
the late endosomal compartment (30). Experiments in the group of B. Nichols confirmed our 
findings stating that Y163 is important for flotillin-2 internalization. In addition, it was 
shown that the corresponding tyrosine in flotillin-1, Y160, is crucial for flotillin-1 
internalization (49). Other growth factors, such as hepatocyte growth factor (HGF) or insulin 
also affect the localization of flotillin proteins (Figure 2, and our unpublished results). Figure 
2 shows that ten minutes after HGF stimulation, flotillin-1 is translocated from the plasma 
membrane to late endosomes/lysosomes where it colocalizes with LAMP3. 

Posttranslational modifications of eukaryotic proteins are often important cues for 
localization, trafficking and membrane association of proteins (50). Two important 
modifications are N-myristoylation and S-palmitoylation. N-myristoylation is an irreversible 
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Figure 2. Flotillin-1 translocates to late endosomes upon 10 min of hepatocyte growth factor (HGF) 
stimulation. Staining of endogenous flotillin-1 (green) and endogenous lysosome-associated membrane 
glycoprotein 3 (LAMP-3; red) in HeLa cells stimulated for 10 minutes with HGF. Scale bar: 15 µm 

acylation reaction at an N-terminal glycine residue, which is catalyzed by the enzyme N-
myristoyl transferase (51). S-palmitoylation is a reversible reaction, in which the acyl group 
is transferred to cysteine residues by palmitoyl acyltransferases, referred to as the DHHC 
family (52, 53). In some proteins, e.g. Src-related protein tyrosine kinases, which are both 
myristoylated and palmitoylated, the myristoylation reaction is a prerequisite for the 
palmitoylation to occur (54). Our experiments with overexpressed flotillin-2 constructs in 
HeLa cells showed that flotillin-2 is myristoylated at Gly2 and palmitoylated at Cys4, Cys19 
and Cys20, and Cys4 seems to be the major palmitoylation site (4). The myristoylation at 
Gly2 is essential for membrane targeting of flotillin-2, as the mutant flotillin-2 Gly2Ala 
remains fully soluble upon overexpression. Furthermore, the mutation of the cysteine 
residues to alanine and the concomitant loss of palmitoylation sites resulted in more soluble 
flotillin-2 mutants (4). In the study by Li et al. (53), the palmitoyl acyltransferase DHHC5 
was identified as the enzyme to palmitoylate flotillin-2. In neuronal stem cells of DHHC5 
gene-trapped mice, flotillin-2 palmitoylation was abolished. For flotillin-1, which is not 
myristoylated, it was shown that plasma membrane localization is dependent on 
palmitoylation of a conserved cysteine residue (Cys34) within its SPFH domain (3). This 
finding is supported by the study of Affentrager et al. (37), in which overexpressed flotillin-1 
Cys34Ala exhibited a diffuse cytosolic localization in human T-lymphoblasts. In contrast, 
palmitoylation of this cysteine seems not to play a crucial role for plasma membrane 
targeting in adipocytes. Instead, deletion of the second hydrophobic stretch (residues 134 – 
151) results in a similar cytoplasmic localization (31). This finding suggests that the effect of 
Cys34 palmitoylation in flotillin-1 function might be cell type specific. 

Oligomeric proteins are prevalent in nature and comprise approximately one third of all 
known proteins. From the perspective of protein evolution, oligomerization may be of 
advantage for a functional control such as allosteric regulation (55). In the case of flotillin 
proteins, oligomerization is an essential feature for membrane raft association, endocytosis 
and EGF signaling (30, 56). Flotillin-1 and flotillin-2 form both homo- and hetero-oligomers 
(4, 5, 23, 34), and Solis et al. (23) suggested that flotillin oligomers exist in a monomer-
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tetramer equilibrium. The homo-oligomerization of flotillin-2 is mediated by the C-terminal 
half of the protein (amino acid residues 208-428), which seems to enhance the association of 
flotillin-2 with the plasma membrane and its membrane raft localization (4, 29). The C-
terminal half of flotillin-1 and flotillin-2 contains the so called flotillin-domain, which 
contains several EAEA repeats and is predicted to form three adjacent coiled-coil structures. 
The formation of flotillin oligomers was shown to be dependent on the second and partially 
on the first coiled-coil structure (23). Using the flotillin-2 Y163A mutant, we showed that not 
the phosphorylation as such but hetero-oligomerization with flotillin-1 is indispensable for 
flotillin-2 endocytosis. In addition, our experimental data implicate that after EGF 
stimulation, preexisting flotillin oligomers form larger oligomeric complexes in which the 
stoichiometry of 1:1, also shown by Frick et al. (34), is preserved (56). In summary, these data 
show that not only the coiled coil structures within the C-terminal half of flotillins are 
important for the oligomerization, but also the tyrosine residue 163 in flotillin-2 plays a role 
in the hetero-oligomerization with flotillin-1.  

Results of the Stuermer group have shown that ectopic expression of the presumed 
oligomerization domain of flotillin-2 comprising the amino acids 184 to 390 in Jurkat T cells 
interferes with function of flotillins in these cells and prevents the formation of 
macrodomains upon crosslinking of GM1 by cholera toxin (29). Hence, this fragment, 
termed R1EA, most likely prevents the proper oligomerisation of flotillins, thus functioning 
in a trans-negative manner. Upon overexpression of R1EA, insulin-like growth factor 
induced neurite outgrowth was abrogated in N2a neuroblastoma cells, and axon 
differentiation was impaired in hippocampal neurons (57). In addition, in R1EA expressing 
cells, recruitment of CAP/ponsin, which interacts with flotillin-1, to focal contacts was 
affected, resulting in imbalanced activation of Rho family GTPases Rac1 and Cdc42. 
Interestingly, focal adhesion kinase (FAK) activity was increased by R1EA expression. 
However, other signaling pathways such as ERK1/2, PKC, and PKB signals were unaltered 
(57). In line with this, previous studies have shown that upon growth factor stimulation of 
PC12 cells, protein kinase Pyk2, ubiquitin ligase Cbl and the CAP homolog ArgBP-2 are 
recruited to lipid rafts (58). Moreover, cholesterol depletion resulted in a diminished neurite 
outgrowth, suggesting involvement of membrane rafts (58). It has been proposed that 
ArgBP-2 associates with Cbl and Pyk2 via its SH3 domain and recruits them to lipid rafts by 
interacting with flotillin-1 through its SoHo domain (58). These findings point towards a 
vital role of flotillins in cytoskeletal remodeling and neurite growth at least in cultured cells. 
However, neither the flotillin-1 knockout mouse model (59) nor flotillin-2 deficient mice 
(our unpublished data) show a major neuronal phenotype. It thus remains to be clarified if 
flotillins are only required under conditions of neuronal regeneration or if they are generally 
important for the physiology of neurons in mammals.   

3. In search of the molecular function of flotillins 

As can be expected from such highly conserved and ubiquitous proteins, flotillins have been 
shown to play a role in a large number of vital cellular processes. Their original discovery as 
“reggies” suggested a function in neuronal regeneration in the goldfish (2, 45), which has 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 314 

been later verified by further studies from the same group (57, 60, 61). However, the 
regenerative capacity of the optic nerve is poorly conserved in mammals, making a 
generalization of the regenerative function of flotillins in the nervous system of mammals 
difficult. Recent studies have confirmed the relevance of flotillins for axon regeneration in 
zebrafish as well as in mammalian cell cultures. Apparently, downregulation of flotillins by 
flotillin specific morpholinos in the zebrafish resulted in a massive reduction in the number 
of regenerating axons (60). Since the role of flotillins in neuronal regeneration has recently 
been directly reviewed, we here omit a long discussion of the topic. Instead, the reader is 
referred to the recent review of C. Stuermer (62).  

Flotillins also appear to be involved in membrane trafficking processes such as endocytosis 
and phagocytosis (13, 34, 42), and they have been suggested to be involved in the regulation 
the actin cytoskeleton (4, 11, 57). One emerging important function of flotillins, especially of 
flotillin-1, is the regulation of membrane receptor signaling, e.g. through mitogen activated 
protein kinases (MAPK) (27, 30, 43, 56, 63-67). Below, we have summarized the data on the 
function of flotillins in some of these processes.  

Flotillins in endocytosis 

During their discovery, flotillins were described to be associated with membrane rafts (1, 
24). First findings suggested that flotillins would be integral membrane proteins of the cave-
like invaginations called caveolae (1, 24), but these findings have later been disputed by 
several other studies (3, 9, 13, 34). However, the raft association of flotillins appears to be 
important for their function, and flotillin-1 has even been suggested to define a novel non-
clathrin, non-caveolin endocytosis pathway that would operate via membrane rafts (13, 34). 
In eukaryotic cells, uptake of membrane bound molecules such as receptors can take place 
by means of several different pathways. The best characterized and the most common 
pathway for endocytosis is mediated by clathrin coated vesicles which are formed at the 
plasma membrane by the assembly of a coated pit which then forms a clathrin coated 
vesicle. However, recent research from several groups has revealed that endocytosis can be 
divided into numerous pathways, many of which do not require clathrin, and are thus 
designated as clathrin-independent. For a general introduction on endocytosis, the reader is 
referred to these excellent reviews (68-70). Some factors that regulate the clathrin 
independent pathways have been identified in the recent years, and it is clear that small 
GTPases such as Cdc42, Rho A or Arf (ADP ribosylation factor) family are involved, each 
determining their own endocytic pathway. The role of flotillins in endocytosis has recently 
been reviewed in detail (71), and we thus here only present a brief overview and a summary 
of the very recent studies not included in the review of Otto and Nichols.   

Early after their discovery, flotillins were shown to associate and colocalize with GPI-
anchored proteins. A role in the internalization of GPI-anchored proteins such as CD59 and 
of the glycosphingolipid GM1 has been demonstrated (13, 34, 72). Flotillins have also been 
suggested to be involved in the endocytosis of the GPI-linked Nodal coreceptor cripto (73). 
Although flotillins are affirmed regulators of cholera toxin subunit B endocytosis (13, 72), 
which is mediated by the binding of the toxin to GM1, no evidence for a direct role of 
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flotillins in the endocytosis of the Shiga toxin or the plant toxin ricin was found (46). 
However, flotillins were shown to control other trafficking steps of these toxins, most likely 
a retrograde transport step towards Golgi/ER. Intriguingly, depletion of flotillins resulted in 
a higher degree of mannosylation of ricin, and the toxicity of both ricin and Shiga toxin was 
increased (46). Thus, flotillins are important factors in controlling not only the endocytosis 
but also other steps of the cellular trafficking of various molecules. 

In addition to GPI-anchored proteins, flotillins have recently been shown to participate in 
the protein kinase C (PKC) induced endocytosis of neurotransmitter receptors such as the 
dopamine transporter DAT (also designed as solute carrier family 6, member 3 or SLC6A3) 
and glial glutamate transporter, GLT1 (74). PKC was shown to phosphorylate flotillin-1 at a 
Ser residue, and this phosphorylation was required for the endocytosis of DAT (74). Recent 
publications have revealed a role for flotillins in the endocytosis of the Alzheimer amyloid 
precursor protein (APP), the amyloidogenic processing of which requires its endocytosis 
(75). In addition, Niemann-Pick C1-like 1 (NPC1L1), an important mediator of the uptake of 
dietary cholesterol, relies on flotillins for its endocytosis, and depletion of flotillins 
drastically reduces cholesterol uptake in cultured cells (76). Curiously, APP, NPC1L1 and 
DAT are all endocytosed by means of clathrin mediated endocytosis, whereas flotillins as 
raft associated proteins have been rather suggested to define a non-clathrin endocytosis 
pathway, and there is very little colocalization between clathrin and flotillins (13). Thus, it is 
possible that rather than directly mediating raft dependent endocytosis through flotillin 
microdomains, flotillins might exert their function by first facilitating the uptake of some 
cargo molecules into rafts and their efficient clustering, but the act of endocytosis may only 
take place after transfer of the cargo into clathrin coated pits. Hence, it will be important in 
the future to study the exact relationship of flotillins and clathrin dependent endocytosis.  

We have recently shown that flotillins are involved in EGFR/MAP kinase signaling, and 
siRNA mediated downregulation of flotillin-1 results in severe impairment of both EGFR 
phosphorylation and MAPK signaling (27). Since flotillins also become phosphorylated 
upon EGFR signaling (30), it would not be surprising if they were involved in EGFR 
endocytosis, which has been shown to take place by means of both clathrin dependent and 
raft mediated endocytosis (77, 78). However, according to our recent findings, flotillin-1 
depletion does not significantly affect the EGF-induced endocytosis of EGFR (27). 
Furthermore, EGFR is efficiently endocytosed even in cells depleted of both clathrin and 
flotillin-1 (our unpublished data). Interestingly, recent findings from the Stuermer group 
have implicated that depletion of flotillin-2/reggie-1 may affect the endocytosis of EGFR 
(79). This finding is somewhat counter intuitive as flotillin-2 depletion induces a significant 
depletion of flotillin-1 as well, and flotillin-2 knockdown cells express only minor amounts 
of both flotillins. Flotillin-1 knockdown cells in turn still exhibit substantial flotillin-2 
expression. Thus, these results imply that the flotillin-2 homo-oligomers that are still present 
in flotillin-1 knockdown cells may be capable of supporting normal EGFR endocytosis, 
whereas in the absence of flotillins, EGFR uptake from the plasma membrane is impaired. 
However, one also has to keep in mind some important methodological differences between 
our study (27) and that of Solis et al. (79). Our EGF uptake assays were performed with 
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surface-bound iodinated EGF using short endocytosis times (up to 6 min), which allows the 
calculation of endocytosis rate constants for the receptor, providing a reliable and truly 
quantitative measurement of the early endocytosis and uptake of the receptor from the 
plasma membrane (80). We observed no difference between flotillin-1 knockdown and 
control cells even after very short endocytosis times (2, 4 or 6 min). However, Solis et al. 
used methods such as continuous uptake of fluorescent EGF for 5-10 min, or endocytosis of 
biotinylated EGFR for 120 min. In the latter assay, they observed an increased amount of 
EGFR remaining at the cell surface of flotillin-2 knockdown cells. However, also the total 
EGFR was increased in flotillin-2 depleted cells after 120 min EGF stimulation. Since 
substantial degradation of EGFR (and EGF) will evidently take place over such a long time, 
these results might indicate that the degradation and not endocytosis of EGFR is impaired, 
resulting in generally higher amount of remaining EGFR in flotillin-2 knockdown cells. 
Furthermore, when longer time points are used (10 - 120 min), some of the receptor will also 
be recycled back to the plasma membrane, thus biasing these results. In fact, considerable 
recycling of EGFR has been shown to take place in A431 cells (81). Hence, an increased 
amount of EGFR on the surface of flotillin-2 knockdown cells could also be a result of 
increased recycling combined with a reduced degradation. In addition to this, the A431 cells 
used by Solis et al. massively overexpress EGFR and are thus widely considered as a poor 
model system for EGFR trafficking, since the high amounts of EGFR may result in saturation 
of the endocytosis pathways normally used by the receptor and redirection of the receptor 
to pathways that otherwise play a negligible role. Therefore, the role of each flotillin in 
EGFR endocytosis should be reevaluated and directly compared in the same cell system 
with methods that are suitable for unbiased measurement of endocytosis, such as iodinated 
EGF uptake.  

One important open question on the role of flotillins in endocytosis is if the flotillin-
mediated endocytosis of various cargo molecules is dependent on the GTPase dynamin or 
not, since the studies have resulted in contradictory results, depending on the cell system 
used and cargo molecules studied. Since flotillins are endocytosed from the plasma 
membrane as a result of EGF stimulation (30) but appear not to directly affect EGFR 
endocytosis (27), they may in some cases also themselves represent cargo molecules whose 
cellular localization needs to be regulated during signaling. It is possible that depending on 
the endocytic process, cargo and stimulus, mechanistically different pathways are used. For 
a further discussion of this idea, please refer to the recent review of Otto and Nichols (71). 
Another important question is how the modifications (such as phosphorylation) and 
oligomerization of flotillins affect the trafficking of their putative cargo molecules. This topic 
is discussed more in detail below in the chapter “Functional significance of phosphorylation and 
oligomerization of flotillins”. 

Functions of flotillins in cell migration and adhesion 

Already the discovery of flotillins by using antibodies directed against cell surface proteins 
led to the assumption of a functional role of flotillin proteins in cell adhesion (2, 82). Up to 
date, much has been speculated about this attribute, but only a few studies actually showed 
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an involvement of flotillins in the establishment and maintenance of cell-cell and cell-matrix 
adhesion structures. One of the first functional hints was obtained in the study by Hoehne et 
al. (83), in which they investigated the functional role of flotillins in the model organism 
Drosophila melanogaster. The null mutant of flotillin-2 in Drosophila is viable and showed no 
visible phenotype, whereas Mz1369-Gal4 regulated overexpression of flotillin-2 alone or 
together with flotillin-1 resulted in a severe disturbance of the ommatidial pattern in regard 
to the number of primary pigment cells and cone cells. Furthermore, staining with 
antibodies against the cell adhesion molecules Roughest, Kin-of-irre and Sticks-and-Stones 
of the IgCAM protein family showed a strong labeling of an abnormal accumulation of 
multivesicular bodies in interommatidial cells. These observations led to the conclusion that 
flotillins interfere with the distribution of cell adhesion and signaling molecules in imaginal 
discs of Drosophila. In 2009, Málaga-Trillo et al. (15) published that the loss of the prion 
protein (PrP) in zebrafish embryos is characterized by the loss of embryonic cell adhesion. 
They presented confocal images of drosophila S2 cells, in which overexpressed mouse PrP-
EGFP colocalized with overexpressed rat flotillin-2-dsRed at cell-cell contact sites. Similar 
results were obtained with overexpressed zebrafish PrP-2-EGFP with rat flotillin-1-dsRed 
and flotillin-2-dsRed as well as zebrafish flotillin-1a-dsRed. (15) 

One major type of cell-cell contact in multicellular organisms is the adherens junction. The 
core of adherens junctions is composed of proteins of the cadherin and catenin family (84). 
Insights into a functional association of flotillins with this cell-cell contact type were 
obtained in the study of Bodrikov et al. (85), who showed that a transient knockdown of 
flotillin-2 in primary hippocampal neurons perturbed axon growth and differentiation. This 
phenotype was rescued in 62% of the neurons by overexpression of the constitutive active 
mutant of the GTPase TC10 which participates in the exocyst dependent polarized delivery 
of cargo to the growth cone (86). Interestingly, the amount of coprecipitated of N-Cadherin, 
which is a core protein of adherens junctions in adult neuronal cells, increased in flotillin-2 
immunoprecipitates from mouse hippocampal HPL3-4 cells after application of PrP-Fc. 
Overexpression of a dominant negative TC10 blocked this effect, which indicates that the 
PrP together with flotillin-2 is important for the recruitment of N-Cadherin, which in turn 
takes place in a TC10-dependent manner (85). Very recently, the Stuermer group could 
show that flotillins together with the PrP play a role in E-Cadherin recruitment to adherens 
junctions (79). They showed that both proteins colocalized with E-cadherin at the plasma 
membrane in human epidermoid carcinoma A431 cells. Knockdown of flotillin-2 or PrP 
resulted in an abnormal shape of adherens junctions, causing overlapping of neighboring 
cells (79). In addition, electron microscopy revealed that the length of adherens junctions 
was shorter in flotillin-2 and PrP knockdown cells (79). 

The complexing of the junctional proteins p120-catenin (p120ctn) and N-Cadherin at cell-cell 
contact sites was shown to occur in cholesterol rich membrane domains in mouse C2C12 
cells (87). A similar observation was made in differentiated human colon adenocarcinoma 
HT-29 cells, in which the interaction of E-Cadherin with p120ctn preferentially takes place in 
lipid rafts. A stable knockdown of flotillin-1 resulted in a diffuse localization of p120ctn and 
an impaired recruitment of p120ctn and E-Cadherin in lipid rafts. In addition, flotillin-1 
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depletion decreased the enzymatic activity of ALP and DPPIV during the enterocytic 
differentiation process (88). This study revealed a novel function of flotillin-1 in a lipid raft 
mediated maturation of adherens junctions and in intestinal cell differentiation. 

Other studies implicated that flotillins seem to be of functional relevance for cell-matrix 
adhesion processes. We showed that the transient knockdown of flotillin-2 in HeLa cells 
impaired cell spreading on fibronectin, as compared to cells transfected with control siRNA 
(30). Overexpression of flotillin-2-EGFP enhanced cell spreading and induced filopodia-like 
protrusions in an expression-level dependent manner in several epithelial cells lines, e.g. 
HaCaT cells (4, 30). The observed enrichment of flotillin-2 fusion proteins at cell-cell contact 
sites and the induction of filopodia suggest an active link to the cytoskeleton. Indeed, use of 
in vivo colocalization assays, in vitro binding assays and actin polymerization assays 
suggested that flotillin-2 interacts with F-actin via its SPFH domain, and that this binding 
mediates the anchoring of the actin cytoskeleton to the plasma membrane (36). 

Role of flotillins in EGF receptor and mitogen activated protein kinase signaling  

In the last 12 years, various studies have shown that flotillin-1 and flotillin-2 are physically 
and functionally linked to signal transduction pathways of several membrane receptors, 
especially receptor tyrosine kinases such as the insulin receptor (IR), the nerve growth factor 
(NGF) receptor, tropomyosin-related kinase A (TrkA), the polymeric Immunoglobulin E 
(IgE) receptor, fibroblast growth factor receptor (FGFR) and the epidermal growth factor 
receptor (EGFR) (27, 30, 63, 65, 89, 90). However, the mechanisms how flotillins may 
regulate the signaling process have not been dissected in detail. Only recently, we have shed 
light on the molecular mechanisms of flotillin-1 function in EGFR/MAPK signaling (27, 89). 
We showed that flotillin-1 actually plays a dual role by first regulating the clustering of 
EGFR in the plasma membrane after EGF stimulation and, later on during signaling, by 
functioning as a MAPK scaffolder protein (27). We also demonstrated that flotillin-1, but not 
flotillin-2, interacts with Fibroblast Growth Factor Receptor Substrates 2 and 3 (FRS2 and 
FRS3) (89) which have previously been shown to be involved in MAPK signaling (91-93). 
(See Figure 3). 

Depletion of flotillin-1 in HeLa cells results in a decreased tyrosine phosphorylation of the 
EGFR especially at Tyr1173 already after a short EGF stimulation, and the reduced 
phosphorylation persists up to a time point where no phosphorylation of EGFR can be 
detected (27). By means of TIRF microscopy, we showed that the formation of EGFR clusters 
at the cell surface upon EGF stimulation is impaired after flotillin-1 knockdown. This fits 
well with the findings of Schneider et al. (75) who showed that flotillins might be important 
for the clustering of APP on the cell surface before its endocytosis. In addition to EGFR 
clustering, flotillin-1 depletion also prevents the association of EGFR and some of its 
downstream signaling partners with membrane rafts (27). Although the fraction of total 
cellular EGFR that is found in rafts is very low, this might be the population of the receptors 
that is capable of fast signaling upon stimulation. Earlier findings from Hofman et al. have 
suggested that the raft associated EGFR actually resides in two separate populations of rafts 
which then coalesce after stimulation, bringing the required signaling molecules in close  
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Figure 3. Flotillin-1 is a MAPK scaffolder - the role of flotillins in EGFR/MAPK signaling. Binding of the 
ligand EGF results in dimerization and activation of the EGFR. Thereby, several Tyr residues in its 
kinase domain become either autophosphorylated or phosphorylated by other kinases. These 
phosphorylation events lead to the recruitment of further signaling components, especially those of the 
MAPK signaling pathway. Grb2 binds to the phosphorylated EGFR kinase domain and transmits the 
downstream signal via Ras, c-Raf and MEK to the MAPK ERK1/2. The EGF-induced signaling through 
MAPK is initiated at the plasma membrane but later on translocates to specialized endosomes, i.e. 
signaling endosomes. Flotillins are able to associate with the EGFR itself and regulate the clustering of 
the receptor at the plasma membrane. Flotillin-1 directly interacts with the components of the MAPK 
signaling pathway, e.g. c-Raf, MEK, KSR1 and ERK and can thus be classied as a novel MAPK 
scaffolder. 

contact (94). This model is well in line with our earlier findings showing that upon EGF 
stimulation, the molecular mass of flotillin oligomers increases, most likely due to their 
coalescence into larger complexes (56).   

We also observed a reduced downstream signaling towards the canonical MAPK pathway 
and Protein Kinase B/Akt after stimulation with EGF or basic fibroblast growth factor 
(bFGF) upon flotillin-1 knockdown (27), implicating that flotillin-1 is not only involved in 
EGFR but also in FGFR signaling. Similar results with EGF have later on been obtained by 
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Solis et al. (79) in A431 cells, which overexpress EGFR to a very high degree, after flotillin-2 
depletion. This is somewhat in contrast to our unpublished results in HeLa cells, which 
express physiological amounts of EGFR. In these cells, depletion of flotillin-2, resulting in 
nonexpression of flotillin-1, actually causes an increased MAPK phosphorylation upon EGF 
stimulation (A. Banning & R.T., unpublished findings). This again stresses the importance of 
using analogous cell systems for studies in signaling, as the degree of downstream signaling 
is highly dependent on the amount of EGFR expressed.  

Flotillin-1 depletion also resulted in reduced activation of the MAPK pathway, especially of 
ERK kinases, which are required for transmitting the MAPK signal into the nucleus (27). 
Although flotillin-1 depletion clearly impairs an early step, EGFR clustering, during the 
signaling, which alone would be sufficient to inhibit MAPK signaling, this appears not to be 
the only reason for the reduced ERK activity. Incubation of the cells with phorbol myristate 
acetate (PMA) results in the activation of PKC, which in turn can active the cRAF kinase in 
the absence of an upstream EGFR signal (95, 96). Our attempt to overcome the downstream 
ERK inhibition by PKC-mediated activation of cRAF resulted in normal activation of cRAF 
and MEK kinases, whereas the ERK phosphorylation could not be rescued in flotillin-1 
knockdown cells (27). This demonstrates that flotillin-1 must play a role not only at the 
plasma membrane but also at the level of ERK activation. Accordingly, we showed that 
flotillin-1 directly interacts with several MAPK pathway proteins, namely cRAF, MEK1 and 
ERK2. This interaction was not dependent on the MAPK scaffolder Kinase Suppressor of 
Ras (KSR), since flotillin-1 was found to coprecipitate with the MAPK component also in 
KSR1 depleted cells (27). Thus, these results suggest that flotillin-1 is indeed a bona fide 
MAPK scaffolder that is capable of directly interacting with several MAPK pathway 
proteins. Interestingly, the flotillin-1 interactor FRS2 has also been suggested to function as a 
scaffolding protein for the MAPK proteins (92, 97). Furthermore, our yeast two-hybrid 
studies have revealed another MAPK scaffolding protein, Mitogen-activated Protein Kinase 
Organizer 1 (MORG1) as an interaction partner of flotillins (our unpublished data). In future 
studies, it will be interesting to dissect the details of the regulation of MAPK signaling by 
flotillin-1, e.g. how these complexes are regulated during signaling in terms of their 
molecular composition and cellular localization.  

The role of flotillins in EGFR signaling is supported by our recent findings in stable flotillin-
1 and flotillin-2 knockdown human breast cancer MCF-7 cells (Figure 4). Comparable to 
HeLa cells, in MCF7 cells the stability of flotillin-1 is strongly dependent on flotillin-2, since 
the knockdown of flotillin-2 resulted also in a loss of flotillin-1. However, knockdown of 
flotillin-1 had no effect on flotillin-2 expression. Immunoblot analysis showed that the 
amount of EGFR is increased in flotillin-1 and flotillin-2 knockdown cells (Figure 4A). This 
effect is only visible in stable knockdown cells and not in transient knockdown cells, most 
likely due to an adaption of the EGFR amount to overcome the decreased EGFR-MAPK 
signaling in flotillin knockdown cells. We have previously observed this effect also in HeLa 
cells and other cell lines (our unpublished results). The EGFR, also known as ErbB1/Her1, is 
one of the four known members of the ErbB/Her protein-tyrosine kinase family (reviewed in 
(98)). Analysis of the protein amount of ErbB2/Her2 and ErbB3/Her3 showed no detectable  
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Figure 4. The reduced activation of the MAPK signaling pathway due to otillin depletion is 
compensated by an increased protein expression level of the epidermal growth factor receptor (EGFR) 
in MCF-7 cells. (A) Stimulation of stable otillin-1 and flotillin-2 MCF-7 knockdown cells with EGF for 
10 minutes and 30 minutes. The reduced activation of the MAPK signaling in flotillin knockdown cells 
is compensated by an upregulation of the EGFR protein level. (B) lmmunouorescence of endogenous 
EGFR (red) and endogenous otillin-1 (green) in unstimulated and EGF-stimulated (120 min) otillin-1 
knockdown cells (sh-Flot1). Control cells are shown only in unstimulated state, due to undetectable 
EGFR level by immunouorescence. Scale bar: 20 µm 
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change in the protein level (data not shown), which indicates that flotillin depletion 
specifically affects the protein level of the EGFR. In general, the endogenous EGFR is not 
detectable by immunofluorescence in MCF-7 cells, whereas in flotillin-1 depleted MCF-7 
cells, a prominent staining at the plasma membrane is visible (Figure 4B). Stimulation with 
EGF for 120 minutes results in a translocation of the EGFR in vesicular structures in these 
cells. This is in line with our previous results in HeLa cells, indicating that the endocytosis of 
the EGFR is not affected by flotillin-1 depletion (27).  

Flotillins and other receptor tyrosine kinases 

The first experimental evidence for a functional role of flotillins in insulin signaling was 
presented by the Saltiel group (63). They demonstrated that flotillin-1 forms a ternary 
complex with c-Cbl-associated protein (CAP) and the E3 ubiquitin protein ligase Cbl upon 
insulin stimulation (Figure 5). This was shown to be important for lipid raft association, 
downstream signaling of the CAP-Cbl complex and finally for glucose uptake by the 
glucose transporter GLUT4 in 3T3-L1 adipocytes (63). Previously, the interaction of CAP 
with Cbl was shown to be independent of insulin stimulation in vivo and in vitro and to be 
mediated by SH3 domains (99, 100). In line with this, expression of CAP∆SH3 inhibited the 
translocation of GLUT4 from storage vesicle to the plasma membrane upon insulin 
stimulation (63). Further analysis of the flotillin-1 interaction mode with murine CAP 
isoforms showed that flotillin-1 only interacts with the isoform CAP-4 via its first 
hydrophobic domain, but not with the isoforms CAP-1, -2, and -3 (31). In CAP, the sorbin 
homology domain (SoHo) seems to be important for flotillin-1 binding, as the expression of 
CAP∆SoHo prevented the translocation of Cbl to lipid rafts in 3T3-L1 adipocytes (101). Since 
the murine CAP isoforms 1-4 all contain the SoHo domain, a predicted 70 amino acids long 
proline-rich region N-terminal to the SoHo domain in CAP-4 might also be of importance 
for flotillin-1 binding (102). While flotillin-1 was found in perinuclear regions in 
differentiated skeletal muscle cells (103), it was located at the plasma membrane in 
adipocytes (31) under basal conditions, suggesting that the role of flotillin-1 in targeting 
GLUT4 to the plasma membrane after insulin stimulation may differ between muscle and 
adipose tissue. Indeed, Fecchi et al. (103) showed that flotillin-1 colocalized with GLUT4 in 
the perinuclear region of myotubes, and both proteins translocated to the sarcolemma in a 
PI3K/ PKCζ- and caveolin-3 dependent manner upon stimulation with insulin. In addition, 
it was demonstrated that caveolin-3 is involved in the PI3K-dependent insulin signaling 
pathway, whereas flotillin-1 is crucial for the PI3K-independent insulin signaling pathway 
by interacting with the main scaffolding protein CAP. The interaction with CAP was also 
shown for flotillin-1 and flotillin-2 in mouse neuroblastoma N2a cells, in which 
overexpressed flotillin-1 and flotillin-2 colocalized with endogenous CAP at focal adhesion 
sites (57). This result indicates that by means of their interaction with CAP, flotillins might 
play an additional role in focal adhesion dynamics and integrin signaling. 

Receptor tyrosine kinases of the Trk receptor family regulate various cellular processes, such 
as proliferation and differentiation, through several cellular signal cascades. Three types of 
Trk receptors exist in humans, including TrkA, TrkB and TrkC, which have varying 
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affinities to neutrotrophins such as NGF. TrkA is specifically activated by NGF (reviewed in 
(104, 105). Downstream signaling by TrkA seems to be dependent on the lipid raft 
association of TrkA. Upon NGF stimulation, TrkA is recruited to lipid rafts in PC12 cells, a 
process dependent on its association with CAP, which in turn binds to flotillin-1 (65). The 
deletion of the CAP SoHo domain abolishes the lipid raft association of TrkA and further 
downstream signaling events such as ERK1/2 phosphorylation (65). (See Figure 5) 

 
Figure 5. Proposed functional role of otillin proteins in insulin and NGF signaling cascades. (A) 
Insulin is the major hormone controlling essential metabolic processes such as glucose and lipid 
turnover. Insulin binding to the extracellular subunits of the insulin receptor tyrosine kinase (IR) 
induces a conformational change and results in the autophosphorylation of several tyrosine residues in 
the cytoplasmic part of the IR. In adipocytes, the constitutive complex of the E3 ubiquitin ligase c-Cbl 
with the c-Cbl associated protein (CAP) is recruited to the active receptor. The interaction of CAP/c-Cbl 
complex with the IR was found to be indirect and mediated via the Adapter protein with Pleckstrin 
homology and Src homology 2 domains (APS). To initiate downstream signaling events, the CAP/c-Cbl 
complex then dissociates from the IR and is recruited to lipid rafts by forming a ternary complex with 
otillin-1. (B) Receptor tyrosine kinases of the Trk receptor family regulate various cellular processes in 
the mammalian neuronal system, such as proliferation and differentiation by activation through 
neutrophins. The receptor TrkA is activated by the neutrophin nerve growth factor (NGF), which leads 
to the recruitment of the CAP/c-Cbl complex to TrkA. Since the broblast growth factor substrate 2 
(FRS2) is also capable of binding to TrkA and CAP, it might be possible that the CAP/c-Cbl complex is 
recruited to TrkA by its interaction with FRS2. Most likely by the scaffolding activity of otillin-1, the 
complex including the TrkA receptor is translocated to lipid rafts for a proper initiation and 
amplication of the downstream signal. 

Recently, we have demonstrated that flotillin-1 directly interacts in vitro and in vivo with 
FRS2, a protein suggested to function in insulin signaling (106), by means of its N-terminal 
phosphotyrosine binding (PTB) domain and competes for the binding with FGFR (89). 
Interestingly, FRS2 was shown to interact directly through its PTB domain with TrkA in a 
phosphotyrosine-dependent manner after NGF stimulation (107, 108). Furthermore, we 
showed that in addition to flotillin-1, FRS2 also binds CAP by means of both its PTB domain 
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and the C-terminal domain. In CAP, the SoHo domain in cooperation with the third SH3 
domain mediate FRS2 binding (89). Both flotillin-1 and CAP bind to the PTB domain of 
FRS2, which suggests that CAP and flotillin-1 may compete for FRS2 binding to regulate the 
formation of signaling complexes. 

Animal models for the function of flotillins 

Flotillins are highly conserved proteins which are assumed, mainly on the basis of cell 
culture studies, to play multifaceted roles in developmental regulation. Hoehne et al. carried 
out initial studies of loss- and gain-of function of flotillins in wild type and mutant 
Drosophila melanogaster to investigate their role during morphogenesis and organogenesis 
(83). According to this study, flotillin proteins are highly expressed in embryonic neuronal 
tissues, and during later developmental stages flotillins showed an enhanced expression 
pattern in axon fascicles (83). Additionally, flotillin specific antibodies labeled in particular 
the Drosophila mushroom body, which is a paired structure of insect central brain 
responsible for higher-order sensory integration and learning. Flotillins showed a 
categorical neuronal expression, as antibody staining was restricted to optic lobes and 
central brain but was not observed in glial cells. A P-element-induced null mutant for 
flotillin-2 was viable, fertile and with no apparent deficits in behavior or overall activity. In 
this flotillin-2 null mutant, the expression of flotillin-1 was undetectable even though the 
mRNA transcript was present (83). Conversely, overexpression of flotillin-1 and flotillin-2 
proteins either alone or together in the eye imaginal discs lead to mislocalization of adhesion 
molecules of the immunoglobulin superfamily (IgCAMs; please also refer to the chapter 
“Functions of flotillins in cell migration and adhesion”). Additionally, the adult flies showed a 
variable phenotype affecting bristles, ocelli, eyes, wings, abdominal segments and thoracic 
structures. A severe wing phenotype, including blistering and melanotic cells, was caused 
by flotillin overexpression in wing imaginal discs. Moreover, a later study showed that 
flotillin-2 deficiency resulted in reduced spreading of the morphogens Wnt and hedgehog, 
whereas flotillin-2 overexpression resulted in increased morphogen secretion and expanded 
diffusion. These findings qualify flotillin-2 as a novel component of the Wnt and hedgehog 
secretion pathway in Drosophila (64). 

Flotillins are also implicated to regulate axon regeneration in a zebrafish model. As a 
consequence of gene duplication in fish, there are two copies of each flotillin gene. To 
understand the essential role of flotillins in axon regeneration, specific morpholino (Mo) 
antisense nucleotides were used to transiently downregulate flotillin-1a, flotillin-1b and 
flotillin-2a in zebrafish (60). Interestingly, the number of retinal ganglion cells (RGC) 
undergoing axon regeneration was reduced by 69% in flotillin-Mo treated eyes after 7 days 
(60). Recently, a zebrafish model was employed to study the role of flotillins in cholera 
intoxication. Consequently, flotillin-1 and flotillin-2 knockdown prevented cholera 
intoxication in zebrafish embryos. Moreover, cholera toxin subunit B (CTxB) colocalized 
with flotillins at the plasma membrane and in endosomes in COS1 cells (109). Thus, these 
results suggest flotillins as essential elements for axon regeneration and indicate a novel 
cholera intoxication in vivo model dependent on flotillins for trafficking between plasma 
membrane/endosomes to the ER in the zebrafish.  
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Cell migration is an essential mechanism during the development and maintenance of 
multicellular organisms. It requires the constant turnover of cell-matrix adhesion structures, 
e.g., integrin-based focal contacts. Results presented by Ludwig et al. (110) strongly suggest 
a functional role of flotillin microdomains during neutrophil migration, in uropod 
formation, and in the regulation of myosin IIa activity. They generated and characterized 
C57BL6/J mice lacking exon 3-8 of the gene for flotillin-1. In line with the observations in 
Drosophila, these flotillin-1-/- mice are viable, fertile, and have no readily apparent 
phenotype. On the cellular level, absence of flotillin-1 resulted in a greatly reduced flotillin-2 
expression, and the residual flotillin-2 was not found in detergent-resistant fractions of flot-1 
-/- MEF cells. These data suggest that deletion of flotillin-1 leads to the abrogation of flotillin 
microdomain function. Furthermore, isolated flotillin-1-/- neutrophils exhibited a defect in 
chemotaxis when exposed to the chemoattractant N-formyl-Met-Leu-Phe (fMLP). Previous 
reports have already shown that, upon stimulation with chemoattractants, flotillin 
microdomains rapidly distribute to the uropod, a contractile structure at the back of 
leukocytes (32, 111). This suggested that these microdomains could participate in 
polarization and/or chemotaxis. Ludwig et al. were also able to show by mass spectrometry 
of isolated flotillin microdomains and immunoprecipitation of flotillin-2-EGFP an 
association of flotillin microdomains with myosin IIa, α-spectrin and β-spectrin. Flotillin 
overexpression led to an increase of myosin IIa activity, whereas the loss of flotillins caused 
a reduction as measured by using phosphospecific antibodies (110). The regulatory effect of 
flotillins on myosin IIa activity strengthens the assumption that both proteins exhibit a 
functional role during cell migration, as myosin IIa was shown to act as a negative regulator 
of epithelial cell migration, and its ablation results in severe defects in focal adhesion 
formation and actin stress fiber organization (112, 113). 

4. Functional significance of phosphorylation and oligomerization of 
flotillins 

Recent data from several groups have revealed flotillins as important regulators of vital 
cellular processes such as signaling and endocytosis. One major challenge in the future will 
be to dissect how the oligomerization and the covalent modifications of flotillins affect their 
function during these processes. Endocytosis of flotillins appears to be influenced by 
upstream signaling (30, 49, 56) and requires clustering of flotillin-1 and flotillin-2 molecules 
(34, 56). We have shown that EGF stimulation results in uptake of flotillins hetero-oligomers 
from the plasma membrane, and that hetero-oligomerization appears to be required for the 
endocytosis (30, 56). Mutation of a single Tyr residue, Tyr163, in flotillin-2 is sufficient to 
prevent the EGF-induced endocytosis of flotillins (30), and this mutation impairs the hetero-
oligomerization of flotillin-2 with flotillin-1 (56). Flotillins are phosphorylated by the Src 
family kinases cSrc and Fyn (4, 49), but the direct role of Tyr phosphorylation in the 
endocytosis is still under debate. Our data show that inhibition of cSrc kinase, the activity of 
which is necessary for flotillin-2 phosphorylation (30), does not impair the endocytosis of 
flotillin-2 (16), whereas the mutation of the single Tyr residue Y163 does (30). Thus, it is 
more likely that this mutation affects the oligomerization of flotillins and thereby also 
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endocytosis. However, phosphorylation of flotillins by the Fyn kinase appears to be 
sufficient to induce endocytosis of flotillins (49), suggesting that the Src family kinases 
might play different roles in terms of flotillin function. It is also important to keep in mind 
that PKC has recently been shown to phosphorylate flotillin-1 in Ser315, and that this 
phosphorylation is required for the endocytosis of the dopamin transporter DAT (74). Thus, 
phosphorylation seems to be an important direct or indirect regulator of flotillin trafficking. 

Not only phosphorylation but also covalent modifications with fatty acids myristate and 
palmitate take place in the case of flotillins (3, 4, 53). Mutation of Gly2 prevents the 
myristoylation and the subsequent palmitoylation of flotillin-2, thus also inhibiting its 
membrane association and rendering the protein soluble (4). Recently, the palmitoyl 
transferase DHHC5 was shown to palmitoylate flotillin-2 (53). Interestingly, growth factor 
withdrawal, which induces neuronal differentiation, resulted in rapid degradation of 
DHHC5 (53), implicating that palmitoylation might be important for the well established 
function of flotillins in neurite outgrowth in cultured neuronal cells. Since the soluble, non-
modified flotillin-2 with Gly2Ala mutation seems to function as a dominant negative protein 
during cell-matrix adhesion (30), and successive removal of the three palmitoylation sites 
affect the membrane association of flotillin-2 (4), the fatty acid modifications, especially the 
reversible palmitoylation, are most likely important for the regulation of flotillin function. 
Accordingly, we have observed that flotillin-2 expression is necessary for the membrane 
association of flotillin-1, which is not myristoylated and only palmitoylated in a single 
residue. Thus, ectopic expression of flotillin-1 in flotillin-2 depleted cells results in a soluble 
protein that is not capable of exerting its function (our unpublished data). 

Our recent findings revealed flotillin-1 as a MAPK regulator (27). However, no data are so 
far available on the role of flotillin modifications such as phosphorylation in the regulation 
of MAPK signaling. Intriguingly, another SPFH/PHB family protein, prohibitin-1, has been 
shown to regulate an earlier step during MAPK signaling, namely signaling by the small 
GTPase Ras and RAF kinase (114, 115). Although the most evident cellular localization of 
prohibitin is the inner mitochondrial membrane, various studies have now shown that 
prohibitin is a substrate of several cytoplasmic kinases such as Akt, and it becomes Tyr 
phosphorylated upon insulin stimulation of cells (116, 117). Thus, at least a fraction of 
prohibitin must be found in another cellular localization such as the plasma membrane. 
Importantly, prohibitin has been shown to be essential for cell migration that is induced by 
the Ras-Raf-MAPK pathway (115), and very recent findings show that phosphorylation of 
prohibitin, which takes place in a raft domain, is necessary for the Ras-dependent 
enhancement of cellular metastasis (118), verifying the results of Rajalingam et al. (115). 
Thus, there are several parallels in prohibitin and flotillin function, including MAPK 
signaling and cell migration, although they appear to be involved in different steps of the 
signaling. Since some evidence for a hetero-oligomerization of different SPFH-PHB family 
members, namely prohibitin and stomatin family protein SLP-2 (119) has been presented, it 
would be important to study if flotillins and prohibitins are capable of hetero-oligomerizing 
with each other and how this affects their function, especially with respect to the MAPK 
signaling. In the future, it will also be of interest to study if the phosphorylation-
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incompatible forms of flotillins cause aberrant signaling and if this effect is linked on 
phosphorylation at specific sites. Our previous data show that the function of flotillin-2 in 
cell-matrix association is indeed dependent on specific Tyr residues, the mutations of which 
affect cell spreading (30). Similarly, mutations of phosphorylated residues in flotillin-1 
might affect its role in MAPK signaling and its interaction with the MAPK proteins.   

5. Flotillins in human diseases 

Role of flotillins in cancers 

Early findings already indicated that flotillins may be involved in the regulation of the actin 
cytoskeleton. Overexpression of flotillin-2 was found to result in induction of filopodia-like 
protrusions and changes in the cytoskeleton (4, 11). Furthermore, flotillins have been shown 
to be important for the polarization of various immune cells such as T cells and neutrophils 
(29, 32, 33, 37, 110, 111), and to be involved in the regulation of the activity of various small 
GTPases that control e.g. the remodeling of the actin cytoskeleton (36, 57). In fact, flotillin-2 
has even been suggested to directly interact with actin (36), although this has not been 
verified in further studies. Thus, there are very strong implications that flotillins are 
required for a proper regulation of the actin cytoskeleton, which is necessary for e.g. the 
control of cell migration. Consequently, taking also into account the numerous reports on 
the involvement of flotillins in signaling, it is evident that flotillins are critical factors that 
regulate the cell physiology and cell growth. Thus, the findings showing that flotillins are 
involved in some types of cancer are well in accordance with this function.  

The strongest evidence for the role of flotillins in cancer to date comes from studies on 
human malignant melanoma. The direct association of flotillins with human cancers was 
shown in 2004 when the group of M. Duvic demonstrated that flotillin-2 is highly expressed 
in various melanoma cell lines, and that flotillin-2 expression correlated with the 
progression of human melanoma (120). Furthermore, the thickness of primary melanoma 
lesions, so-called Breslow depth, which is a prognostic marker for the malignancy of a 
melanoma lesion, showed a correlation with the increased flotillin-2 expression (121). 
Importantly, benign, non-malignant cells could be converted into tumorigenic, metastatic 
ones upon overexpression of flotillin-2 (120). Furthermore, flotillin-2 was shown to be 
associated with the thrombin receptor PAR1, the expression of which was dependent on the 
level of flotillin-2 protein (120).  

Lin et al. detected a high expression of flotillin-1 in the majority of the breast cancer 
specimens they studied (66). Furthermore, they revealed a significant correlation between 
the expression level of flotillin-1 and poor survival of the patients, suggesting that flotillins 
might prove useful as novel diagnostic markers for cancer. Knockdown of flotillin-1 was 
shown to result in inhibition of Akt activity and increased transcriptional activity of the 
transcription factor FOXO3a. Knockdown of flotillin-1 also inhibited the proliferation of 
breast cancer cell lines by inducing a G1-S phase arrest of the cell cycle. In line with this, the 
expression of the cyclin dependent kinase (CDK) regulator cyclin D1 was reduced after 
flotillin-1 silencing, whereas that of the CDK inhibitors p21Cip1 and p27Kip1 was considerably 
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increased (66), suggesting that flotillin-1 is an important regulator of the cell cycle. This 
result is strongly supported by our findings showing that in flotillin-1 knockdown cells, 
cyclin D1 expression after EGF stimulation is severely impaired (27).   

Although flotillins evidently play a role in cancer and their overexpression is associated 
with malignancy, very little is known about their transcriptional regulation. Flotillin-2 was 
shown to be a transcriptional target of the p53 family transcription factors p63 and p73 but 
not of p53 (122). We have recently addressed this question more in detail and shown that 
flotillins are transcriptionally regulated by the Extracellularly Regulated Kinase signaling 
and by the Retinoid X Receptor (Banning et al., in revision). Due to their important role in 
cancer, a deeper knowledge on the transcriptional regulation of flotillins is essential for 
understanding the mechanisms of malignancy that results from flotillin upregulation.  

Implications of flotillins in Alzheimer’s Disease and other neurodegenerative disorders 

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder 
whose most prominent pathological hallmarks include neuronal loss, neurofibrillary tangle 
formation and senile plaques throughout the brain cortex. The major component of the 
senile plaques is the amyloid β peptide (Aβ) comprising of 40-42 residues, which is 
generated by a proteolytic cleavage of a large transmembrane precursor protein named 
amyloid β precursor protein (APP). APP is subjected to proteolytic processing at several 
sites by a group of proteases called secretases. Sequential cleavage of APP by β-secretase (β–
site APP cleaving enzyme or BACE) and γ-secretases generates Aβ and is hence termed the 
amyloidogenic pathway (reviewed in (123-126)). APP can also be processed through a non-
amyloidogenic pathway, in which the α-secretase cleaves within the Aβ sequence, thereby 
precluding the formation of Aβ. It has been strongly implicated that the amyloidogenic 
processing of APP takes place in lipid rafts, which is supported by the findings showing that 
APP can be detected in rafts isolated from cortical neurons (124). Besides APP, other AD 
associated raft resident proteins include BACE-1 (127), endoproteolytic fragments of 
presenilin-1 (PS-1) and the presenilins (128, 129). Compelling evidence from various 
research groups shows that the flotillin family of proteins is partially associated with AD 
pathology and trafficking (47, 130, 131). Flotillins are considered as classic raft markers in 
neuronal tissue since they show an abundant expression in the brain, typically in pyramidal 
neurons and astrocytes. Kokubo et al. detected flotillin-1-positive rafts in the plasma 
membrane and membranes of intracellular organelles in rat brain tissue by using 
immunoelectron microscopy (47). Consequently, they showed that in APP transgenic mice, 
flotillin-1 and Aβ42 colocalized in approximately 10% of flotillin-1 positive rafts, and that 
flotillin-1 expression increased with the accumulation of Aβ (132).  

Parallel studies in brain sections from AD, Down syndrome and non-demented subjects 
with plaques showed enhanced flotillin-1 expression with the progression of AD (130). 
Further insight was provided by Rajendran et al. who demonstrated that in AD patients, Aβ 
accumulates and is located in flotillin-1 positive endosomes. They also showed that flotillin-
1 was not only linked with intracellular Aβ in transgenic mice but was also present in 
extracellular plaques of AD patient brain sections (131). Furthermore, comparison of 
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flotillin-1 immunoreactivity in the hippocampus, the amygdala and the isocortex of AD and 
control patients implicated that flotillin-1 principally accumulates in lysosomes of tangle 
bearing neurons during the advanced stages of AD (133). To date, the precise functional 
significance of APP and flotillin association is enigmatic. Schneider et al. proposed that 
flotillins could function as scaffolding proteins, forming a platform for clustering of APP 
and consequent endocytosis. Accordingly, flotillin-2 knockdown in mouse neuroblastoma 
cells impaired APP endocytosis and processing, resulting in reduced Aβ production (75). It 
has previously been shown that the intracellular domain of APP directly interacts with 
flotillin-1 (134). Our unpublished findings suggest that both flotillin-1 and flotillin-2 directly 
interact with APP, suggesting that both flotillins could facilitate recruitment of APP into 
microdomains. 

Flotillins and other lipid raft-associated proteins might also be involved in other human 
neuronal diseases. The study by Shin et al. (135) showed an increased level of the lipid raft 
associated proteins caveolin-1, -2, and -3 in the spinal cord during the early stage of 
experimental autoimmune encephalomyelitis (EAE). EAE is an experimental animal model, 
mostly used in rodents, of inflammatory demyelinating diseases of the central nervous 
system (CNS), including multiple sclerosis (reviewed in (136)). Similar results with the 
caveolin data were obtained for flotillin-1 during the peak stage of EAE. 
Immunohistochemical analysis showed an enhanced expression of flotillin-1 in the dorsal 
horn lamina and in some flotillin-1-positive macrophages and astrocytes, in which it 
colocalized with the lysosomal marker cathepsin D (137). Due to that, they postulated that 
flotillin-1 inherits an important function in immune and neuronal cells within the CNS 
during EAE, possibly via the activation of signal transduction and lysosomal activity. 

Parkinson’s disease (PD) is one of the most common, progressive neurological disorders. 
The pathological hallmark of PD is the extensive loss of dopamine secreting cells within the 
substantia nigra, particularly affecting the ventral component of the pars compacta 
(reviewed in (138)), which can lead to uncontrolled muscle contraction and movement, 
dementia, depression and anxiety. Flotillin-1 staining in rat brain sections showed a 
prominent labeling in the cytoplasm of catecholamine releasing cells (dopamine, 
norepinephrine, and epinephrine) and an upregulated gene expression of flotillin-1 in the 
substantia nigra of Parkinson’s brain by RT-PCR (139). Although the molecular function of 
flotillin-1 in Parkinson’s disease is still not known, this study implies that flotillin-1 may be 
involved in the neuronal changes occurring during Parkinson’s disease. 

Flotillins and pathogens 

During evolution, many pathogens have developed mechanisms to use host-cell lipid rafts 
as signaling and entry platforms to escape the host immune system (reviewed in (140, 141)). 
Several studies demonstrated that lipid rafts are often used as entry sites for bacteria, e.g., 
Salmonella enterica (142) or Listeria monocytogenes (143). In regard to flotillins, Li et al. (144) 
showed that flotillin-1 accumulates at bacteria entry sites and around intracellular 
enteropathogenic Escherichia coli (EPEC). This bacterium causes diarrheal disease by 
disrupting the integrity of tight junctions, which are essential structures for physiological 
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homeostasis and defense against pathogen invasion. Furthermore, they detected a shift of 
flotillin-1 and occludin, a major protein of tight junctions, from Triton X-100 insoluble 
fractions to Triton X-100 soluble fractions following EPEC infection. This led to the 
conclusion that the loss of tight junction barrier function might be accounted to the 
redistribution of occludin and flotillin-1 after EPEC infection. 

Not only bacteria use lipid raft domains as preferred entry sites in host-cells, but also 
various enveloped and non-enveloped viruses are dependent on an intact lipid raft structure 
and the presence of cholesterol for successful virus entry (reviewed in (145)). In the case of 
the retrovirus human immunodeficiency virus-1 (HIV-1), flotillin-1 was suggested to play a 
role of in the cellular response to the viral infection since the protein level of flotillin-1 was 
increased in peripheral blood mononuclear cells after treatment with the HIV-1 component 
gp120 (146). The primary HIV-1 receptor CD4 and the co-receptor CCR5, both of which are 
important for HIV-1 host-cell entry, were also shown to associate with flotillin-1 containing 
lipid rafts in monocytes (147). Recently, flotillin-1 was also identified as an interaction 
partner of the overexpressed rhesus monkey TRIM5α (148). TRIM5α is a member of 
tripartite motif (TRIM) protein family, and plays an important role during host cell defense 
against retroviruses such as HIV-1 especially in old world monkeys, but not in humans 
(reviewed in (149)). The function of flotillin-1/TRIM5α interaction is still unknown, as 
flotillin-1 knockdown or overexpression did not affect HIV-1 transduction efficiency, 
leading to the suggestion that flotillin-1 at least plays no role in the post-entry restriction of 
HIV-1 in fetal rhesus monkey kidney (FRhK4) cells.  

Flotillins and diabetes mellitus 

Flotillins seem to be of functional relevance in insulin signaling (see above) and the 
metabolic disease diabetes mellitus, as first demonstrated by Baumann et al. (63). A year 
later, James et al. showed an increased protein level of flotillin and caveolin-1 in muscle 
tissue and myoblast lysates derived from stroke-prone spontaneously hypertensive (SHRSP) 
rats as compared to male Wistar-Kyoto control rats (150). It is important to note that SHRSP 
rats are a model of human insulin resistance, defined by the decreased ability of cells or 
tissues to respond to physiological levels of insulin especially in skeletal muscles and 
adipose tissue. Insulin resistance is of major importance in several human diseases, e.g. 
diabetes type 2 (151). The results of both the above studies lead to the assumption that 
flotillins might play a role in insulin signaling in the skeletal muscle and adipose tissue. 
Furthermore, during steady state conditions, flotillin-1 was found in perinuclear regions in 
differentiated skeletal muscle cells, but at the plasma membrane in adipocytes (31). This 
observation suggested that the role of flotillin-1 in targeting GLUT4 to the plasma 
membrane after insulin stimulation may be different between muscle and adipose tissue. In 
fact in skeletal muscle cells, the insulin-stimulated signaling cascade leading to the 
translocation of GLUT4 to the plasma membrane is dependent on flotillin-1 and the muscle-
specific protein caveolin-3 (103).  

Lipid rafts also play a role in diabetic xerostomia, or dry mouth. This disease, when 
associated with diabetes mellitus, is caused by degenerative changes in the salivary glands 
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leading to increased infectious conditions in the oral cavity and in the long-range aggravates 
the risk of atherosclerosis and cardiovascular diseases (reviewed in (152)). Wang et al. (153) 
tried to clarify the mechanisms leading to diabetic xerostomia by testing the subcellular 
localization of aquaporin 5 (AQP5), a water channel protein, in parotid glands of 
steptozotocin-induced diabetic rats during stimulation with the muscarinic agonist 
cevimeline. In parotid acinar cells derived from control rats, AQP5 colocalized with flotillin-
2 in the cytoplasm and at the apical plasma membrane ten minutes after cemivelime 
treatment. In contrast, in the parotid acinar cells derived from diabetic rats, the translocation 
of these proteins did not occur. In summary, the results showed that AQP5 translocation is a 
lipid raft-dependent process and inhibition of the muscarinic agonist-induced translocation 
might be the cause of diabetic xerostomia.  

6. Conclusions 

It has become evident that flotillins play a key role in the regulation of cellular signaling and 
membrane trafficking. Although flotillins are not essential for life in metazoans, including 
mammals, as shown by the recent studies in flotillin knockout mice, they appear to be 
extremely important for many processes in cultured cells. This would suggest that especially 
mammals are capable compensating for the loss of flotillins by upregulating the expression 
of other proteins and thus overcoming the defects in e.g. signaling and cell adhesion. This 
feature is observed in both our flotillin-2 knockout mice and cultured cells with a 
constitutive flotillin knockdown (our unpublished data). In the future, it will be important to 
study what the molecular mechanisms of the compensation of loss of flotillin function might 
be. It will also be of major interest to study if the original function of flotillins in neuronal 
regeneration can also be observed in the mammalian knockout model. Furthermore, the 
functional significance of flotillin modifications can now be studied in the context of 
mammalian organisms when knockout/knock-in mice with specific mutations become 
available. Thus, the recent development of flotillin-1 and flotillin-2 knockout mice has 
brought the studies of flotillin functions to a new exciting era, and important data on the 
physiological function of flotillins can be expected in the near future. 
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1. Introduction 

Clostridium perfringens (C. perfringens) is a toxin-producing anaerobic Gram-positive 
bacterium, which is well known for its role in human tissue infections and food poisoning. It 
is readily isolated from soil and a component of normal human intestinal and vaginal flora 
in many individuals. Apart from the classic clostridial myonecrosis of gas gangrene, C. 
perfringens can be responsible for a range of other clinical scenarios including sepsis, 
aspiration pneumonia, brain abscess, and enteritis necroticans. The potent exotoxins 
produced by various strains of C. perfringens are central to their effectiveness as pathogens, 
and include four major toxins used in strain classification: a phospholipase C (alpha-toxin, 
PLC), two pore-forming toxins (beta and epsilon toxins); and an ADP-ribosylation toxin 
(iota toxin). C. perfringens gas gangrene is one of the most fulminant necrotizing infections 
affecting humans. The infection can become well established in traumatized tissues in as 
little as 6-8 h and the destruction of adjacent healthy muscle can progress several inches per 
hour despite appropriate antibiotic coverage. Shock and organ failure occur in 50% of 
patients, and 40% of these individuals die. Even with modern medical advances and 
intensive care regimens, the centuries-old practice of radical amputation on an emergent 
basis remains the single best treatment. Histologically, this infection is characterized by 
widespread destruction of muscle and the absence of polymorphonuclear leukocytes at the 
site of infection. Instead, leukocytes accumulate within adjacent vessels. 

C. perfringens alpha-toxin is the major virulence factor in gas gangrene with inflammatory 
myopathies (Williamson and Titball 1993, Awad et al. 1995). The toxin, which exhibits 
phospholipase C (PLC) and sphingomyelinase activities, causes hemolysis, necrosis, and 
death, and the activation of neutrophils and release of cytokines (Sakurai, Nagahama and 
Oda 2004). Bryant reported that the intramuscular injection of alpha-toxin caused a rapid 
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and irreversible decline in skeletal muscle blood flow due to toxin-induced intravascular 
aggregates of plates, leukocytes and fibrin (Bryant et al. 2000a, Bryant et al. 2000b). 
Neutrophils in these aggregates often bordered the endothelium but all remained 
intravascular (Bryant et al. 2000a). These findings suggested that the large heterotypic 
aggregates of platelets and leukocytes generated by alpha-toxin also contributed to 
impairment of the tissue inflammatory response. We have reported that alpha-toxin-
induced activation of endogenous PLC and sphingomyelinase via a pertussis toxin (PT)-
sensitive GTP-binding protein (Gi) plays an important role in the hemolysis of rabbit and 
sheep erythrocytes, respectively (Ochi et al. 1996, Ochi et al. 2004, Oda et al. 2008). 

Recently, we revealed that the tyrosine kinase A (TrkA) receptor plays an important role in 
the release of superoxides and cytokines (Oda et al. 2006, Oda et al. 2008). This review will 
present findings about the signal transduction via TrkA receptor induced by alpha-toxin 
and summarize information about its likely role in inflammatory disease, especially septic 
shock.  

2. Role of TrkA on a inflammation induced by alpha-toxin 

2.1. Signal transduction via TrkA receptor 

The TrkA receptor is a 140-kDa transmembrane protein encoded by a proto-oncogene 
located on chromosome 1 (Martin-Zanca, Hughes and Barbacid 1986). The family of Trk 
receptor tyrosine kinases consists of TrkA, TrkB and TrkC. While these family members 
have highly conserved sequences, they are activated by different neurotrophins: TrkA by 
nerve growth factor (NGF), TrkB by Brain-derived neurotrophic factor (BDNF) or 
neurotrophin 4 (NT4), and TrkC by NT3. TrkA regulates proliferation and is important for 
development and maturation of the nervous system (Pierotti and Greco 2006). This receptor 
comprises a tyrosine-kinase domain in its intra-cytoplasmic region and five extracellular 
domains, including two immunoglobulin-like domains involved in NGF binding and 
responsible for the specific selectivity to bind NGF (Wiesmann et al. 1999). In humans, the 
TrkA receptor is expressed on cells throughout the nervous system (Muragaki et al. 1995) as 
well as on structural cells and other non-neuronal cells in the immune and neuroendocrine 
systems (Levi-Montalcini et al. 1995, Aloe et al. 1997, Bonini et al. 2002, Levi-Montalcini 
1987). When NGF binds to the TrkA receptor, it induces receptor homodimerization, which 
initiates kinase activation and transphosphorylation (Kaplan et al. 1991). This kinase 
activation involves small G proteins (Ras, Rac, Rap-1), PLCγ, protein kinase C (PKC) and 
phosphatidylinositol-3 kinase (PI3K) in neural cells (Obermeier et al. 1993b, Obermeier et al. 
1993a, Melamed et al. 1999, York et al. 2000, Wu, Lai and Mobley 2001). Phosphorylation at 
Tyr490 is required for association with Shc and activation of the Ras-MAP kinase cascade. 
Residues Tyr674/675 lie within the catalytic domain, and phosphorylation at this site reflects 
TrkA kinase activity (Segal and Greenberg 1996, Stephens et al. 1994, Obermeier et al. 1993a, 
Obermeier et al. 1993b, Yao and Cooper 1995). Point mutations, deletions and chromosomal 
rearrangements (chimeras) cause ligand-independent receptor dimerization and activation 
of TrkA. 
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The mitogen-activated protein kinase (MAPK) pathways are activated next: extracellular-
regulated protein kinase (ERK) by the small G proteins; ERK, p38 and JUN-N-terminal 
kinase (JNK) MAPK by PKC; and p38 and JNK by PI3K (Kaplan and Miller 1997). PI3K in 
turn induces activation of protein kinase B (PKB or Akt) and PKCξ (York et al. 2000)(Fig. 1). 

 
Figure 1. Signal transduction pathways of the TrkA receptor 

2.2. Mechanism for the superoxide generation induced by alpha-toxin 

The generation of superoxide in neutrophils has been reported to be stimulated by zymosan, 
12-O-tetradecanoylphorbol 13-acetate (TPA), Ca2+ ionophores, and bacterial chemotatic 
peptides (Babior 1999). The signal transduction process leading to the stimulation has been 
studied extensively using N-formyl-methionyl-leucyl-phenylalanine (fMLP) (Kusunoki et al. 
1992), platelet-activating factor (Yasaka, Boxer and Baehner 1982), and TPA (Nick et al. 1997, 
Pongracz and Lord 1998). It has been reported that these stimuli activated MAPK or PI3K in 
neutrophils (Shenoy, Gleich and Thomas 2003, Yamamori et al. 2004). Furthermore, these 
studies have demonstrated that the interaction of the ligands with receptors on neutrophils 
activates endogenous PLC with the formation of diacylglycerol (DG), which activates PKC, 
and inositol 1, 4, 5-trisphosphate (IP3), inducing the release of Ca2+ from the endoreticulum, 
and that these products act synergistically to generate superoxide. Several studies also 
reported that phosphorylation of tyrosine kinases and activation of phospholipase D (PLD) 
were closely related to the generation of superoxide in neutrophils stimulated with agonists 
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(Garland 1992, Mitsuyama, Takeshige and Minakami 1993) and that activation of PLD 
resulted in the formation of PA, which was linked to the activation of NADPH oxidase 
(Bellavite et al. 1988, Olson, Tyagi and Lambeth 1990). We revealed that alpha-toxin-induced 
generation of superoxide is closely related to the activation of endogenous PKCθ via a 
combination of two events: production of DG on activation of PLC through a PT-sensitive 
GTP-binding protein and activation of phosphatidylinositide kinase 1 (PDK1) through the 
TrkA receptor (Oda et al. 2006). 

There are three classes of PKC isotypes: classical PKC isotypes (PKCα, -β, and -γ) which 
have a C1 and C2 domain, bind DG, 1-oleoyl-2-acetyl-3-phosphoglycerol (OAG) and TPA, 
and are regulated by DG and Ca2+; novel PKC isotypes (PKCδ, -ε, -η, and -θ), which have a 
C1 domain and novel C2 domain and are regulated by DG but not Ca2+; and atypical 
isotypes (ζ/λ), which do not bind DG and are not regulated by these classical ligands (Le 
Good et al. 1998). Alpha-toxin induced phosphorylation of PKCθ and PKCζ/λ, and the 
generation of superoxide induced by the toxin was inhibited by rottlerin and calphostin C, 
an inhibitor of PKCθ. We reported that the formation of DG induced by alpha-toxin in 
rabbit neutrophils plays an important role in the generation of superoxide (Ochi et al. 2002). 
It therefore appears that the toxin-induced generation of superoxide is dependent on the 
activation of PKCθ, through binding of PKCθ phosphorylated by PDK1 to DG (Parekh, 
Ziegler and Parker 2000, Toker and Newton 2000). PKCθ has been reported to play an 
important role in activation of the protein 1 and NF-κB signaling pathway in T cells, 
production of interleukin-2, and apoptosis (Altman, Isakov and Baier 2000, Fan et al. 2004, 
Villalba et al. 1999, Villunger et al. 1999). Our data may provide clues to the role of PKCθ in 
neutrophils. 

We reported that the alpha-toxin-stimulated generation of superoxide was related to the 
formation of DG through activation of endogenous PLC by a PT-sensitive GTP-binding 
protein in rabbit neutrophils (Ochi et al. 2002). U73122, an inhibitor of endogenous PLC, 
blocked the toxin-induced generation of superoxide and formation of DG in the cells, 
supporting that the toxin-induced increase in superoxide is dependent on the formation of 
DG by endogenous PLC. However, when the level of OAG incorporated into the cells was 
the same as the level of DG in the cells treated with 25 nM of the toxin, the level of OAG did 
not induce superoxide generation in the absence of the toxin but did in the presence of a 
near threshold dose (2.5 nM) of the toxin which did not induce production of DG. The result 
shows that the toxin-induced production of superoxide requires not only the formation of 
DG, but also the activation of other events. 

It has been reported that the PI3K signaling pathway has an important role in several 
effector functions including the generation of superoxide (Yamamori et al. 2004). PI3K is 
known to generate phosphatidylinositol 3, 4, 5-trisphosphate (PIP3), which is recognized by 
a pleckstrin homology domain identified as a specialized lipid-binding module (Le Good et 
al. 1998). Several papers have reported that PDK1 requires PIP3 as its activator for effective 
catalytic activity (Le Good et al. 1998). Le Good et al. reported that there is a cascade 
involving PI3K, PDK1, and various members of the PKC superfamily in signal transduction 
(Le Good et al. 1998). Furthermore, the function of PKC family members is reported to 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Role of Tyrosine Kinase A Receptor (TrkA) on Pathogenicity of Clostridium perfringens Alpha-Toxin 347 

depend on the phosphorylation of an activation loop by PDK1 (Le Good et al. 1998). 
LY294002 and wortmannin, both PI3K inhibitors, inhibited alpha-toxin-induced generation 
of superoxide and phosphorylation of PDK1 but did not affect the toxin-induced formation 
of DG. The result shows that the toxin-induced activation of PI3K occurs upstream of the 
phosphorylation of PDK1, which is an important step in the toxin-induced generation of 
superoxide. It is likely that the toxin-induced phosphorylation of PDK1 is a process 
independent of the toxin-induced formation of DG. 

Tyrosine phosphorylation is thought to be crucial to the regulation of effector functions in 
neutrophils (Rollet et al. 1994). It is known that stimuli that induce tyrosine kinase activity in 
cells evoke the generation of PIP1, PIP2, and PIP3. This tyrosine kinase activity is linked to 
the NGF receptors with intrinsic tyrosine kinase activity. Kannan et al. reported that NGF 
enhances the generation of superoxide induced by TPA in murine neutrophils (Kannan et al. 
1991). Ehrhard et al. reported that human monocytes express the trk proto-oncogene, 
encoding the signal-transducing receptor unit for NGF, and that the interaction of NGF with 
monocytes triggers respiratory burst activity (Ehrhard et al. 1993). NGF, which did not 
induce the generation of superoxide in rabbit neutrophils, potentiated the events triggered 
by the toxin and caused superoxide to form in the presence of OAG, suggesting that a 
combination of the production of DG and stimulation of the NGF receptor induces severe 
activity in the generation of superoxide. The TrkA receptor was detected in rabbit 
neutrophils and found to be phosphorylated when the cells were treated with the toxin. 
Furthermore, immunoprecipitation using the anti-TrkA receptor antibody revealed direct 
binding of the toxin to the TrkA receptor. In addition, the antibody inhibited the toxin-
induced generation of superoxide. These observations indicate that the interaction of alpha-
toxin with TrkA receptors is important to the production of superoxide. In rabbit 
neutrophils, K252a, a TrkA inhibitor, and LY294002 inhibited the toxin-induced generation 
of superoxide and phosphorylation of PDK1 within specific concentration ranges, but PP2, a 
Src inhibitor, and AG1478, a epidermal growth factor receptor inhibitor, did not, supporting 
the finding that the TrkA receptor is involved in the toxin-induced increase in superoxide. 
The results obtained with the anti-TrkA antibody, LY294002, and K252a show that the 
activation of PI3K through direct binding of the toxin to the TrkA receptor results in 
production of PIP3, which activates PDK1. In addition, PT inhibited the alpha-toxin-induced 
generation of superoxide and formation of DG, but not phosphorylation of PDK1, 
suggesting that a PT-sensitive GTP-binding protein plays a crucial role in the coupling to 
endogenous PLC, but not phosphorylation of PDK1. These observations indicate that the 
toxin independently induces activation of both endogenous PLC via a PT-sensitive GTP-
binding protein and PDK1 via the TrkA receptor. 

NGF, which binds to the TrkA receptor, is reported to be required for the differentiation and 
survival of sympathetic and some sensory and cholinergic neuronal populations (Howe et 
al. 2001). Furthermore, it has been reported that NGF is involved in inflammatory responses, 
an increase in mast cells in neonatal rats (Woolf et al. 1996), the degranulation of rat 
peritoneal mast cells (Woolf et al. 1996), and the differentiation of specific granulocytes 
(Kannan et al. 1991). The injection of C. perfringens cells or alpha-toxin into tissues is known 
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to cause inflammation. Therefore, it is possible that the activation of the TrkA receptor by 
alpha-toxin is related to inflammation caused by C. perfringens in humans and animals. 

H148G induced phosphorylation of PKCθ, but not production of DG, suggesting that the 
enzymatic activity of the toxin is essential for activation of endogenous PLC, but not 
activation of the TrkA receptor. It has been reported that binding of the C-domain, which 
does not contain the enzymatic site, to erythrocytes is important for the hemolysis induced 
by the toxin (Nagahama et al. 2002). It therefore is possible that the C-domain, the binding 
domain of alpha-toxin, plays a role in the binding of the toxin to the TrkA receptor and in 
the activation of signal transduction via the TrkA receptor. 

Several studies have reported that the activation of PKC by various stimuli results in the 
generation of superoxide via the activation of MAPK systems (Coxon et al. 2003, Dewas et 
al. 2000, McLeish et al. 1998, Zu et al. 1998). K252a and U73122 inhibited the toxin-induced 
phosphorylation of PKCθ and ERK1/2 and generation of superoxide, suggesting that the 
toxin-induced production of superoxide is linked to the stimulation of the MAPK system via 
the activation of PKCθ. The toxin causes phosphorylation of ERK1/2, but not p38 and 
SAPK/JNK, implying that the process is dependent on a MAPK system containing MEK1/2 
and MAPK/ERK1/2, but not systems containing p38 and SAPK/JNK. 

It has been reported that PA directly or indirectly activated NADPH oxidase in a cell-free 
system of neutrophils (Erickson et al. 1999) and that PKCδ regulates phosphorylation of 
p67phox in human monocytes (Zhao et al. 2005). PKC also has been reported to activate 
directly NADPH oxidase (Johnson et al. 1998). However, PD98059 almost completely 
inhibited the toxin-induced production of superoxide near the inhibitory threshold dose of 
the inhibitor. Thus, it is unlikely that PA and PKC directly activate NADPH oxidase under 
the conditions used here. 

We have shown that alpha-toxin induces formation of DG through the activation of 
endogenous PLC by a PT-sensitive GTP-binding protein and phosphorylation of PDK1 via 
stimulation of the TrkA receptor, so that DG and PDK1 synergistically activate PKCθ, and 
that the activation of PKCθ stimulates generation of superoxide through MAPK-associated 
signaling events in rabbit neutrophils (Fig. 2). 

2.3. Mechanism for the cytokine release induced by alpha-toxin 

Cytokines are immunoregulatory peptides with a potent inflammatory action, mediating the 
immune/metabolic response to an external noxious stimulus and fueling the transition from 
sepsis to septic shock, multiple organ dysfunction syndromes, and/or multiple organ failure 
(Tracey et al. 1987, Dinarello 2004, Riedemann, Guo and Ward 2003). It is thought that 
synergistic interactions between cytokines can cause or attenuate tissue injury (Calandra, 
Bochud and Heumann 2002). TNF-α, which is released early from neutrophils and 
macrophages, is one of the important cytokines involved in the pathophysiology of sepsis 
(Tracey et al. 1987, Lum et al. 1999). TNF-α-induced tissue injury is largely mediated 
through neutrophils, that respond by producing elastase, superoxide ion, hydrogen  
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Figure 2. Signaling events involved in alpha-toxin-activated generation of superoxide 

peroxide, sPLA2, PAF, leukotriene B1, and thromboxane A2 (Aldridge 2002). IL-1 stimulates 
the synthesis and release of prostagrandins, elastases, and collagenases and transendothelial 
microvascular cells, which respond by releasing the powerful neutrophil-stimulating agents, 
PAF and IL-8 (Leirisalo-Repo 1994). IL-1 and TNF-α are synergistic and share many 
biological effects in sepsis (Herbertson et al. 1995). 

Anti-TNF-α antibody inhibited the death of mice induced by alpha-toxin. Furthermore, 
TNF-α-deficient mice were resistant to alpha-toxin. These observations suggest that the 
lethal effect of alpha-toxin is closely related to the release of TNF-α into the bloodstream. 
Stevens et al. and Bunting et al. suggested that alpha-toxin contributes indirectly to shock by 
stimulating production of endogenous mediators such as TNF-α and platelet-activating 
factor (Bunting et al. 1997, Stevens and Bryant 1997). It therefore appears that TNF-α 
released by alpha-toxin is important in enhancing the toxic actions of alpha-toxin in vivo. 
Consequently, inhibitors for release and expression of TNF-α may be worth pursuing as a 
novel therapeutic approach to the treatment of gas gangrene and sepsis caused by C. 
perfringens. 

Cytokines such as the pro-inflammatory TNF-α, interleukin-1β (IL-1β) or transforming 
growth factor-β (TGF-β), increase the synthesis of NGF in airway structural cells. This 
stimulation has been evidenced in vitro in human pulmonary fibroblasts (Olgart and 
Frossard 2001, Micera et al. 2001), A549 epithelial cells (Pons et al. 2001) and bronchial 
smooth muscle cells (Freund et al. 2002). Studies also show that pro-inflammatory cytokines 
can act in concert to stimulate additional NGF secretion: TNF-α, for example, increases the 
secretion of NGF induced by IL-1β and interferon γ (IFN-γ) in fibroblasts (Hattori et al. 
1994) and by interleukin-4 (IL-4) in astrocytes (Brodie et al. 1998). NGF synthesis in 
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inflammatory conditions has also been demonstrated in vivo: elevated NGF concentrations 
are observed in cutaneous inflammation (Safieh-Garabedian et al. 1995) and in asthmatic 
airways (Olgart and Frossard 2001, Kassel, da Silva and Frossard 2001, Virchow et al. 1998). 
Taken together, these results suggest that pro-inflammatory cytokines, which are present at 
high levels in the airways of patients with asthma (Tillie-Leblond et al. 1999), might 
contribute to the elevated levels of NGF synthesis. 

Corticosteroids are well known for their anti-inflammatory properties, particularly in 
asthmatic airways. Numerous studies report that the glucocorticoids dexamethasone and 
budesonide affect NGF expression. They cause a significant reduction in the increased NGF 
expression induced by pro-inflammatory cytokines; in one study, this action was shown to 
result from the repression of NGF gene transcription in endoneural fibroblasts from the rat 
sciatic nerve (Lindholm et al. 1990). Olgart and Frossard have reported that glucocorticoid 
treatment decreases the NGF secretion that the pro-inflammatory cytokines IL-1β and TNF-
α stimulate in cultures of human pulmonary fibroblasts (Olgart and Frossard 2001) and in 
A549 epithelial cells (Pons et al. 2001). 

These results suggested that the initial release of pro-inflammatory cytokines induced by 
alpha-toxin in vivo leads to the production of NGF, and the NGF released synergistically 
causes systemic inflammation such as sepsis and shock via activation of the TrkA receptor 
(Fig. 3).  

 
Figure 3. Alpha-toxin-induced release of pro-inflammatory cytokines and NGF 
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3. Conclusion 

C. perfringens alpha-toxin, the main agent involved in the development of gas gangrene and 
septicemia, induces death, hemolysis, and the activation of macrophages and neutrophils. 
The toxin activated the MAPK-associated signal transduction from phospholipid 
metabolism and phosphorylation of TrkA. Penicillin is known to be highly effective in 
preventing the growth of microorganisms. In conclusion, treatment with TrkA inhibitors 
(tyrosine kinase inhibitors) and high doses of penicillin would be effective against diseases 
caused by C. perfringens. 
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1. Introduction 
Cell-surface transmembrane tyrosine kinase signalling receptors EGFR, HER3 and HER4 are 
activated by specific ligand binding, reference in [1] which, induces signalling through intra-
cellular domain kinase-dependant phosphorylation sites, see [2]. The intensity and 
specificity of the transmitted signal are modulated by homo and hetero-dimerization, 
allowing other family members to be recruited and thereby amplifying the signal [3]. HER2, 
which does not have a defined activating ligand, plays a key role in its capacity to amplify 
the signal [4] by being the preferred partner for hetero-dimerization. Both HER2 hetero and 
homo dimers maintain their intracellular kinase and phosphorylation sites in an activated 
state [3,5,6,]. HER2 hetero and homodimers both maintain their intracellular kinase and 
phosphorylation sites in an active state [5,6] Dimerization with HER2 increases receptor-
ligand affinity and receptor-ligand stability, further enhancing activation [4,7]. In vivo 
enzymatic processing releases the HER2 extra-cellular domain (95 kD), including the 
dimerization site [8] from the membrane, but the role this plays in signal modulation 
remains undefined [9]. HER2-dependant activation signals promote a highly 
phosphorylated tyrosine state in the intra-cellular domain, which is then recognized by a 
family of specific cytoplasmic signal transducers [10]. These signal transducers regulate cell 
proliferation, apoptosis and cell characteristics associated with the transformed state [1,2 
5,6]. Mitogen-activated protein kinases (MAPKs), and phosphatidylinositol 3-OH kinase 
(PI3K- AKT) pathways [11,12] have been particularly well studied as downstream signal 
pathways of HER2 leading to the concept of an oncogenic unit [13]. Accumulating 
experimental and clinical data link anti-HER2 treatment to inhibition of these downstream 
pathways suggesting that they are critical mediators of the activated HER2 state and cell 
survival [14]. However, whether the trastuzumab mediated inhibition of signalling is due to 
reduced HER2 phosphorylation/kinase activity, inhibition of HER2 dimerization, decreased 
HER2 levels, altered metabolic processing of HER2, binding dependant allosteric effects on 
HER2 or HER2-HER1/3/4 or a combination of these mechanisms is unknown.  
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In most cases, amplification of HER2 in breast cancer is associated with an amplicon 
comprising genes mapped to the 17q12-q21 region [15-18] that includes several genes 
involved with cell proliferation [16], transformation [17], adhesion [16] and chemotherapy 
sensitivity [18]. Clinically, the amplicon gene copy number is a parameter closely linked to 
trastuzumab and lapatinib efficacy [19,20].  

Experimental evidence now suggests that nuclear localization of growth factors and 
receptors is not uncommon and also occurs with members of the EGFR family [21]. More 
recently, specific products derived from the HER2 receptor have been shown to have 
independent gene regulatory effects by virtue of a nuclear localization motif encoded in the 
HER2 protein [21,22] and by alternate splicing of the HER2 mRNA [21]. For example, the 
nuclear localization sequence preferentially targets a HER2 derived peptide to bind to 
sequences, one of which is in the COX-2 promoter region, leading to up-regulation of COX-2 
expression [22]. Whether there are other HER2 derived peptides and the role they may play 
in the signalling cascade and whether any of the current anti-HER2 treatments modulate 
these factors remains is an area of current interest. 

The original anti-HER2 mouse monoclonal antibody, 4D5, was shown to inhibit HER2 
tyrosine phosphorylation [23] and breast cancer cell proliferation [23]. This antibody was 
humanized through genetic engineering to become trastuzumab [24,25]. A second antibody 
now in development (pertuzumab) binds to an extra-cellular HER2 epitope in close 
proximity to the dimerization site and has been shown to block dimerization [26-, 28]. A 
small molecule HER2/1 tyrosine kinase inhibitor, lapatinib has shown single agent activity 
in the clinic [20,29,30], providing further evidence that the disruption of the EGFR1/HER2 
activation pathway, specifically by blocking phosphorylation [29-32], leads to cell death.  

The focus of this investigation was to examine the effects of trastuzumab and lapatinib on 
breast cancer cell lines containing the HER2 amplicon under conditions of steady state anti-
HER2 growth inhibitory effects. The quantifiable end point was the inhibition of 
proliferation as determined by MTT and Tritiated thymidine incorporation. These assays 
were used as evidence that the trastuzumab or lapatinib treatments had interrupted 
signalling pathways. Using immune detection of three distinct HER2 protein sites, four 
distinct HER2 tyrosine phosphorylation (P-Tyr) sites, a threonine phosphorylation (P-Thr) 
site and actin, changes in these parameters were monitored during anti-HER2 treatment. 
The demonstration of the restricted tyrosine kinase inhibitory activity of lapatinib further 
validated the specificity of the anti-HER2 phospho-tyrosine/threonine (P-Tyr/ P-Thr) 
antibodies selected for this investigation.  

2. Materials and methods 

Breast cancer cell lines were obtained from the American Type Culture Collection (ATCC, 
Manassas, VA) specifically for these experiments and maintained in RPMI 1640 with 50 
units penicillin/streptomycin, 2 mM glutamine, 7.5 % fetal bovine serum, and incubated at 
37º C in 5% CO2. The ATCC authenticates and tests cell lines provide for research as per 
their protocols. 
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Four drug treatments and a control, done in quadruplicate, were analyzed using Western 
blot techniques. Cell concentrations were adjusted to 375,000 cells/ml in complete media and 
1 ml was added to each well of a 12 well tissue culture plate. Cells were allowed to adhere to 
the plates for 24 hrs. Drugs or control solutions were added at a final concentration of 100 
microgram/ml trastuzumab, (Herceptin) or control rituximab (Rituxin), (Genentech, San 
Francisco, Ca). Preliminary dose finding experiments were carried out at 2-250 
micrograms/ml. 0.1% DMSO and 0.1%DMSO + 10 ƞM Lapatinib (Tykerb) ( GlaxoSmithKline 
Research Triangle Park, NC) was also tested following this same procedure .The cells were 
incubated at 37º C in 5% CO2 for 8 or 48 hrs. The cells were lysed with either 400 µl of SDS 
loading buffer (58 mM Tris 6.8, 1.6 % SDS, 6% glycerol, 0.83% BME, 0.002% bromphenol 
blue) or NP-40 (0.5% NP-40, 50 mM Tris 7.4, 120 mM NaCl, 2.5 mM EGTA). Additional cell 
growth inhibitory studies were carried out for incubations up to 9 days in 6-well plates, and 
cells were tested serially every other day by pulse Tritiated thymidine incorporation and 
MTT assays 

For Western blotting, samples were boiled in electrophoresis sample buffer containing 
0.0625M Tris-HCl (pH6.8), 10% glycerol, 2% SDS and 5% BME, for 10 minutes then 
separated on 12% SDS-PAGE gels (mini-protean, Bio-Rad, Richmond, CA) at 100 V until 
the dye front reached the bottom then transferred overnight (47 mA) to nitrocellulose 
membranes (Bio-Rad). Membranes were blocked with a 5% w/v solution of non-fat dry 
milk in TPBS for 2 hours at room temperature (RT). The blots were then probed with 
primary antibodies according to the respective titers provided by their manufacturers 
and the membranes were rocked for 2 hours at RT. The blots were washed 1X with TPBS 
and a 1:10,000 dilution of secondary antibody (either goat anti-rabbit alkaline 
phosphatase or goat anti mouse alkaline phosphatase (Sigma, ST Louis, MO) was added, 
and the blots rocked at RT for 1 hour. The blots were washed 3X with TPBS and the 
membrane developed in the alkaline phosphate substrate NBT/BCIP (Promega Corp., 
Madison, WI).  

Rabbit anti-P-Tyr 877, P-Tyr 1112, P-Tyr 1221/1222, P-Tyr 1248 P-Tyr 877, P-Tyr 1221/1222, 
and anti-amino acid peptide containing residue 1222, were purchased from Cell Signalling 
Technology, Inc,( Danvers, MA). Anti-P-Tyr 4G10, was purchased from Millipore, (Billerica, 
MA). Anti-extracellular HER2, Neu (9G6):sc-08, anti-HER2 P-Thr 686, p-Neu (7F8):sc81508, 
anti-HER2 P-Tyr 1112, p-Neu (19G5):sc-81528, anti-extracellular HER2, Neu(ER23):sc-74241, 
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HER2 (AA 7570-
987) was purchased from ProMab Biotechnologies, Inc. (Albany, CA). All antibodies were 
used per the manufacturer’s recommendations. Membrane fractions were isolated using the 
Perfect-Focus Membrane Protein kit, (G Biosciences, Maryland Heights, MO), according to 
the manufacturer’s protocol. 

Human serum samples from patients and normal volunteers were collected under an 
Institutional Review Board approved research protocol and stored in our serum bank of de-
identified serum specimens, stored at -78 degrees Celsius. 
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3. Results 

3.1. Cell growth-inhibitory and viability assays 

To define the experimental time points where anti-HER2 therapy modulation of 
downstream signalling could be demonstrated, breast cancer cell lines were tested for 
trastuzumab/lapatinib growth inhibitory effects by Tritiated thymidine incorporation and 
MTT assays. Three HER2 amplicon-containing cell lines were examined, BT-474, SK-BR-3, 
MDA-MB-453, and amplicon (-) MCF7 served as a control [29,31]. Cells were treated in log 
phase growth under conditions where factors such as confluence inhibition were 
minimized. Antibody controls included isotype matched human/mouse IgG1 chimeric 
(rituximab) and fully humanized IgG1 antibody (bevacizumab). In addition, IgG1 
cetuximab, which blocks EGFR1 signalling, was used as an additional control; as in a 
separate set of experiments, we confirmed that bit did not induce a proliferation or 
inhibitory state in these cell lines, in agreement with reports by others, nor did we find any 
effect on HER2 tyrosine phosphorylation [29]. Trastuzumab was tested at a continuous cell 
exposure dose of 100 micrograms/ml with select experiments carried out at 2- 250 
micrograms/ml. Cell cultures were assayed at various time points up to 9 days of treatment. 
Results of cumulative and pulsed-chased Tritiated thymidine incorporation and MTT assays 
were in agreement, demonstrating a reproducible inhibitory effect of trastuzumab on cell 
growth and division. This is best demonstrated by the cell line BT-474. Cell lines SK-Br-3 
and MDA-MB-453 exhibited lesser effects and no effect was seen on HER2 amplicon 
negative control MCF7 cells. These results are consistent with previous reports [29,31]. The 
Tritiated thymidine incorporation experiments suggested that a trastuzumab-mediated 
continuous cell-growth inhibitory state is established throughout the incubation period by 
demonstrating reduced incorporation per cell at each time point tested in the trastuzumab 
treated cultures (Table 1). Significant cell death was not observed with trastuzumab up to 
the 9-day time point. Of note was that the maximum cell-growth inhibition by both MTT 
and Tritiated thymidine incorporation assays was observed at 5 micrograms/ml of 
trastuzumab, thus the assays described below were carried out at 20-50 times the active 
biological dose. The 100 micrograms/ml dose was selected as it most closely matches doses 
achieved in patients. 

Effective doses for lapatinib in the cell culture assays ranged from 1 nanogram/ml to 1 
microgram/ml. In contrast to results with trastuzumab, lapatinib induced significant cell 
death by day five (> 90%) under conditions of continued cell exposure at a constant drug 
dose of ≥10 nanograms. Lapatinib cell cultures beyond five days had no measurable MTT 
signal, lack of Tritiated thymidine incorporation (< 1% initial values) and few viable 
adherent cells by microscopic examination. Experiments with lapatinib included a dimethyl 
sulfoxide (DMSO) control, as it was the solvent used for this lipophilic drug. Control DMSO 
had a small effect on growth kinetics but no cell death was observed. In order to examine 
the comparative biologic/phosphorylation inhibition effects of these two agents, time points 
of 8 hours and 48 hours were selected for further analysis. The critical feature of these two 
time points is that cell viability appeared high in both trastuzumab and lapatinib cultures as 
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demonstrated by the MTT assay, Tritiated thymidine incorporation, protein levels of HER2 
and actin in cell cultures as assessed by Western blots, and the continued adherence of cells 
up to 48 hours as determined by microscopic examination. These experiments would 
therefore allow for the examination of molecular events prior to cell death, distinguishing 
between events that may be related to induction of cell death versus changes resulting from 
cell death. 

TRASTUZUMAB DAYS 1 3 5 7 9 
% 3H-thymidine 
incorporation 

Cell lines      

                                       BT474 76.3 81.5 76.7 68.5 66.2 
                                       SK-BR-3 84.4 80.2 80.4 77.6 65.1 
                                       MDA-MB-543 81.4 84.3 78.3 73.9 67.7 
                                       MCF-7 98.7 97.9 101.6 99.0 100.7 
       
% MTT       
                                       BT474 99.3 95.4 87.6 62.1 45.4 
                                       SK-BR-3 97.7 93.6 75.5 70.1 65.3 
                                       MDA-MB-543 99.7 97.3 90.3 82.1 71.2 
                                       MCF7 97.7 99.8 102.2 100.6 101.0 
       
LAPATINIB DAYS 1 3 5 7 9 
% 3H-thymidine 
incorporation 

Cell lines      

 BT474 80.3 77.2 6.6 1.1 ---- 
 SK-BR-3 84.7 82.1 8.8 ---- ---- 
 MDA-MB-543 88.7 82.0 8.4 ---- ---- 
 MCF-7 102.0 101.2 96.7 98.5 97.9 
       
% MTT       
 BT474 97.6 88.4 4.7 ---- ---- 
 SK-BR-3 99.9 96.8 14.3 ---- ---- 
 MDA-MB-543 100.5 97.9 13.6 ---- ---- 
 MCF-7 104.1 97.9 97.6 101.7 100.6 
       

Values are expressed as %-treated cells/controls for each time point. Data shown represents experiments carried out 
with trastuzumab 100 micrograms/ml and lapatinib 10 nanograms/ml While the MTT assay represents relative total 
viable cell counts of treated cells compared to controls, the 3H-thymidine counts/minute (cpm) were corrected for 
number of viable cells using the MTT assay data (cpm treated/cpm control/MTT treated/MTT control). The paired data 
sets were evaluated by Student’s t-test for significance and those values achieving statistical significance are bolded. ---
- indicates no measurable signal. 

Table 1. Relative growth inhibitory values 
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3.2. Western blot experiments 

3.2.1. HER2 protein levels 

Protein level changes for HER2 and actin, associated with trastuzumab or lapatinib 
treatment at two selected treatment time points (8 and 48 h) were analyzed by Western blot 
analysis. Three specific polyclonal antibody sera detecting HER2 were tested, one 
recognizing epitopes in the ectodomain (amino acid 182-373), and two detecting epitopes in 
the cytoplasmic domains (amino acids 750-987 and a determinant in proximity to the Tyr 
1222 amino acid). These experiments were carried out at least four times each and 
representative panels of a single experiment are shown in Figure 1. The three controls 
shown here were cells grown in media alone, cells grown in the presence of rituximab, and 
cells grown in DMSO. All controls gave very similar bands for the three anti-HER2 antibody 
sera. Small changes are inHER2 levels are first detected at 48 hours in cell line SK-Br-3 
treated with lapatinib, while actin levels remain unchanged at this time point. This finding is 
consistent in each of the four separate experiments and confirms the increase in cell surface 
HER2 levels associated with lapatinib treatment as previously reported for cell line SK-Br-3 
[31]. This time point is just prior to the onset of events associated with apoptosis and may 
represent a consequence of cellular pathway disruption, as increased HER2 mRNA levels 
were not observed. In separate experiments, cells grown in the presence of cetuximab or 
bevacizumab (not shown) resulted in western blots identical to controls indicating a lack of 
modulation of HER2 protein expression by anti-EGFR or VEGF therapy in these cell lines. 
These results are consistent with our previously reported analysis of EGFR, HER2, HER3 
and HER4 mRNA levels by gene expression mRNA array analysis of mRNA extracted from 
these breast cancer cell lines treated with trastuzumab compared to these controls [30]. 
These parallel experiments used extracts from these breast cancer cell lines treated with 
trastuzumab or cetuximab, or control antibodies, under these same defined conditions and 
time points. 

No difference in actin levels was noted in each set of these experiments. As the cell count 
number in the first 48 hours showed <10% difference, the amount of cell extract applied to 
the gel while corrected for cell number at each time point had very little variance. Thus, 
these results are consistent with those of the Tritiated thymidine and MTT assays indicating 
the minor growth inhibitory effects of these agents up to 48 hours. These finding also 
support the contention that biologic events occurring up to 48 hours of treatment precede 
cell death events and are possible activators of critical pathways leading to cell death.  

3.2.2. Tyrosine and threonine phosphorylation levels in the control cultures: 

Four site specific anti-P-Tyr antibodies (Tyr 877, 1112, 1222 and 1248) and one anti-P-Thr 
(Thr 686) were tested on cell extracts collected at specific timed intervals (Figure 1). The 
controls showed consistent pattern of staining at the two time points examined for each cell 
line, but different patterns of relative intensity for each tyrosine or threonine were observed 
for each cell line. These results suggest that each cell line has a distinct net P-Tyr signalling 
oncogenic unit, rather than a HER2 specific net down-stream signalling motif.  

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Modulation of HER2 Tyrosine/Threonine Phosphorylation and Cell Signalling 363 

 
Figure 1. Shows Western blots bands of HER2, phosphorylated tyrosines/threonines, and actin from 
representative experiments of three cell lines growing in the presence of trastuzumab or lapatinib, or their 
controls, tested at 8 hours and 48 hours after drug administration. Primary antibodies were used at 1:5,000 
for anti-P-Tyr/Thr and anti-HER2 antibodies and 1:10,000 for anti-actin antibodies and secondary antibodies. 
Labelled lanes show trastuzumab-treated cells in lane 2 with its controls in lane 1 (media alone) and 3 (control 
antibody). Lane 5 shows lapatinib-treated cells and the control grown in lapatinib solvent, (DMSO) in lane 4. 
Blots show the p185 band with secondary reagent as shown, and actin is presented as proof of viability and 
equivalent cell number applied to each lane. These gels demonstrate the contrast in phosphorylated tyrosines 
detected comparing lapatinib to trastuzumab and confirm the TKI activity of lapatinib. At 8 hours, lapatinib 
almost completely blocked tyrosine phosphorylation with virtually no discernible difference in the in the 
HER2 protein levels. The 48 hour time point was selected as it represented the last time point tested prior to 
lapatinib-induced cell death, which was almost complete by day 6. 

Compared to the media controls, the DMSO controls did not differ in phosphorylation 
levels of these specific P-Tyr or P-Thr. While the intensity of the bands were similar for each 
cell line at each of the two time points, exceptions were noted for Tyr 877 and cell lines BT-
474 and MDA MD 453, where phosphorylation is clearly increased from the 8 hour to the 48 
hour time point. Similarly, P-Tyr 1222 also demonstrated increased intensity from 8 to 48 
hours in cell line MDA-MB-453. Whether these findings suggest that the cells are not 
completely recruited into log phase growth at the 8-hour time point or cell-cell contact plays 
a role is unclear. The actin and HER2 bands strongly suggest equivalence of cell number 
applied to each lane at each of these time points. 
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3.2.3. Tyrosine and threonine phosphorylation levels in trastuzumab and lapatinib treated 
cells 

No discernable change in phosphorylation of the P-Tyr or P-Thr was detected for 
trastuzumab-treated cells despite ongoing inhibition of cell growth at these time points. The 
unexpected lack of trastuzumab inhibition of tyrosine phosphorylation prompted 
experiments that replaced fetal calf serum (FCS) with human serum to determine if a 
component of FCS was responsible for inhibiting the full trastuzumab activity. Cells grown 
in media with 10% human serum from breast cancer patients or normal females, pre or 
postmenopausal, or male serum did not affect these findings (data not shown). Doses of 
trastuzumab up to 250 micrograms/ml did also did not change the patterns of 
phosphorylation. In contrast to the results demonstrating constant HER2 protein steady 
state levels, P-Tyr levels in lapatinib treated cells are markedly reduced (Tyr 1248) or absent 
(Tyr 687, 1116 and 1223), consistent with its role as a HER2 tyrosine kinase inhibitor (Figure 
1). In addition, the P-Thr level is not affected by lapatinib exposure, demonstrating the 
tyrosine backbone specificity of lapatinib. As the lapatinib Western blots demonstrate, HER2 
and actin protein levels are maintained through 48 hours, these results strongly suggests 
that changes in detected phosphorylation levels are due to kinase inhibition rather than the 
substantial in HER2 protein or cell death. We suggest that these early findings are related to 
the lapatinib mechanism of cell death that is apparent 2-3 days later. 

3.3. MRNA expression patterns in trastuzumab treated breast cancer cells  

3.3.1. Detection of a small molecular weight HER2-like product 

Cell fractionation experiments were carried out to determine whether HER2 derived 
products with nuclear localization motifs could be identified by Western Blot analysis and 
to determine if trastuzumab or lapatinib altered their molecular processing mechanism. 
Differential generation of enzymatically derived nuclear localizing products could be 
responsible for trastuzumab mediated trans-membrane growth inhibitory effects. The 
results indicate that these techniques were not sensitive enough to detect, or were not of the 
correct immune-specificity to detect HER2 derived product in concentrates of nuclear or 
cytoplasmic cell fractions (data not shown). 

However, using the anti-HER2 external domain antibody (AA 182-373), we detected a small 
molecular weight (20 kD) external domain-like HER2-derived product associated with the 
cell (Figure 2). This peptide segment is too far from the hydrophobic transmembrane 
segment to contain a transmembrane anchoring component to explain its association with 
the cell pellet, as it is too small (approximately 180 amino-acids in length) to extend from 
position 373 to the transmembrane domain. This peptide was not detected in supernatant or 
concentrates of supernatants. Cells exposed to acid conditions (pH 4.0, 0.5 M acetate, 0.15 N 
NaCl) to elute this 20 kD segment from the cell surface demonstrated that the 20 kD peptide 
could not be eluted under these conditions and was still found associated and concentrated 
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in the cell pellet fraction (figure 2). Because concentrates of cytoplasmic fractions and 
nuclear fractions did not demonstrate the presence of this 20 kD peptide segment, a Triton 
X-114 fraction of the cell membrane was assayed and found to have high levels of this 
product (Figure 2). These results suggest that this product is derived from the extra-cellular 
domain of HER2 by enzymatic processing and binds avidly to a cell membrane-anchored 
determinant or is internalized into a sub-membrane compartment, co-purifying with the 
membrane fraction, or that it is a membrane protein cross reactive with antibody to 
extracellular domain (AA 183-373). The significance of this finding is that this peptide 
appears to be inhibited by lapatinib treatment while the intact HER2 levels remain constant 
and expression of this protein is unaffected by trastuzumab treatments (Figure 2). Thus, this 
small molecular weight product may be related to the unphosphorylated state of HER2. 

4. Discussion 

HER2 transmembrane activation signals promote a high level of selected intracellular 
domain P-Tyr sites, which are then recognized by specific cytoplasmic signal transducer 
molecules [10]. Thus, HER2 acts as an oncogenic unit transmitting cell survival, growth, and 
cell proliferation signals to critical intracellular pathways such as Mitogen-activated protein 
kinases (MAPKs), AKT and phoshatidylinositol 3-OH kinase (PI3K) pathways[11,12,29]. 
Here, we show that the relative level of specific P-Tyr is different for each HER2 amplicon-
positive cell line examined, and thus, each oncogenic unit may be distinct in each tumour 
[13]r. Linkage of anti-HER2 treatment to the inhibition of these downstream pathways is 
well established, suggesting that these specific P-Tyr are critical mediators of the 
downstream signalling effects of the activated HER2 state and cell survival [7,10-12,29,30]. 
The molecular mechanism by which trastuzumab, a humanized IgG1, modulates the 
intracellular tyrosine kinase site from its extra-cellular binding site has remained 
unanswered. For example, cetuximab binds to, or near, the ligand binding site of EGFR thus 
acting as an antagonist [1,2,30-32]. Defining the molecular mechanism by which 
trastuzumab mediates its anti-HER2 effects could reveal a general non-ligand site-specific 
strategy for development of receptor inhibitory monoclonal antibodies in other receptor 
kinase systems. 

The primary focus of this investigation was to determine the key molecular mechanism(s) 
governing trastuzumab’s transmembrane modulation of downstream effects. Here, we show 
that trastuzumab binding does not appear to alter the net steady state levels of p185 HER2 
protein as detected by all three of the anti-HER2 antibodies tested. Previous gene mRNA 
expression array findings demonstrate that no significant change in mRNA levels for HER2 
or the other members of the ERBb family were induced by trastuzumab binding [33]. Taken 
together, these results strongly argue against an antibody-dependent alteration in natural 
turnover rate or internalization kinetics of HER2 [34]. We conclude that in the absence of 
demonstrable modulation of HER2 membrane mass on the cell surface, HER2 protein 
synthesis, and thus, alteration of kinetics of internalization or HER2 metabolism, net 
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membrane HER2 levels could not be implicated as a mechanism to down-regulate HER2 
signalling. Despite these observations for HER2, our gene mRNA expression array data did 
suggest numerous intracellular pathway modulations mediated by trastuzumab binding to 
the target cells examined here [33]. These findings confirm transmembrane signal 
transduction modulation directed and specific to trastuzumab binding [33-35]. For example, 
we found that, the ubiquitin pathway is up-regulated upon trastuzumab binding to HER2 
[35], as has been reported by others through ligase activity at tyrosine 1112 [35,36]. 

Trastuzumab has not been definitively shown to retain the tyrosine kinase inhibitory 
activity of the parent 4D5 mouse monoclonal antibody [23]. Here we show that the level of 
HER2-P-Tyr/Thr corrected to cell number, actin levels, and the steady-state levels of intact 
extractable HER2, is not altered by exposure to trastuzumab. The finding that both P-Tyr 
levels and HER2 levels in each of these assays reveal no change further supports the 
conclusions derived from the gene mRNA expression array data [33]. Thus, examination of 
HER2 steady-state protein levels and key phosphorylation sites [10] did not reveal the 
molecular perturbation responsible for well-documented trastuzumab inhibition of cell 
proliferation and downstream pathways. 

In contrast to trastuzumab, lapatinib treatment almost completely abrogates the HER2-P-Tyr 
as a signalling element while leaving HER2 protein levels unchanged. Thus, lapatinib acts 
through the blockage of tyrosine phosphorylation rather than the modulation of 
internalization or metabolism of the HER2 protein. We further show a sequential 
relationship between lapatinib-induced blockage of HER2-P-Tyr (8 and 48 hours) and 
induction of cell death at day 5-6 of drug exposure. At this late time point, MTT, Tritiated 
thymidine, actin levels and microscopy all support a lapatinib induction of cell lyses.  

The inhibition of cell growth was used to define the conditions of ongoing drug-induced 
biological effects. The cell growth experiments described here are in agreement with similar 
reports by others [24,31]. Trastuzumab induced slower growth but did not suppress net 
increases in cell numbers over time. This in vitro effect of trastuzumab parallels the clinical 
observation that a prolonged stable disease is a common outcome of treatment [37].  

Treatment of amplicon-positive breast cancer cells with cetuximab confirms reports by 
others that anti-EGFR therapy does not inhibit proliferation, induce cell death, nor inhibit 
HER2 phosphorylation in these cell lines [31]. Furthermore, we did not find that 
combinations of cetuximab and trastuzumab augment inhibition of cell growth or promote 
apoptotic events [31]. Cell growth inhibition and phosphorylation experiments with 
cetuximab have not been in agreement with results of similar investigations using small 
molecules with EGFR tyrosine kinase inhibitory activity (TKI) [38,39]. However, drugs 
such as gefitinib, which are believed to be relatively specific for EGFR, are also found to 
block HER2 phosphorylation at higher doses [38], complicating the interpretation of its 
mechanism of action [38]. Whether there is an independent anti-EGFR activity cross-
inhibiting HER2 phosphorylation (cross-talk) or whether this observation is a consequence 
of the direct anti-HER2-phosphorylation activity of gefitinib is unclear. Results of these in 
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vitro experiments may mislead investigators into attributing findings to cross-talk between 
receptor pathways rather than cross-reactivity of the reagent tested. We may over estimate 
biologic activity when reagents are used at too high of a concentration or too long of an 
exposure. Results of these experiments may mislead investigators into attributing findings 
to cross-talk between receptor pathways rather than the cross reactivity of the reagent 
tested. Thus, we conclude that results of experiments testing cetuximab’s biologic effects 
more closely represent, and are more specific to, the pure anti-EGFR blockade. We clearly 
show here, in agreement with previous reports by others that pure anti-EGFR1 inhibition 
of signalling does not result in cell death or modulation of HER2 phosphorylation levels 
[29].  

These observations suggest that the anti-EGFR1 tyrosine kinase effects of lapatinib are not 
contributing to its anti-HER2 effects. Thus, the results of the panel of anti-HER2-P-Tyr-
antibodies demonstrating almost complete abrogation of HER2 phosphorylation by 
lapatinib and its associated delayed cell cytotoxicity (day 5-6) establishes a specific and 
unique link between HER2 tyrosine phosphorylation and cell survival. Importantly, these 
results also suggest that additional signalling through HER3 and HER4 may not be critical 
for apoptosis [40], except as it may ultimately be mediated through HER2 tyrosine kinase 
inhibition (reduction in hetero-dimerization) [40]. Thus, blocking dimerization by itself, 
which is unlikely to affect steric change in the intracellular domain, will not induce a 
modulation of P-Tyr levels. Taken together, these data suggest that testing the effect of a 
specific and robust HER2 tyrosine kinase inhibitory reagent is warranted.  

In the clinic, where the anti-EGFR toxicity of lapatinib is dose limiting (diarrhea and skin 
rash) and prohibits dose escalation, the testing of a small molecule TKI manifesting pure 
HER2 kinase inhibition would be of great interest. Recently a pan ErbB TKI was tested and 
shown to be dose limited by the EGFR-mediated bowel toxicity, further supporting the 
conclusions presented here [41]. A pure anti-HER2 agent would be even more compelling if 
one could demonstrate upon dose escalation increased tumor cytotoxicity and a lack of 
other intervening non-HER2 related dose-limiting toxicities. Close examination of many of 
the TKIs demonstrate widespread promiscuity with many unexpected cross-reactivities [42]. 
In general, clinical success of a widely reactive kinase inhibitor is not informative as an 
identifier of the key pathway(s) responsible for mediating anti-tumor effects and often leads 
to “assumed” mechanisms of activity. 

Using the four anti-P-Tyr sera, we could not find any diminution in the phosphorylation 
levels as assayed by Western blots, in cells treated up to nine days in the presence of 
trastuzumab. In addition, the anti-phospho-threonine reagent was used as a negative 
control, and was found not to be blocked by lapatinib demonstrating the specificity of the 
drug and the kinase activity. Thus, we propose that the kinase inhibition that was originally 
described by the mouse antibody 4D5 [23] has been lost in the humanization process [25]. 
The abundance of well-documented evidence that inhibition of specific downstream 
pathways is a consequence of trastuzumab-cell binding remains unexplained. 
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Figure 2. Demonstrates a series of experiments evaluating a 20 kD protein detected by anti-HER2 
extracellular domain (AA 182-373) anti-sera at 48 hours. Lanes 1-5 demonstrate the full Western blot gel 
of  BT-474 (48 hours, from Figure 1) showing two bands: the p185 HER2 protein and the 20 kD protein 
(arrow on left) lanes 1-4. Note that this protein in not detected in lane 5 which represents lapatinib-
treated cells, while the p185 HER2 is mildly reduced in lane 5.  Lanes 1- 14 show the corresponding actin 
control confirming that equal numbers of cell were applied to lanes 1-5.  Exposing BT-475to  cells to  an 
acid wash of pH 4.0 does not elute the protein as lane 7 is the acid wash and the cell pellet that remains 
is shown in lane 6, has both p185 and the 20 kD protein. Using the Triton X Perfect Focus Membrane 
Protein kit methodology shows a clearer picture of localization of the 20 kD band with membrane HER2 
protein and the 20 kD band (arrow) both in lane 8 (membrane protein concentrate) and corresponding 
cell pellet, run in lane 9, is negative.  
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One hypothesis to be considered is that the trastuzumab effect is a weaker version of what is 
seen with lapatinib and while we cannot demonstrate a small loss of P-Tyr activity in 
culture, more sensitive techniques might be informative. Alternatively, trastuzumab 
inhibition may be allosteric or conformational in nature and at the level of the cytoplasmic 
signal transducers [10] ability to detect the phosphate moieties in the context of an altered 
peptide conformation [43]. One may further speculate that due to the unique binding 
epitope of trastuzumab, which is in extra-cellular proximal domain, trans-membrane 
tertiary structural changes may be induced. Cross-linking HER2 (dimers) at the extracellular 
proximal domain may disrupt the P-Tyr access to cytoplasmic signal transducers by 
physical constraints. This hypothesis would suggest that other membrane receptor systems 
could also be modulated in a similar fashion.  

Our results demonstrate the presence of a small 20 kD protein concentrated in the extracted 
membrane fraction which is immunologically similar to an extra-cellular segment of HER2 
protein. This may provide further evidence of specific enzymatic digestion of HER2 into 
novel biologic agents [44,45]. The low molecular weight of this identified fragment and its 
association with the membrane fraction raises the possibility that it may function as a ligand 
for another, as yet unidentified, receptor. Thus, we hypothesize that HER2 may not be a 
classical receptor as has been suspected by the lack of a ligand binding moiety but rather a 
pre-ligand entity which requires regulated and specific digestion to be activated. The 
differential expression of this moiety with lapatinib in contrast to trastuzumab treatment, 
demonstrates the complexity of this system and the difficulty in attributing a single 
molecular mechanism in transmembrane signal transduction. 

These observations are not informative regarding the precise cytotoxic mechanism of 
trastuzumab activity in the clinic. Models based on preclinical animal studies favor immune 
mechanisms as key in mediating tumor shrinkage [46]. Studies of patients treated in the neo-
adjuvant setting also support these findings [43]. However the clinical effects of 
trastuzumab could be divided into two distinct effects, a growth inhibitory effect as seen in 
vitro and which manifests clinically as long term stable disease and a cytotoxic effect as one 
might expect from immune mediated cell lysis which results in rapid tumor shrinkage in the 
clinic, especially as seen in neo-adjuvant studies [47].  

In addition to these hypotheses, there is evidence that HER2 induced downstream effects 
actually amplify pro-inflammatory factors such as COX-2 [22] creating a micro-environment 
for promoting immune cell mediated tumor cell killing. These data are in agreement with 
modulation of a prostaglandin pathway identified by gene mRNA expression array 
experiments [33] in trastuzumab treated cells. Thus downstream events induced by HER2 or 
regulated by trastuzumab binding, may promote the immune mediated killing of tumor 
cells by trastuzumab. These findings provide a strong rational for combining other anti-
breast cancer cell antibodies with trastuzumab therapy. Furthermore the additional anti-
tumor efficacy observed with combinations of trastuzumab and chemotherapy could also be 
attributable to the known effects of certain chemotherapeutic agents, which render tumor 
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cells more sensitive to immune attack [48]. If this is the case, research should be focused on 
mechanisms by which chemotherapy may damage tumor cells sufficiently to allow more 
efficient killing by immune mechanisms rather than focus on apoptotic pathways that 
enhance chemotherapy cytotoxic effects. 
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1. Introduction 

Protein phosphorylation is a reversible posttranslational modification that can modulate 
protein role in several physiological processes in almost every possible way. These include 
modification of its intrinsic biological activity, subcellular location, half-life and binding 
with other proteins. Protein phosphorylation is particularly important for the regulation of 
key proteins involved in the control of cell cycle progression. 

Protein phosphorylation is the covalent binding of a phosphate group to some critical residues 
of the polypeptide. The phosphorylation state of a protein is given by a balance between the 
activity of protein kinases and protein phosphatases. Eukaryotic protein kinases transfer 
phosphate groups (PO43-) from ATP to an hydroxyl group of the lateral chain of specific serine, 
threonine or tyrosine residues on peptide substrates. In simple eukaryotic cells, like yeasts, 
Ser/Thr kinases are more common, while more complex eukaryotic cells, like human cells, 
have many Tyr kinases. Protein kinases recognize their substrates specifically and their active 
site consists of an activation loop and a catalytic loop between which substrates bind. Protein 
kinases differ from each other in the structure of their catalitic domain. A second class of 
enzymes, protein phosphatases, is responsible for the reverse reaction in which phosphate 
groups are removed from a protein. Phosphatases gain specificity by binding protein cofactors 
which facilitate binding to specific phosphoproteins. The active phosphatase often consists of a 
complex of the phosphatase catalytic subunit and a regulatory subunit. 

The use of protein phosphorylation/dephosphorylation as a control mechanism has many 
advantages since it is rapid, it does not require new proteins to be made or degraded and it 
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is easily reversible. The phosphorylation of specific residues induces structural changes that 
regulate protein functions by modulating protein folding, substrate affinity, stability and 
activity. For example, phosphorylation can cause switch-like changes in protein function, 
which can also lead to major modifications in the catalytic function of enzymes, including 
kinases and phosphatases. In addition, protein phosphorylation often leads to 
rearrangement in the structure of the protein that can induce changes in interacting partners 
or subcellular localization. 

Phosphorylation acts as a molecular switch for many regulatory events in signalling 
pathways that drive cell division, proliferation, differentiation and apoptosis. In order to 
ensure an appropriate balance of protein phosphorylation, the cell can compartmentalize 
both protein kinases and phosphatases. Another kind of regulation can be achieved by the 
spatial distribution of kinases and phosphatases, that creates a gradient of phosphorylated 
substrates across different subcellular compartments. This spatial separation can also control 
the activity of other proteins or enzymes and the occurrence of other posttranslational 
modifications. 

Even in a simple organism like budding yeast, approximately 3% of its proteins are kinases 
or phosphatases. Some of these enzymes are extremely specific, indeed that are able to 
phosphorylate or dephosphorylate only a few target proteins, while others can act broadly 
on many proteins. The examples of known targets of phosphorylation include most protein 
components of the cell like enzymes, structural proteins, cell receptors, ion channels and 
signaling factors. If a protein is controlled by its phosphorylation state, its activity will be 
directly dependent on the activity of the kinases and phosphatases that act on it. It is quite 
common for a phosphate group to be added or removed from a protein continually, a cycle 
that allows a protein to switch rapidly from one state to another. 

A protein can be modified by the addition of a single phosphate group or it can undergo 
multisite phosphorylation, these events can be driven by a single kinase or by multiple 
kinases that act in concert. Multisite phosphorylation can determine the extent and duration 
of a cellular response and can integrate multiple signals on the same protein. For example, 
many protein kinases involved in the cell cycle control function by generating 
phosphoSer/Thr-containing sequence motifs in their substrates that are then recognized by 
phosphoSer/Thr binding proteins. In several cases the phosphopeptide binding domain 
targets the kinase to prephosphorylated (primed) sites and then mediates processive 
phosphorylation of the substrate. An important example of this regulation is given by some 
budding yeast proteins that are phosphorylated by the catalitic subunit of the Cyclin-
Dependent Kinase (CDK), Cdc28, that “primes” the protein in order to bind and to be 
phosphorylated by the Polo-like kinase (Plk) Cdc5.  

Cdks are the master regulators of the cell cycle and Cdc5 plays key roles during all stages of 
mitosis and in the cell cycle checkpoint response to genotoxic stress [1,2]. The protein kinase 
Cdc28 drives every cell cycle transition and its activity is tightly regulated by 
phosphorylation/dephosphorylation events and by its association with a class of proteins 
called cyclins. Cyclins levels fluctuate during the cell cycle and their binding to Cdc28 
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activates its catalitic domain and allows its binding to specific substrates. Polo-like kinases 
have a conserved Ser/Thr kinase domain and a noncatalytic C-terminal region composed by 
two homologous boxes Polo Box Domain (PBD) [3], that appear to target the kinase to 
mitotic substrates. In addition, it has been shown that phosphopeptide binding to the PBD 
stimulates kinase activity, suggesting a conformational switching mechanism for Plk 
regulation and a double function for the PBD. 

It is the simplicity, reversibility and flexibility of phosphorylation that explains why it has 
been adopted as the most general control mechanism of the cell. Below we describe how 
phosphorylation and dephosphorylation events can finely regulate in space and time some 
key proteins in the control of cell cycle progression in Saccharomyces cerevisiae . 

2. The protein kinase Swe1 is regulated at several levels 

Budding yeast cyclin-dependent kinase Cdk1 is the motor that drives cell cycle progression. 
Cdk1 activity is regulated at multiple levels in different cell cycle phases by interactions 
with different proteins, called cyclins, and by phosphorylation and dephosphorylation 
events. In G2 phase of the cell cycle, the protein kinase Swe1 inhibits Cdk1 by 
phosphorylating the conserved Y19 residue of its catalytic subunit Cdc28 [4], thus blocking 
both switch from polar to isotropic bud growth and nuclear division, since both these events 
rely on G2/M Cdk activity. This inhibitory phosphorylation is reversed by the Mih1 
phosphatase [5], leading to Cdk1 activation and entry into mitosis. Swe1 phosphorylates 
and inhibits Cdc28 during every cell cycle and in case of problems in the bud neck, bud 
formation, actin cytoskeleton and abnormal cell shape. Successful bud formation leads to 
Swe1 degradation in late G2 phase, while morphological defects block this degradation, thus 
delaying entry into mitosis. Swe1 has therefore a critical role in coordinating cell 
morphogenesis with nuclear division. 

Swe1 levels are controlled by the “morphogenesis checkpoint”, a pathway that is activated 
in response to alterations in the actin cytoskeleton or in septin organization. The activation 
of this checkpoint ultimately leads to Swe1 stabilization and a subsequent delay in nuclear 
division [6]. In an unperturbed cell cycle, Swe1 is recruited to the mother-bud neck in S 
phase; this change in its localization, which is promoted by the interaction with its 
regulators Hsl1 and Hsl7, is essential for subsequent Swe1 multiphosphorylation, an event 
that leads to its ubiquitylation and degradation, thus allowing entry into mitosis. The 
morphogenesis checkpoint causes Swe1 stabilization by interfering with its localization to 
the bud neck, acting directly on Swe1 or on its regulators Hsl1 and Hsl7, thus preventing 
modifications that lead to its degradation [7]. Accordingly, the lack of septin localization at 
the bud neck results in Swe1 stabilization [7-9], and even subtle perturbations in septin 
structure interfere with Hsl1 and Swe1 localization to the bud neck [7]. Moreover, actin 
depolymerization in budded cells causes both stabilization of Swe1 and its displacement 
from the bud neck without altering Hsl1 localization [7], indicating that morphogenesis 
checkpoint activation prevents Swe1 degradation by interfering with Swe1 localization to 
the bud neck, thus inhibiting its phosphorylation. 
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Swe1 is subjected to multiple regulations that change its phosphorylation state (35-40 
phosphorylated sites have been identified in vivo), subcellular localization and protein levels 
(Figure 1). During S phase, Swe1 accumulates in the nucleus where it is phosphorylated by 
Clb-Cdc28 before being exported to the cytoplams and then to the daughter side of the bud 
neck. Swe1 nuclear export is essential for its degradation in G2/M in fact a Swe1 variant that 
cannot be exported from the nucleus is largely stabilized [10]. Clb-Cdc28 phosphorylates 
Swe1 at multiple sites [11] and these events can occur in the nucleus, in the cytoplasm or at 
the bud neck. This multiphosphorylation by Cdc28-Clb has different roles: on one hand it 
promotes Swe1 activity generating a feedback loop, while on the other hand it promotes 
Swe1 degradation [12]. At the mother-bud neck, filaments of conserved proteins called 
septins (Cdc3, Cdc10, Cdc11, Cdc12 and Shs1 in S. cerevisiae) form a dynamic ring structure 
[13] that is essential for the recruitment of a number of proteins involved in the control of cell 
cycle progression [14,15]. Among these, the septin ring acts as a platform to recruit several 
Swe1 regulators, such as the Hsl1 protein kinase and its adaptor Hsl7, both essential for Swe1 
localization to the bud neck and for its phosphorylation [7,9]. Hsl1, whose kinase activity 
requires assembled septins, undergoes autophosphorylation [8,16] and phosphorylates Hsl7 
[9] but does not seem to phosphorylates Swe1 [17] although its kinase activity is required for 
Swe1 recruitment at the bud neck [18]. The fact that Hsl1 activation requires assembled 
septins ensures that Swe1 degradation does not begin until a bud has formed, thus providing 
a link between bud formation and entry into mitosis [18]. Also the PAK (p21-activated 
kinase) kinase Cla4 associates with the septin ring and is involved in Swe1 phosphorylation, 
probably during S phase [19]. Moreover Swe1 phosphorylation by Clb-Cdc28 promotes 
subsequent phosphorylation by the Polo-like kinase Cdc5; in fact the synergistic 
phosphorylation that can be observed in vitro on Swe1 by Clb2-Cdc28 and Cdc5 is the result 
of priming Swe1 by Cdc28, in which the resulting phosphorylated Swe1 becomes a better 
substrate for Cdc5 [20]. An additional level of Swe1 regulation involves the Cdc55 regulatory 
subunit of protein phosphatase PP2A, that has been implicated in its degradation since loss of 
Cdc55 function causes Swe1 stabilization [21]. However, how this control happens at the 
molecular level is not clear. In addition, a mathematical model for the morphogenesis 
checkpoint activation suggested that a subset of Swe1 phosphorylations could inhibit its 
activity whereas other phosphorylations could target Swe1 for degradation [22]. In any case, 
hyperphosphorylated Swe1 species are recognized by a still unidentified ubiquitin ligase and 
ubiquitylated [23]. Subsequently, Swe1 is degraded via the proteasome and this event allows 
mitotic entry [23]. However, how bud neck-localized Swe1 is targeted to degradation after 
phosphorylation is still obscure. There are Swe1 variants that do not undergo degradation 
although they show proper bud neck localization, phosphorylation and interaction with 
known Swe1 regulators [23], indicating that still unknown Swe1 regulators exist.  

So, Swe1 regulation is governed by complex pathways that are still partially unidentified. In 
particular, the involvement of the ubiquitylation pathway and the identity of the related 
ubiquitin ligase(s) involved in Swe1 degradation are unknown. A possible role in this 
control can be hypothesized for the functionally redundant budding yeast proteins Dma1 
and Dma2, which belong to the same FHA-RING ubiquitin ligase family as S. pombe Dma1 
and human Chfr and Rnf8. FHA domains are phosphothreonine-binding modules [24] 
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frequently found in DNA repair and checkpoint proteins [25,26] and RING domains are 
typical of E3 ubiquitin ligases [26]. The presence of an FHA domain implies that one or more 
protein kinases function upstream of these proteins. An intact FHA domain is required for 
checkpoint function of all characterized FHA-RING ubiquitin ligases. All these proteins 
appear to control different aspects of the mitotic cell cycle, but several molecular details of 
their functions are still obscure [for review, see 27]. In particular, the S. cerevisiae Dma 
proteins are involved in mitotic checkpoints and contribute to control septin ring dynamics 
and cytokinesis by unknown mechanisms [28,29]. Moreover, in vitro ubiquitin ligase activity 
of Dma1 and Dma2 has been described [30], although their in vivo targets are still unknown.  

 
Figure 1. Model for Swe1 regulation. Swe1 shuttles from the nucleus to the cytoplasm and then it is 
translocated to the septin ring at the bud neck. These events are controlled through phosphorylation by 
Cdc28-Clb kinase. Once at the bud neck, Swe1 undergoes other phosphorylation events that drive its 
ubiquitylation and ultimately lead to its degradation via the proteasome. Dashed line indicates that 
Dma1 and Dma2 ubiquitin ligases are involved, directly or indirectly, in Swe1 ubiquitylation.  
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Recently, we provided genetic and biochemical evidence that Dma proteins are involved in 
promoting Swe1 ubiquitylation in vivo and contribute to the regulation of Swe1 stability by 
acting in a step following the recruitment of Swe1 to the bud neck and its phosphorylation 
[31]. Indeed, the lack of Dma proteins leads to accumulation of fully phosphorylated and 
bud neck localized Swe1. However, as dma1 dma2 cells are viable while Swe1 degradation 
is essential for cell viability, other yet unidentified ubiquitin ligases likely ubiquitylate Swe1 
during an unperturbed cell cycle. The Dma-dependent Swe1 down-regulation, whose lack 
does not significantly affect unperturbed cell cycle progression when the other Swe1 
regulatory pathways are proficient, appears to be crucial for proper response to DNA 
replication stress. 

Collectively, the complex Swe1 regulation is an example of how phosphorylation events 
drive the fate of a protein. Indeed, Swe1 undergoes multiple phosphorylations that are 
crucial for its localization, its activity and its interaction with an E3 ubiquitin ligase that 
promote its degradation; moreover also some Swe1 regulators are regulated by 
phosphorylation, showing how this modification is largely involved in the control of cellular 
events.  

3. The complex regulation of the protein kinase Kin4, a key player of the 
spindle position checkpoint  

The spindle position checkpoint (SPOC) is the important pathway that blocks mitotic exit 
and cytokinesis in case of mitotic spindle misalignment [32]. This pathway is crucial for 
budding yeast since the division site is determined early in the yeast cell cycle, in late G1 
concomitantly with bud site selection, while the mitotic spindle is assembled after this event. 
So, in order to allow proper chromosome distribution between mother and daugher cell, the 
mitotic spindle must be correctly aligned with respect to the mother bud axis before mitotic 
exit. The SPOC monitors this event and arrests mitotic progression in case of spindle 
misalignment. The target of the SPOC is the GTPase Tem1, that acts at the top of the Mitotic 
Exit Network (MEN). The MEN is a signaling cascade of protein kinases that controls both 
exit from mitosis and cytokinesis. At the top of the pathway, the GTPase Tem1 activates 
Cdc15 kinase that leads to Dbf2/Dbf20 and Mob1 activation. The MEN ultimately activates 
the protein phosphatase Cdc14 that leads to Cdk1 inactivation, a key event for both mitotic 
exit and cytokinesis [33]. The localization of all these proteins is important for their activity. 
The spindle pole body (SPB) component Nud1 is the platform for most MEN components 
localization to the spindle poles during mitosis [34]. During every cell cycle, Tem1 is kept 
inactive until the mitotic spindle is properly aligned respect to the mother-bud axis, thus 
coupling mitotic exit with nuclear division [35-37]. Tem1 regulation is complex: it is 
positively regulated by Lte1 [35] and it is kept inactive by the dimeric GTPase-activating 
protein (GAP) Bub2-Bfa1, which is the target of two protein kinases, Cdc5 and Kin4 [38-41]. 
Cdc5 is the budding yeast Polo-like kinase, it plays multiple functions in mitosis and 
cytokinesis through phosphorylation of different substrates. Cdc5 inhibits Bfa1 by 
phosphorylation at the anaphase onset [40,41], thus promoting timely Tem1 activation and 
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mitotic exit. Kin4 is a non essential serine/threonine protein kinase that plays only a minor 
role in mitotic progression in normal growth conditions. But, importantly, Kin4 kinase 
participates in the SPOC and indeed it is essential to delay cell cycle progression of cells 
with a misaligned spindle. In case of spindle mispositioning, Kin4 maintains Bub2-Bfa1 GAP 
complex active through phosphorylation of Bfa1 on residues Ser150 and Ser180 [42], these 
events counteract Cdc5 action on Bfa1 and thereby inhibit mitotic exit. 

As already said, the subcellular localization of MEN and SPOC components is critical for 
their function, indeed the asymmetric distribution of MEN activators and inhibitors is one 
element that couples mitotic exit with correct nuclear migration. During an unperturbed cell 
cycle the Bub2-Bfa1 complex and Tem1 preferentially associates with the SPB that enters the 
daughter cell (dSPB) [35,37]. Instead the Lte1 protein, which positively regulates Tem1, is 
confined in the bud from the G1/S transition to telophase, when it diffuses throughout the 
cytoplasm of both mother cell and bud [37]. During anaphase, the SPB-associated Bub2-
Bfa1 GAP complex keeps Tem1 inactive until the SPB and spindle enter the bud, where 
Tem1 is activated by its encounter with Lte1, thus promoting mitotic exit. Similarly to 
MEN factors, Kin4 binds the SPB in a Nud1 dependent manner [34,43]. During normal cell 
cycle progression, Kin4 localizes to the cortex of the mother cell by interaction of its C-
terminal regulatory domain and this binding is a prerequisit for its loading on mother-
bound SPB (mSPB) during midanaphase [44]. When spindles is correctly oriented, Kin4 
and Bub2-Bfa1 are asymmetrically localized to opposite SPBs. With anaphase onset, Bub2-
Bfa1 then becomes inhibited by the Cdc5 kinase thus promoting mitotic exit. On the 
contrary, in case of spindle misalignment, Kin4 and Bub2-Bfa1 are brought together at 
both SPBs [45-48]; in these conditions Kin4 prevents Bfa1 phosphorylation by Cdc5, 
thereby inhibiting mitotic exit and this regulation is essential for survival of cells with a 
misaligned spindle. 

So, Kin4 subcellular localization and activity are finely regulated during an unperturbed cell 
cycle and in response to spindle misalignment and these events involve its phosphorylation 
state (Figure 2). Kin4 phosphorylation state changes during the cell cycle: it is 
hyperphosphorylated during late stages of mitosis but is hypophosphorylated during S-
phase and early mitosis [49]. At present, the relationship between Kin4 function, 
phosphorylation and localization is not fully understood, but at least three regulators of 
Kin4 have been identified: Lte1, the protein phosphatase PP2A-Rts1 and the bud neck kinase 
Elm1. 

Recent data indicate that Lte1 can regulate Kin4 by controlling its phosphorylation status 
[50]: Lte1 binds Kin4 and promotes its hyperphosphorylation and this event restricts Kin4 
binding to the mSPB and prevents Kin4 that escapes the mother cell from associating with 
the dSPB. Importantly, this Lte1-mediated exclusion of Kin4 from the dSPB is essential for 
proper mitotic exit of cells with a correctly aligned spindle. Therefore, Lte1 promotes mitotic 
exit by inhibiting Kin4 activity at the dSPB. However, how this regulation happens remains 
to be determined. Indeed, Lte1 might regulate Kin4 activity itself, the Kin4 phosphatase 
PP2A-Rts1, the Kin4 kinase Elm1, other Kin4 kinases or the availability of Kin4 itself to be 
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phosphorylated. So the SPOC function could be linked to the spatial restriction of the MEN 
regulators Kin4 and Lte1 and inhibition of Kin4 by Lte1 [50]. 

On the basis of the correlation between phosphorylation status and time of Kin4 activation 
during the cell cycle, it was hypothesized that dephosphorylated Kin4 might be its active 
form and that phosphatases that promote accumulation of this form would be required for 
Kin4 function. Recently, the protein phosphatase PP2A and its regulatory subunit Rts1 have 
been identified as Kin4 regulators. In particular, the phosphatase PP2A-Rts1 is required for 
Kin4 dephosphorylation during cell cycle entry and to maintain Kin4 in the 
dephosphorylated state during S phase and mitosis [49]. In addition, PP2A-Rts1 is crucial 
for proper localization of Kin4 to the mother cortex and SPBs both during the cell cycle and 
in response to spindle position defects [49]. The phosphatase does not appear to affect Kin4 
kinase activity but instead it promotes its association with SPBs, which is essential for SPOC 
activity. So, PP2A-Rts1 functions upstream of Kin4, regulating its phosphorylation and 
localization during an unperturbed cell cycle and during SPOC activation, thus defining the 
phosphatase as a key regulator of SPOC function [49]. However, it is still unclear how Rts1 
mobilizes Kin4 at the cortex and enables its association with SPBs, indeed it might 
dephosphorylate Kin4 or a Kin4 interactor at SPBs. 

Another key player of Kin4 regulation is the bud neck-localized Elm1 kinase [51,52]. Elm1 
has been previously implicated in septin organization, bud morphogenesis, bud neck 
integrity and cell cycle progression [53-55]. Recently it has been shown that Elm1 contributes 
to the SPOC by promoting Kin4 kinase activity. Indeed, Elm1 activates Kin4 by direct 
phosphorylation on Thr209, a residue in the activation loop, and on additional sites at the C 
terminus of Kin4 [51,52]. Kin4 phosphorylation by Elm1 is critical for its kinase activity and 
subsequent hyperphosphorylation [49,51,52]. At present, the molecular mechanism by 
which phosphorylation of Thr209 influences Kin4 catalytic function is unclear. Structural 
studies of kinases regulated by activation loop phosphorylation indicate that the loop  
might function as a “sensitive switch” that controls substrate binding triggered by 
phosphorylation-dependent conformational changes [56]. However, the lack of Kin4 kinase 
activity and hyperphosphorylation observed in elm1 cells lead to reduced Kin4 binding to 
the mother cell cortex and SPOC deficiency. So, Elm1 function in the SPOC upstream of 
Kin4 by controlling its activity and localization. 

Interestingly, we have recently described a new level of complexity in SPOC regulation. 
Indeed, we have implicated the E3 ubiquitin ligases Dma1 and Dma2 in the control of Elm1 
bud neck localization [29]. Elm1 mislocalization in dma1 dma2 cells results in reduced 
levels of Kin4 kinase activity and asymmetry of Bub2-Bfa1 at the spindle poles of 
mispositioned spindles. So, Dma1, Dma2, Elm1 and Kin4 are part of the same SPOC 
regulatory module, with Dma proteins controlling Elm1 localization, that is in turn required 
for full Kin4 activation. Importantly, it is worth noting that Dma1, Dma2, Elm1 and Kin4 all 
are required to prevent mitotic exit in response to spindle mispositioning but not to spindle 
depolymerization, differently from Bub2 and Bfa1 [28,39,52]. 
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Figure 2. Model for Kin4 regulation. Kin4 is localized to the mother cell cortex and to the mother bound 
spindle pole body (SPB) when the mitotic spindle is correctly oriented. On the contrary, in case of 
spindle misalignment, Kin4 is present at both SPBs. The protein phosphatase PP2A-Rts1 is crucial for 
the proper localization of Kin4 to the mother cortex and SPBs both during the cell cycle and in response 
to spindle position defects. The protein kinase Elm1 activates Kin4 by direct phosphorylation and 
controls its localization. 

4. Budding yeast cytokinesis is controlled by several phosphoproteins 

Cytokinesis is the spatially and temporally regulated process by which, after chromosome 
segregation, eukaryotic cells divide their cytoplasm and membranes in order to produce two 
daughter cells. In budding yeast, the activity of the components of the citokinetic machinery 
is tightly controlled and their recruitment to the mother-bud neck follows a hieralchical 
order of assembly during the cell cycle. Most of these regulations are driven by 
phosphorylation and dephosphorylation events.  

Cytokinesis completion is driven by complex and partially redundant pathways that 
regulate the assembly and contraction of an actomyosin ring (AMR) and the deposition of a 
trilaminary septum between mother and bud. In particular, the AMR is involved in 
constricting the plasma membrane at the division site to complete closure [57,58] and AMR 
contraction is coupled to the centripetal growth of the primary septum (PS).  

The first step towards cytokinesis is the assembly of a septin ring, which forms at the bud 
neck concomitantly with bud emergence as soon as cells enter S phase, and marks the 
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position where constriction between mother and daughter cell will take place at the end of 
mitosis. During S phase, the septin ring becomes an hourglass shaped structure that serves 
as a scaffold for recruiting other proteins to the bud neck, among which the type II myosin 
heavy chain Myo1 that forms a ring at the presumptive bud site during early S phase [57]. 
This Myo1 ring persists at the mother-bud neck until the end of anaphase, when a 
coincident ring of F-actin assembles and the resulting AMR eventually contracts, 
accomplishing septum formation. In late anaphase Hof1, Cyk3 and Inn1 are recruited 
sequentially to the bud neck. All these proteins are required to activate the chitin synthase 
Chs2 [59-61], which is in turn recruited to the division site after mitotic exit and is required 
to build the primary septum (PS) which is mostly made of chitin. Once the cytokinetic 
apparatus is fully assembled, AMR contraction, membrane invagination and PS synthesis all 
begin almost immediately. After completion of the PS, at either side of this structure, 
secondary septa (SS), which are made of the same components as the cell wall, i. e. glucans 
and mannan, are synthetized [62]. At this point, mother and daughter cells are connected by 
a trilaminar septum. Afterwards, cell separation is driven by the action of endochitinase, 
Cts1, and glucanases, Dse2 Dse4 Egt2, that degrade the PS from the daughter side [63,64]. 
Then mother and daughter cells separate permanently from each other leaving a disk of 
chitin, called “bud scar”, on the mother cell surface. 

The events leading to cytokinesis must be tightly controlled and coordinated with 
chromosome segregation and mitotic exit in order to ensure the genetic stability during cell 
growth and thereby the fate of daughter cells. Several pathways are able to regulate the last 
event of the cell cycle including the Mitotic Exit Network (MEN). The MEN seems to control 
not only the exit from mitosis but also the timing of cytokinesis. In fact, several MEN 
components localize to the division site after mitotic exit and they likely play a direct role in 
the regulation of cytokinesis. Indeed, as mitotic Cdk1 activity decrease, MEN kinases Cdc15, 
Dbf2/Dbf20, Mob1, Cdc5 and the protein phosphatase Cdc14 associate with the bud neck 
[65-69], in addition some MEN mutants fail to undergo cytokinesis [70,71]. Here we describe 
examples of regulation by phosphorylation and/or dephosphorylation during cytokinesis 
catalyzed by Cdc28-Clb2 and/or Dbf2-Mob1 kinases and also by Cdc14 phosphatase, and 
how these post-translational modifications can regulate the function of three important 
cytokinetic proteins, Cyk3, Hof1 and Chs2, in space and time. 

Cyk3 is an SH3-domain protein and was isolated as high-copy suppressor of lethality in an 
iqg1 strain [72] and in a myo1 strain [73]. Cyk3 interacts with Hof1 and both cooperate to 
recruit Inn1 [61,74], that is essential for activation of chitin synthase and therefore for primary 
septum formation [60,61]. Overexpression of CYK3 leads to an actomyosin independent 
recruitment of Inn1 to the bud neck [74], indicating that Cyk3 plays a central role in a rescue 
mechanism for cytokinesis in the absence of a functional AMR. Cyk3 activity and localization 
are positively regulated by phosphorylation events (Figure 3). Cyk3 total levels are constant 
throughout the cell cycle, but interestingly Cyk3 phosphorylated species begin to accumulate 
after mitotic exit and this leads to its recruitment to the bud neck. This phosphorylation event 
requires the MEN activity [75]. In particular, it has been proposed that Cyk3 is 
phosphorylated by Dbf2-Mob1 kinase but if it is its direct substrate has not been determined. 
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It has instead been demonstrated that the Dbf2-Mob1 kinase, that appears at the division site 
just before AMR contraction [76,77], directly phosphorylates Hof1, a member of the F-BAR 
(Fes/CIP4 homology Bin/Amphiphysin/Rvsp) protein family conserved from yeast to 
mammals [78]. Hof1 protein levels, activity and localization are regulated by many 
phosphorylation events. Hof1 protein levels are regulated during the cell cycle, in particular 
Hof1 accumulates from G1/S phase, it disappears after mitotic exit, concomitantly with 
AMR contraction, and it remains unstable during the G1 phase of the following cell cycle. 
Hof1 colocalizes with the septin ring from S phase to late anaphase, then it interacts with the 
AMR before its contraction [79]. Efficient AMR contraction and cell separation are allowed 
by subsequent degradation of Hof1 by the action of the E3 ubiquitin ligase complex SCF 
(Skp, Cullin, F-box containing complex)/Grr1 [80] that can recognize its PEST (Proline, 
glutamin acid (E), Serine and Threonine) domain. Hof1 is directly phosphorylated by three 
kinases that act in concert to regulate its activity: Clb2-Cdc28, Cdc5 and Dbf2-Mob1 [81]. 
During mitosis, Hof1 undergoes Clb2-Cdc28 phosphorylation that does not seem to control 
its localization, but it primes Hof1 for subsequent phosphorylation by Cdc5 at Ser517. This 
event facilitates Hof1 binding to Mob1. The Dbf2-Mob1 kinase then phosphorylates several 
residues at both N- and C- terminal of Hof1 [81]. These modifications do not influence the 
physical interaction between Hof1 and Cyk3 or Inn1, instead they promote Hof1 release 
from the septin ring and localization to the AMR (Figure 3). There, phosphorylated Hof1 
promotes AMR contraction by an unknown mechanism.  

The third example is the regulation of the chitin synthase that builds the PS. Chs2 is an 
integral membrane protein that polymerizes chitin from its precursor UDP-N-acetyl-
glucosamine. The chitin synthase 2 is synthetized in G2/M and accumulates in the 
endoplasmic reticulum (ER). The N-terminal and the central catalytic domain are located in 
the cytoplasm while the hydrophobic C-terminal domain is integrated into the ER 
membrane. During the metaphase to anaphase transition, Chs2 is phosphorylated in several 
Ser-Pro sites at its N-terminus exposed into the cytoplasm by Cdc28-Clb2 [82,83]. These 
phosphorylations events are important for Chs2 retention into the ER and therefore for its 
inibition. At the end of mitosis, MEN activation leads to the decrease of Cdc28-Clb2 activity 
and Chs2 can be exported from the ER and targeted to the division site [75,84-86]. The 
molecular mechanism of this release was unclear, but recent data indicate that Chs2 N-
terminus is directly dephosphorylated by the protein phosphatase Cdc14 [86]. Then 
dephosphorylated Chs2 is traslocated to Golgi and, through secretory vescicoles, is 
delivered to the plasma membrane at the bud neck (Figure 3) [85,87]. There, Chs2 is active 
and promotes centripetally deposition of PS that occurs concomitantly with AMR 
contraction and membrane ingression. After PS completion Chs2 is removed from the bud 
neck by endocytosis and transferred to the vacuole where it is degraded by the action of the 
protease Pep4 [87]. The signal that leads to Chs2 endocytosis is currently unknown.  

In summary, Cyk3, Hof1 and Chs2 regulations are good examples of how phosphorylation 
events can change the fate of a protein and underline the relevance of this posttranslational 
modification in the control of a very important cell cycle process, the cytokinesis. 
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Figure 3. Model for Cyk3, Hof1 and Chs2 regulation. Cyk3 is likely phosphorylated by Dbf2-Mob1 
kinase (dashed line) and recruited to the bud neck. Septin bound Hof1 is “primed” by Cdc28-Clb2 
phosphorylation and then it is phosphorylated by polo-like kinase Cdc5 and by Dbf2-Mob1 kinase. 
These modifications promote Hof1 release from the septin ring and localization to the actomyosin ring. 
Chs2 accumulates in the endoplasmic reticulum (ER) with its N-terminus exposed into the cytoplasm, 
this tail is phosphorylated by Cdc28-Clb2. These phosphorylations events are important for Chs2 
retention into the ER. At the end of mitosis, Chs2 N-terminus is directly dephosphorylated by the 
protein phosphatase Cdc14, then dephosphorylated Chs2 is traslocated to Golgi and, through secretory 
vescicoles, is delivered to the plasma membrane at the bud neck. 

5. Conclusion 

The phosphorylation of a protein is a simple mechanism that alters its conformation, and so 
its ability to function, in a reversibile way. As we can learn from the examples of protein 
regulation that we have focused on, phosphorylation is a flexible mechanism that regulates 
the target protein in several ways. Indeed, phosphorylation is not simply used to switch the 
activity of a protein on or off, but can have many additional roles. It can influence its ability 
to form complexes with other proteins, it can affect the rate at which a protein is degraded 
or its ability to localize to a particular subcellular location. For example, phosphorylation 
events on the protein kinases Swe1 and Kin4, and on the cytokinetic proteins Cyk3, Hof1 
and Chs2 lead to change in their localization.  

The action of kinases is counteracted by phosphatases and both controls are essential to 
determine the phosphorylation state of the target proteins. The balance of phosphorylation 
and dephosphorylation can also be critical in determining the strength and duration of the 
response. Therefore, kinases and phosphatases must be regulated spatiotemporally in order 
to obtain the proper cellular response.  
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In addition, a protein can be modified by the addition of a single phosphate group or by 
multiple phosphates, by a single protein kinase or by multiple kinases. Multisite 
phosphorylation is a strategy that enables two or more effects to operate in the same protein. 
Indeed, some phosphorylation events “prime” the protein in order to be phosphorylated by 
another kinase that acts subsequently in the same cellular compartment or in another 
location. The protein kinase Swe1 is a very good example of this kind of regulation, in fact 
several kinases act sequentially leading to the accumulation of hyperphosphorylated bud 
neck localized Swe1. Also the cytokinetic proteins Hof1 and Chs2 are the target of at least 
two different protein kinases that change Hof1 and Chs2 activity and localization. 
Alternatively, a phosphorylation event can inhibit the phosphorylation of other residues on 
the same protein. For example, Bfa1 phosphorylation by Kin4 inhibits phosphate group 
addition by the polo-like kinase Cdc5 and so keeps Bfa1 active. 

Another important issue is the crosstalk between phosphorylation and other 
posttranslational modifications. Crosstalks can be positive or negative, thus promoting or 
inhibiting the subsequent modification. About phosphorylation and ubiquitylation, an 
increasing number of phosphoproteins are then ubiquitylated. Both Hof1 and Swe1 are 
hyperphosphorylated and afterwards ubiquitylated, subsequently they are targeted to 
degradation via the proteasome. A very interesting issue is how the specificity is 
determined. Indeed, phosphorylated residues of serine, threonine and tyrosine recognition 
by phosphobinding domains depends on the sequence of amino acids immediately around 
the phosphorylated residue, whereas recognition of monoUb by ubiquitin binding domains 
does not seem to be influenced by the primary sequence bearing the ubiquitinated lysine.  

Even if there are several open questions regarding the molecular mechanisms that control 
the phosphoproteins that we have described, they are good examples of how the 
phosphorylation event can change the fate of a protein. 
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1. Introduction 

Dual specificity phosphatases of the Cdc25 family are critically important regulators of the 
cell cycle. They activate cyclin-dependent kinases (CDKs) at key cell cycle transitions such as 
the initiation of DNA synthesis and mitosis. They also represent key points of regulation for 
pathways monitoring DNA integrity, DNA replication, growth factor signaling and 
extracellular stress. Since their mis-regulation allows cells to function in a genetically 
unstable state, it is not surprising that these phosphatases are involved in transformation to 
a cancerous state. Cdc25 phosphatases are heavily regulated by phosphorylation. Many 
regulatory phosphorylation sites on Cdc25 influence catalytic activity, substrate specificity, 
subcellular localization and stability. This chapter summarizes the current literature on the 
phospho-regulation of these proteins.  

2. Yeast genetics and Xenopus oocyte maturation – Setting the stage 

The study of cell division in eukaryotes was dramatically changed with the isolation of 
temperature sensitive “cell division cycle” (cdc-) mutants of the yeasts Schizosaccharomyces 
pombe and Saccharomyces cerevisiae. These mutants arrested uniformly at a particular cell 
cycle stage and uncoupled cell growth from cell cycle progression.[1-3] S. pombe cells are 
cylindrical cells growing from the tips while keeping a constant diameter.[3] At the 
restrictive temperature, fission yeast cdc- mutants arrest at their restriction point and become 
abnormally elongated. Within the fission yeast cdc- collection was the cdc25-22 mutation 
which arrests at mitotic entry when incubated at its restrictive temperature.[3] The collection 
also included cdc9-50 which divided at approximately half the length of a wildtype cell; it 
was later renamed wee1-50 in reference to its small size.[4] The wee1-50 mutation suppresses 
the cell cycle phenotype of cdc25-22 demonstrating that these two proteins act in opposition 
during the G2/M transition.[5] Analysis of these mutations showed that Cdc2 is rate limiting 
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for mitotic entry and is inhibited by Wee1 and activated by Cdc25.[6,7] Regulation of Cdc2 
by Wee1 and Cdc25 in fission yeast was one of the first connected pathways in cell cycle 
research in any organism. The gene names Cdc25 and Wee1 are used in almost all 
organisms today. 

Concurrently, Maturation Promoting Factor (MPF) was discovered through a series of elegant 
cytoplasmic transfer experiments conducted on frog, starfish and sea urchin oocytes [8-10]. 
Immature Xenopus oocytes arrest at prophase I. Progesterone induced MPF activation induces 
maturation whereby oocytes complete meiosis I and arrest at meiotic metaphase II.[9,11] 
Microinjection of cytoplasm from a mature oocyte into an immature oocyte also induces 
maturation.[8,9] This bioassay for maturation promoting factor (MPF) activity allowed it to be 
tracked through the meiotic and later mitotic cycles. Activity falls after anaphase I, rising again 
as cells enter prophase II. Although MPF activity is high, mature oocytes arrest due to the 
presence of a second soluble factor called Cyto-Static Factor (CSF).[9] Subsequent entry of the 
sperm nucleus causes an influx of extracellular calcium, ultimately removing CSF inhibition 
and serving as the trigger for completion of meiosis and the start of mitotic divisions. Extracts 
from prophase II arrested mature oocytes can be induced to undergo alternating DNA 
synthesis and mitotic phases by the addition of calcium, providing an excellent cell free system 
for studying MPF regulation.[12] A peak of MPF activity accompanies each round of mitosis, 
reaching maximal activity during meiotic prophase, followed by a catastrophic drop as 
chromosomes segregate at anaphase. Fertilization is followed by a rapid succession of 12 
rounds of DNA synthesis and cell division with no intervening gap phases, driven solely by 
maternally derived mRNA.[13] Gap phases are re-established at the mid-blastula transition 
followed by typical somatic cell cycles.[14] MPF consists of three proteins: Cdk1 kinase, cyclin 
B (Cdc2 [19-21] and Cdc13 [22,23] respectively in fission yeast) and the small regulatory 
protein Suc1.[15-19] The activator of both MPF in Xenopus and the Cdc2-Cdc13 complex in S. 
pombe is Cdc25 phosphatase.[24,25] 

The cytoplasmic transfer experiments showed that MPF activity correlates with increased 
protein phosphorylation in donor oocytes [26], targeting a large number of nuclear 
proteins.[27,28] MPF is a histone H1 kinase, an activity which is still used today to measure 
CDK function.[29] MPF induces many of the cytological changes associated with mitosis 
such as nuclear envelope breakdown, chromosome condensation and mitotic spindle 
formation.[30-32] Mass spectrometry has shown that the single Cdk1 homologue in budding 
yeast (CDC28) phosphorylates 547 sites on 308 proteins in vivo.[33] The regulation of only 
about 75 of these CDC28 substrates has been examined in any detail.[34] Undoubtedly, the 
network of CDK mediated phosphorylation events in vertebrate cells will turn out to be far 
more complex. 

3. Taxonomic distribution, duplication and divergence of Cdc25 
homologues 

Cdc25 is present in all eukaryotic cells. The yeasts, S. cerevisiae and S. pombe, possess a 
single Cdc25 protein (referred to as MIH1 in the former).[35] Duplication and divergence 
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led to three Cdc25 paralogues in vertebrates, Cdc25A, Cdc25B, and Cdc25C.[36,36-40] 
Cdc25A acts early in the cell cycle, regulating the G1/S transition, whereas Cdc25B and 
Cdc25C act at G2/M. Human Cdc25A, Cdc25B and Cdc25C have several isoforms through 
alternative splicing.[41-44] Cdc25C was discovered based on sequence similarity to fission 
yeast Cdc25 by using degenerate PCR primers to conserved residues in the catalytic 
region.[38] Human Cdc25A and Cdc25B were cloned by complementation of the 
temperature sensitive cdc25-22ts allele of S. pombe, demonstrating the strong conservation 
of function in this protein family.[37] Xenopus Cdc25A and Cdc25C were initially 
discovered based on sequence similarity to human Cdc25C.[40,45] Injection of 
recombinant Xenopus Cdc25A or Cdc25C into oocytes induces their maturation, the first 
direct indication that this protein was a positive regulator of MPF.[40,45,46] Xenopus 
Cdc25C also complements the cdc25-22ts mutation in fission yeast.[45] Four Cdc25 
homologues are present in Caenorhabditis [47], whereas Drosophila contains two, string and 
twine.[48,49] The conserved C-terminal domain of string contains the intrinsic phosphatase 
activity against a Cdk1-derived peptide containing phosphorylated Y15 and against the 
synthetic substrate p-nitrophenyl phosphate.[50] Few plant Cdc25 homologues can be 
found by sequence comparison in the NCBI database and those only in unicellular algae, 
eg Ostreococcus tauri.[51] In Arabidopsis thaliana [52] the full length protein is only 146 
residues long representing only the phosphatase domain and it shows marginal similarity 
to vertebrate and fission yeast Cdc25. Overexpression of A. thaliana Cdc25 causes 
premature mitotic entry in fission yeast.[53] 

4. Regulation of cell cycle transitions by Cdc25 

4.1. The fission yeast G2/M transition – The prototype Cdc25/cyclin-CDK circuit 

Regulation of the transition from G2 to mitosis in S. pombe is typical of the positive feedback 
loops seen between Cdc25 and CDKs in all systems. Cdc2 (Cdk1) drives all cell cycle 
transitions in fission yeast.[20] During G2 and early mitosis Cdc2 complexes with the B-type 
cyclin Cdc13 [54,55], the only essential cyclin in fission yeast.[56] Whereas Cdc2 is 
constitutively expressed throughout the cell cycle [57], Cdc25 and Cdc13 begin to 
accumulate in G2 and are degraded during mitotic entry.[58-60] Prior to M-phase, the Cdc2-
Cdc13 complex is kept inactive by phosphorylation of threonine 14 (T14) and tyrosine 15 
(Y15).[61,62] Y15 is phosphorylated by the S-phase specific kinase Mik1 [63,64] and T14 and 
Y15 are modified by Wee1.[63,65-67] In G2 Cdc25 translocates to the nucleus via the 
importin-β homologue Sal3.[68] After cells grow to a critical size for mitotic entry, Cdc25 
becomes active and dephosphorylates Cdc2 Y15.[69] Cdc25 is activated and 
hyperphosphorylated by Cdc2 as the cell enters mitosis.[58, 70] CDKs phosphorylate a 
serine or threonine residue in the context of a consensus site (S/T)PX(K/R).[71,72] The 
positions of the Cdc2 phosphorylation sites on Cdc25 have not been determined, but 
mutagenesis of 15 potential CDK consensus sites abrogates phosphorylation by Cdc2-
Cdc13.[73] In S. pombe, the feedback loop between Cdc25 and Cdc2-Cdc13 is strengthened 
by the involvement of the S. pombe Polo kinase homologue Plo1 which phosphorylates 
Cdc25 downstream of Cdc2 activation.[74] After the metaphase-anaphase transition, Polo 
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kinase activation encourages cyclin degradation through activation of the anaphase 
promoting complex (APC).[75] Thus, this kinase simultaneously ensures that Cdc2 
activation will be robust, and brief, as its cyclin partner Cdc13 is degraded by the APC 
immediately following anaphase initiation. 

4.2 Vertebrate cell cycle 

While fission yeast Cdc25 is solely involved in the G2/M transition, Cdc25 orthologues in 
vertebrates also play a role in G1 and S-phase progression. Vertebrates have several CDK-
cyclin complexes which participate in these transitions through positive feedback loops with 
Cdc25. In addition to associating with cyclin B, Cdk1 associates with cyclin A during late S-
phase and G2.[76] A second CDK, Cdk2, was discovered as a cDNA which could 
complement the loss of the budding yeast Cdk1 homologue, CDC28.[77] Cdk2 functions 
early in the cell cycle and is likewise negatively regulated by phosphorylation of Y15.[78,79] 
It forms a complex with Cyclin A and Cyclin E.[80,81] Cdk4 and Cdk6 operate early in G1 in 
association with D-type cyclins.[82] In many cases a particular cyclin class (ie. A, B, D, E) has 
multiple members. For the sake of clarity, cyclins will be referred to by their subtype only. 
Furthermore, only the CDKs and cyclins directly responsible for cell cycle transitions in 
concert with Cdc25 orthologues will be discussed. For instance, Cdk1/cyclin B is activated 
by a CDK-Activating Kinase (CAK), a complex of Cdk7 and cyclin H [83], but as CAKs are 
not activated by Cdc25 they are outside the scope of this review.  

4.2.1. Cell cycle re-entry from Go 

Most somatic cells spend their time in Go. Cells in Go may commit to entry into the cell cycle 
when they receive stimuli in the form of growth factors The cells then deactivate the cell 
cycle repressors which have kept them in Go and transcribe the positive regulators of the 
next cell cycle transition, G1/S. 

In non-dividing cells, the Retinoblastoma protein (Rb) binds to E2F thus preventing 
transcription of genes required for cell cycle progression including cyclin D, cyclin A and 
Cdc25A.[84-87] (Figure 1) After exposure to growth factors, cells in Go re-enter the cell cycle 
through activation of the Ras pathway via the Raf/MAP (Mitogen Activated Protein) kinase 
pathway.[88] This leads to the degradation of the Cdk4 inhibitors p15INK4B and p16INK4A and 
the Cdk2 inhibitors p27KIP, p21CIP and induction of cyclin D. Cdk4 and Cdk6 bound to cyclin 
D inhibit the Rb protein [89] allowing transcription of cyclin E and cyclin A.[89,90] Cdc25A 
activates Cdk4-cyclin D but not Cdk6-cyclin D in vitro.[91] Cyclin E associates with Cdk2 in 
late G1 and helps complete the inhibition of Rb.[89,92] 

4.2.2. The G1/S transition 

Cdc25A is transcribed following relief of Rb-mediated transcriptional repression, reaching 
its maximal level at the end of G1 and dephosphorylating Y15 on Cdk2.[87,91] Cdk2 is 
phosphorylated on Y15 by Wee1.[93] Dephosphorylation of Cdk2 takes place via both 
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Cdc25A and Cdc25B.[94-97] Cdk2 immunoprecipitated from cell lysates where Cdc25A has 
been overexpressed has high histone H1 kinase activity and low levels of Y15 
phosphorylation.[91] Such overexpression accelerates entry into S-phase through activation 
of Cdk2-cyclin E.[91,98] DNA-synthesis can be blocked in these cells by injecting them with 
anti-Cdc25A antibodies.[99] Cdk2-cyclin E and Cdc25A are mutually activated by a positive 
feedback loop allowing passage of the G1/S boundary.[95] Depletion of Cdk2 or cyclin E 
prevents phosphorylation of Cdc25A and recombinant Cdc25A can be activated by Cdk2-
cyclin E in vitro.[95] In addition phosphorylation of Cdc25A by Cdk2 destabilizes the 
phosphatase. Conversely, exposure of cells to CDK inhibitors roscovitine and olomoucine 
causes stabilization of Cdc25A.[99] 

 

 
Figure 1. Positive feedback loops between Cdk-cyclin complexes and Cdc25 family members drive cell 
cycle transitions. 

S-phase initiation requires activation of DNA replication proteins by Cdk2-cyclin A. 
Injecting G1 cells with anti-cyclin A antibodies stops entry into S-phase.[100] 
Phosphorylation of the essential DNA replication initiator Cdc6 by Cdk2-cyclin A leads to 
its nuclear import.[101,102] Cdk2 is recruited to chromatin by the replication initiation factor 
Cdc45 where it phosphorylates histone H1 and induces chromosome de-condensation.[103] 
As S-phase progresses high Cdk2-cyclin A activity induces degradation of Cdc6, preventing 
re-initiation of DNA synthesis at origins which have already fired.[102] 

Cdc25B has a role late in S-phase as Cdc25B immunoprecipitated from late S-phase HeLa 
cell extracts is phosphorylated, activated, and able to dephosphorylate Cdk2-cyclin A.[97] 
The murine homologue of Cdc25B purified from S-phase extracts promotes cyclin A and 
cyclin E associated histone H1 kinase activity in vitro.[94] In addition, siRNA knockdown of 
human Cdc25B causes a delay in initiation of DNA synthesis.[104] The Cdk1-cyclin A 
complex regulates late origin firing in S-phase. A constitutively activated Cdk1 allele 
increases firing of late S-phase origins, whereas a loss of function temperature sensitive 
allele of Cdk1 has a defect in late origin firing at the restrictive temperature.[76] 
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4.2.3. The G2/M transition 

Unlike the simple circuit of Cdc25-Cdc2 activation in fission yeast, the vertebrate G2/M 
transition involves a series of interconnected loops with positive and negative inputs from a 
variety of pathways. This led to what could be considered the “traditional model” of G2/M 
transition in vertebrates with respect to Cdc25 regulation by CDK-cyclin complexes. In 
reality things may be more complex. Cdc25C is not explicitly required for mitotic entry; 
siRNA knockdown of Cdc25C does not prevent the G2/M transition.[105] In addition, 
mouse lines which lack Cdc25B and/or Cdc25C are viable with the only obvious phenotype 
being a defect in oocyte maturation observed in cdc25B-/- mice.[106-108] In addition, the 
creation of CDK and cyclin knockout mice has revealed a network of compensatory 
mechanisms which cloud the traditional model. Cdk2-/-, Cdk4-/-, or Cdk6-/- mice show some 
abnormalities as adults, but are not embryonic lethal indicating that these Cdks are not 
individually essential for cell division.[92] There is considerable redundancy. Mitotic entry 
is best viewed as a three step process. First, Cdc25B and CDK-cyclin A are activated 
followed by basal activation of Cdk1-cyclin B at the centrosome.[109] Second, Cdk1-cyclinB, 
Cdc25B and Cdc25C localize to the nucleus. Third, Cdk1-cyclin B and Cdc25C mutually 
activate. Cdk1-cyclin B then induces overt mitotic events such as breakdown of the nuclear 
envelope and spindle formation. [81,110,111] 

4.2.4. Activation of Cdc25B and Cdk1/2-cyclinA 

Phosphorylation of human Cdc25B by Cdk1-cyclin A during G2 causes Cdc25B activation 
but also destabilizes the protein.[112,113] Cdc25B activates Cdk2-cyclinA in a positive 
feedback loop.[114] Cdk2-cyclin A mediated destabilization of Cdc25B has not been 
reported, although the Cdk1 and Cdk2 kinase complexes modify Cdc25B to approximately 
the same degree and have a similar set of substrates.[113,115] However, Cdk2 is the 
preferred binding partner of cyclin A and is more active than Cdk1-cyclin A during 
G2.[80,100] Cdk2 cyclin A has two peaks of activation, one during S-phase and one prior to 
G2/M. [80,116] Inhibition of Cdk2-cyclin A delays mitotic entry.[109] Depletion of Cdk1-
cyclin A, activation of the CDK inhibitor p21cip , or addition of an inhibitory ATP analogue 
destabilizes Cdc25B in Sf9 cell extracts.[112] Similarly, in cycloheximide treated cells 
Cdc25B, but not Cdc25A or Cdc25C, is unstable and uniquely labile during the cell 
cycle.[117] 

Cyclin B accumulates throughout G2 but Cdc25A and Cdc25B are required to induce 
formation of the Cdk1-cyclin B complex at G2/M.[118] Cdk1-cyclin B interaction occurs 
earlier in G2 when Cdc25A or Cdc25B are overexpressed. Cdk1 and cyclin B are almost 
exclusively cytoplasmic during interphase with a small portion of the complex associating 
with the centrosome at G2/M.[119-121] A population of Cdk2-cyclinA is likewise localized 
to the centrosomes prior to prophase.[116] In Xenopus, centrosomal localization of Cdk1-
cyclin B requires Aurora kinase.[122] Aurora is involved in a diverse set of mitotic events 
such as spindle assembly, centrosome maturation, and cytokinesis.[123] Aurora can also 
phosphorylate Cdc25B at S353 in vivo, activating the phosphatase.[124] (Table 1) Although 
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some Cdk1-cyclin B is activated by Cdc25B [120,125], this does not represent a full mitotic 
activation and is only sufficient for progression as far as prophase. Injection of a dominant-
negative mutant of Cdc25B into HeLa cells causes arrest in prophase with condensed 
chromosomes and disassembled nucleoli, but without nuclear envelope breakdown [109]. 
Microinjection of Cdk1-cyclin B lets cells pass this block and complete mitosis. 

Species Member Kinase Site(s) References

S. pombe Cdc25 Cds1/Chk1/Srk1
S99, S148, S178, S192, S204, S206, T226, S234, 
S359, T561, S567, T569 [60, 156, 157, 162]

Cdk1-cyclin B S18, S40, S88, S116, S261, S283, S321 [149, 151, 167]
Chk1 S76, S124, S178, T507 [168-173, 200]
Chk2 S124, S278 [173, 175]
Casein Kinase 1ε S82 [199]
Casein Kinase 1α S79, S82 [198]
p38 S76, S124 [168, 175]
GSK-3β S76 [193, 194]
NEK11 S82, S88 [187]
Plk3 S80 [193, 194]
Cdk1-cyclinB S50, S160, S321 [135, 136, 246]
Chk1 S151, S230, S323, S563 [236, 238, 239]
Aurora S353 [124]
Casein Kinase 2 S186, S187 [235]
JNK S101, S103 [280]
MEK/ERK S249 [259]
p38 S323 [208]
MK2 S323 [210]
Plk1 T167, S209, T404, S465 [136]
Cdk1/cyclin B T48, T67, S122, T130, S168, S214 [42, 143, 145, 246]
Chk1 S216, S247, S263 [219-221, 225, 226]
Chk2 S216 [209, 242]
Casein Kinase 2 T236 [234]
MK2 S216 [210]
C-TAK1 S216 [276]
JNK S168 [281, 282]
MEK/ERK S216 [278]
Plk1 S198 [140]
Plk3 S191, S198 [141]

Cdc25A Chk1 S73, T504 [201, 207]
Cdk1/cylinB Cdk1-cyclinA T48, T67, T138, S205, S285; [193, 247, 249]
Chk1 S287, T533 [207, 229-231, 241] 
p42 S48, T138, S205 [272]
p90rsk S287 [269, 270]
Rsk2 S317, S318, S319 [271]

Human Cdc25A

Cdc25B*

Cdc25C

Xenopus
Cdc25C

 
Table 1. Summary of known phosphorylation sites on Cdc25 family members and the kinases 
responsible 

4.2.5. Everybody into the nucleus 

Cyclin B has a cytoplasmic retention sequence which is sufficient to induce cytoplasmic 
localization of the normally nuclear protein and contains a nuclear export signal (NES).[126] 
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Nuclear export is blocked by phosphorylation of S126 at the end of prophase.[127-129] 
Cyclin B is phosphorylated by Cdk1-Cyclin B as starfish oocytes pass the prophase II to 
metaphase II arrest.[130] Human cyclin B S126 is followed by a proline residue suggesting 
Cdk1-cyclin B autophosphorylation. Cyclin B is phosphorylated by the Xenopus Polo kinase 
homologue Plx1 on S133 and S147 (homologous to human cyclin B S177 and S181) 
enhancing its nuclear import.[125,131] Initial Cdc25B mediated activation of Cdk1-cyclin B 
may result in a priming autophosphorylation of S126 followed by docking of Polo kinase 
and inhibition of nuclear export. Such a Cdk1 mediated priming phosphorylation has been 
shown to induce Plx1 phosphorylation of Cdc25B (see below). Human Polo kinase Plk1 also 
deactivates Cdk1-cyclin B inhibitory kinases. Plk1 inhibits the cytoplasmic Cdk1 inhibitory 
kinase Myt1.[132,133] Wee1 is phosphorylated on S53 and S123 by Plk1 and Cdk1-cyclin B, 
respectively, resulting in its degradation by β-TrCP.[134] 

The activated cytoplasmic pool of Cdk1-cyclin B phosphorylates Cdc25B on S160 inducing 
its nuclear import. [135] (All phosphorylated residues on human Cdc25B are numbered 
according to the sequence of the longest splice variant Cdc25B3). Overexpression of human 
Cdc25B causes an increase in cells with condensed chromatin, whereas overexpression of 
Cdc25B-S160G does not induce mitotic entry. S160 phosphorylation does not affect the in 
vitro activity of human Cdc25B against a fluorescein diphosphate substrate, but instead 
positively regulates its nuclear import. In vitro phosphorylation assays show Cdk1-cyclin B 
can phosphorylate residues on Cdc25B which are not targeted by Cdk1-cyclin A or Cdk2-
cyclin A.[113] Interestingly, Cdk1-cyclin A cannot phosphorylate Cdc25B that has 
previously been phosphorylated by Cdk1-cyclin B.[112] 

Plk1 is involved in human Cdc25B nuclear import following the initial activation of Cdk1-
cyclin B. After addition of the Plk1 inhibitor thiophene benzimidazole, nuclear accumulation 
of GFP-Cdc25B is reduced. Conversely, expression of a constitutively active Plk1 mutant 
enhances Cdc25 nuclear localization.[136] Co-overexpression of Plk1 and Cdc25B in U2OS 
osteosarcoma cells induces chromosome condensation to a greater degree compared to cells 
expressing Plk1 or Cdc25B alone. This is partially dependent on the presence of a functional 
nuclear localization signal (NLS) in Cdc25B. Plk1 docking to Cdc25B requires prior 
phosphorylation of S50 by Cdk1/cyclin B.[137] Mass spectrometry identified thirteen 
phosphorylated Plk1 sites on Cdc25B in vitro and showed that T167, S209, T404, S465 and 
S513 appear to be particularly strong targets.[137] Plk1 is required for Cdk1-cyclin B 
activation, at least in part by negatively regulating Cdc25C nuclear export. Depletion of Plx1 
from oocyte extracts prevents the activation of Cdc25C and Cdk1-cyclin B.[138] Unlike 
Cdc25B, phosphorylation of Cdc25C by Cdk1 is not a prerequisite for Plk1 targeting the 
phosphatase; Plk1 affects Cdc25C phosphatase activity and its localization. In vitro 
phosphorylation of Cdc25C enhances its ability to dephosphorylate kinase dead Cdc2 on 
Y15.[139] Plk1 phosphorylates human Cdc25C on S198 which resides within the nuclear 
export signal (NES) of the phosphatase, promoting its nuclear localization.[140] Polo kinase 
family member Plk3 also interacts with human Cdc25C and phosphorylates it on S191, and 
S198 to a lesser degree.[141] Substitutions S191D, S198D or Plk3 overexpression result in 
constitutive nuclear localization, while siRNA knockdown of Plk3 or substitutions S191A 
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and S198A leads to nuclear exclusion.[141] Another polo family member, Plk4, 
phosphorylates human Cdc25C on undetermined sites.[142] 

4.2.6. Full activation of Cdk1-CyclinB and Cdc25C 

Activated Cdk1-cyclin B phosphorylates human Cdc25C on T48, T67, S122, T130, S168 and S214 
in vitro and in vivo, driving a positive feedback loop which culminates in the phosphorylation of 
mitotic Cdk1 substrates.[42,143] Cdk1 phosphorylated Cdc25C has an increased Cdk1 Y15 
phosphatase activity.[143] Recombinant Cdc25C can activate Cdk1 thereby increasing its 
histone H1 kinase activity.[144] Use of phospho-specific antibodies recently showed that 
phosphorylation of T48, T67 and T130 occur on spatially separate pools of human Cdc25C.[145] 
T67-phosphorylated Cdc25C is chromatin associated from prophase until telophase while T130-
phosphorylated Cdc25C localizes to the centrosomes. T130 phosphorylation creates a Plk1 
binding site on Cdc25C. Three distinct pools of T48, T67 and T130 mono-phosphorylated 
Cdc25C protein can be detected by immunoprecipitation with each individual phospho-specific 
antibody; Cdc25C pulled down with one antibody is not bound by the other two. In Xenopus 
oocyte extracts Cdc25C is heavily phosphorylated while cells undergo germinal vesicle 
breakdown (meiosis I).[45] Xenopus Cdc25C residues T48, T67, T138, S205 and S285 are 
phosphorylated by Cdk1-cyclin A and Cdk1-cyclin B in vitro.[146] Mutation of the major targets, 
T48, T67 and T138, to alanine prevents Xenopus Cdc25C activation in vitro.[147] Although G2/M 
is not normally associated with Cdc25A function, it also contributes to Cdk1-cyclin B activation. 
Depleting cells of Cdc25A reduces Cdk1-cyclin B activation by approximately fifty percent.[148] 
In cells arrested in mitosis by addition of nocodazole, a microtubule polymerization inhibitor 
and spindle poison, Cdc25A is phosphorylated by Cdk1-cyclin B on S18 and S116. Substitution 
of these residues with alanine leads to Cdc25A instability. Cdc25A S40, S88, S261 and S283 are 
also Cdk1-cyclin B phosphorylated in vitro.[149] 

4.2.7. Mitotic exit 

Following chromosome alignment on the metaphase plate a cascade of APC mediated 
degradation events occurs to reset conditions for the start of the next cell cycle.[150] The 
APC regulates two important processes required for completion of mitosis. First, it targets 
Securin, the inhibitory subunit of Separase, which is responsible for Cohesin cleavage and 
chromosome separation. Second, it targets cyclin A and cyclin B for destruction, inactivating 
Cdk1. Cyclin B is degraded after the metaphase-anaphase transition while cyclin A is 
degraded during metaphase. [121] Cdk1 mediated phosphorylation of Cdc25 paralogues is 
reversed by Cdc14 family phosphatases. Cdk1-cyclin B phosphorylates human Cdc25A S18, 
S40, S88, S116, S261 and S283 in vitro.[149] Of these sites, human Cdc14A dephosphorylates 
S116, Cdc14B targets S88 and S261, while both phosphatases can dephosphorylate S40. 
Cdc14A was independently identified as also dephosphorylating Cdc25A S321.[151] siRNA 
knockdown of Cdc14B leads to accumulation of phosphorylated Cdc25B and Cdc25C.[149] 
In S. pombe Cdc14 homologue Clp1 dephosphorylates Cdc25 and this is required for its 
ubiquitination and APC mediated proteolysis at the end of mitosis.[73] Similarly, in 
vertebrates Cdc25A and Cdc25B are targeted by the APC at mitotic exit.[152,153] 
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5. Cdc25 phosphorylation by the DNA damage and replication 
checkpoint 

DNA damage causes activation of checkpoints which delay cell cycle transitions to allow 
sufficient time for repair. Stalling of replication forks causes a similar cell cycle arrest, with 
additional need for stabilizing replication forks and/or modulating replication origin firing 
until the cause of the stalling is eliminated. Checkpoint effector kinases impinge on the 
central cell cycle machinery by phosphorylating Cdc25. This modification variously inhibits 
Cdc25 phosphatase activity, induces degradation or creates binding sites for 14-3-3 proteins 
which modify localization of the protein. 

5.1. Fission yeast 

Cell cycle arrest following DNA damage requires that Cdc2 is kept in a Y15- 
phosphorylated, inhibited state.[154] Cdc25 is inhibited through phosphorylation by Chk1 
and Cds1 kinases in response to DNA damage and replication fork arrest, respectively.[155-
157] Cells over-expressing Cdc25 or expressing a Y15F phospho-mimetic mutation of Cdc2 
fail to arrest cell cycle progression after exposure to ionizing radiation.[154] In the absence 
of Cds1, Chk1 can cause cell cycle arrest following stalling of replication forks by 
hydroxyurea (HU) exposure. Cells lacking both kinases are unable to arrest.[155] Cds1 also 
phosphorylates multiple substrates to stabilize stalled replication forks and prevent the 
occurrence of inappropriate recombination events.[158] Upstream regulation of the DNA 
damage and replication checkpoint pathway occurs through activation of the ATM (Ataxia-
telangiectasia mutated) homologue Rad3 through a well conserved signaling cascade.[159] 

Phosphorylation of Cdc25 by Chk1 and Cds1 creates binding sites for the 14-3-3 homologues 
Rad24 and Rad25.[160,161] Phosphorylation and 14-3-3 binding stabilizes Cdc25, a 
phenomena referred to as “stockpiling”, thought to allow the cell to rapidly re-enter the cell 
cycle once replication or DNA damage arrest has been lifted.[70] The first Chk1/Cds1 
phosphorylated Cdc25 residue identified, S99, partially impairs the replication and DNA 
damage checkpoint when mutated to alanine.[157] S99 modified Cdc25 is also 
phosphorylated on S192 and S359 by Cds1 and Chk1 in vivo and in vitro.[156] By 
phosphorylating Cdc25 in vitro with Cds1, nine additional sites were identified by mass 
spectrometry (S148, S178, S204, S206, T226, S234, T561, S567, T569) as well as the three sites 
previously known.[162] Nine sites between S99 and S359 are distributed through the poorly 
conserved N-terminal two thirds of the protein, while three sites reside in the extreme C-
terminus. Alanine substitutions of all nine sites in the amino two thirds of Cdc25, cdc25(9A), 
overrides the DNA replication checkpoint when expressed under control of a relatively 
weak heterologous promoter.[162] However, when cdc25(9A) is expressed from the native 
cdc25+ locus under the control of its own promoter it does not cause a cell cycle phenotype, 
and the cell is checkpoint competent.[60] In addition, Cdc25(9A) is unstable following 
replication arrest suggesting redundancy in checkpoint control, such that Cdc25 which 
cannot be inhibited by Cds1 is eliminated from the cell. The S-phase specific Cdc2-Y15 
kinase Mik1 is sufficient to prevent mitotic entry in these cells. Alanine substitutions of only 
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the three C-terminal Cdc25 sites (T561, S567, T569) have a clear replication checkpoint defect 
in a mik1- background and appear to be involved in maintenance, but not establishment, of 
the DNA damage checkpoint. [305] 

5.2. Vertebrate Cdc25 regulation by DNA damage and replication checkpoints 

In vertebrate cells detection of DNA damage is relayed through ATM and ATR (ATM-
Related) to two checkpoint effectors, Chk1 and Chk2. While the S. pombe ATM homologue 
Rad3 is involved in activation of both Chk1 and Cds1; DNA damage signaling in vertebrates 
shows separation of ATR-Chk1 and ATM-Chk2 axes.[163,164] The target of these effector 
proteins is determined by the cell cycle stage at which the damage occurs and the nature of 
the damage itself. ATM-Chk2 signaling is initiated by double strand breaks, while ATR-
Chk1 is activated by stalled replication forks and single stranded breaks. The p38 MAP 
kinase pathway is critical for cell cycle arrest following UV induced DNA damage. (Figure 
2) 

5.2.1. G1/S and Intra-S checkpoints 

The G1/S checkpoint prevents the start of DNA synthesis in the presence of DNA damage 
while the Intra-S checkpoint protects replication forks, prevents activation of late replication 
origins, and keeps the cell from entering mitosis until S-phase is completed. G1-S checkpoint 
arrest is manifested through inhibition of Cdc25A, thus preventing activation of Cdk4-cyclin 
D and Cdk2-cyclin E. The checkpoint also activates p53 resulting in the induction of the 
Cdk2 inhibitor p21CIP and the targeting of Cyclin E to the SCF complex to reinforce Cdk2 
inhibition.[165] In rat fibroblasts UV induced DNA damage during G1 results in cell cycle 
arrest at the G1/S transition requiring inhibition of Cdc25A and phosphorylation of Cdk4-
Y14.[166] In U2OS osteosarcoma cells Cdk2-cyclin E kinase activity decreases and Y15 
phosphorylation increases coincident with Cdc25A degradation following UV 
exposure.[167] Conversely, Cdc25A overexpression in UV exposed U2OS osteosarcoma cells 
results in bypass of the checkpoint and dephosphorylation of Cdk2-cyclin E. Cdc25A 
inhibition involves a combination of destabilization and inhibition of phosphatase activity 
by Chk1.[167] Treatment with caffeine (an ATM/ATR inhibitor) or the Chk1 inhibitor UNC-
01, or depletion of Chk1, stabilizes the phosphatase.[167,168] In humans, Chk1 
phosphorylates Cdc25A S76, S124 , S178, and T507.[168-170] Cdc25A catalytic activity is 
reduced three-fold when it is phosphorylated by hChk1 in vitro.[169] S76 and S124 are 
phosphorylated following ionizing radiation resulting in Cdc25A instability.[168,169,171-
173] Mutation of S76 to alanine stabilizes human Cdc25A [171,172]; however, neither S76A 
nor S124A overrides checkpoint arrest following ionizing radiation or UV.[168] Mouse cells 
homozygous for the Cdc25A S124A mutation display Cdc25A stabilization following 
ionizing radiation;[174] however, there are no changes in proportion of cells in S-phase, or 
radiation resistant DNA synthesis indicating their S-phase checkpoint is intact. 

Human Cdc25A S76, S124 and/or S178 are identified in several publications as “S75, S123 
and S177,” respectively.[168,169,174-176] In the original cloning of human Cdc25A.[37], 
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there are several substitutions in the N-terminus (Accession: AAA58415.1) and a one residue 
gap corresponding to residue R12 in all other full length human Cdc25A sequences in the 
NCBI database (Accession: P30304). Residues have been re-numbered as per “P30304” for 
the sake of consistency. 

Cdc25A S76, S124, S178 and T507 match the consensus site for 14-3-3 binding, RXXpS/T [177] 
However, only the Chk1 dependent phosphorylation of S178 and T507 results in association 
with 14-3-3.[170] Substitution of these residues to alanine results in a complete loss of 14-3-3 
interaction in vivo. Phosphorylation of T507 in particular, and subsequent 14-3-3 binding, 
interferes with Cdk1-cyclin B association by blocking a cyclin B docking site. A recent study 
suggests that a ternary complex between Cdc25A, 14-3-3γ and Chk1 is formed following 
ionizing radiation.[178] The Chk1/14-3-3γ interaction requires auto-phosphorylation of 
Chk1 S296. Substituting Chk1 S296 for alanine precludes 14-3-3 binding and Cdc25A S76 
phosphorylation and deactivates the DNA damage checkpoint.[178] 14-3-3 proteins 
preferably exist as thermostable homo- and heterodimers. Each isoform in a heterodimer 
binding a different protein provides a common mechanism for bringing enzymes and their 
substrate proteins into close proximity.[179,180] 

Defects in the Intra-S checkpoint allow replication of damaged DNA.[173,176,181] In 
mammalian cells, DNA damage results in destabilization of Cdc25A and inhibition of 
Cdk2.[173] Cdk2 is involved in loading the Cdc45 origin binding factor. Inhibition of 
Cdc25A stops further origin firing once DNA damage is detected.[182] Cdc25A is also 
unstable after HU induced replication fork stalling, which unlike in fission yeast, is 
controlled by activation of Chk1 in mammalian cells.[183] 

 
Figure 2. Inhibitory phosphorylation of Cdc25 family members following DNA damage and replication 
arrest 

5.2.1.1. Phosphorylation mediated degradation of Cdc25A by the SCF- βTrCP complex 

The mechanism by which Cdc25A is destabilized following DNA structure checkpoint 
activation is well understood (Figure 3). Human Cdc25A phosphorylation by Chk1 
following S-phase DNA damage causes degradation by F-box protein β-TrCP associated 
with the Skp1-cullin-Fbox (SCF) complex.[171,184] Mutating the destruction box or KEN 
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box (APC interaction motifs) of Cdc25A does not stabilize the protein following exposure to 
ionizing radiation.[152] This indicates that SCF-mediated degradation of Cdc25A after DNA 
damage is independent of the cell cycle regulated APC-mediated degradation which occurs 
at mitotic exit. β-TrCP recognizes a degron motif of DSG(X)4S where both serine residues are 
phosphorylated.[185] siRNA knockdown of β-TrCP causes stabilization of Cdc25A, and 
radiation-resistant DNA synthesis in cells exposed to ionizing radiation.[171,184] Human 
Cdc25A contains such a motif: DS82GFCLDS88. The S88A substitution does not stabilize the 
phosphatase, suggesting that S88 phosphorylation is not explicitly required for β-TrCP 
binding to Cdc25A.[171] Following ionizing radiation, Chk1 primes Cdc25A for destruction 
through phosphorylation of S76.[171,186] The NimA-related NEK11 kinase targets Cdc25A 
S82 and S88, within the DSG degron sequence.[187] Depletion of NEK11 causes a marked 
decrease in S82 and S88 phosphorylation in vivo, and prevents Cdc25A degradation 
following IR. NEK11, itself thought to be a Chk1 substrate, can directly phosphorylate S82 
and S88 in vitro. 

Following ATM activation, Chk2 phosphorylates and activates the oncogene p53, and 
inhibits its negative regulator MDM2 after ionizing radiation.[188-191] p53 then induces the 
Cdk2-cyclin E inhibitor p21WAF.[192] p53 also activates Glycogen Synthase Kinase (GSK-3β), 
which phosphorylates human Cdc25A S76 following a priming phosphorylation of S80 
which can be targeted in vitro by Plk3.[193,194] Plk3 is unique among Polo kinase family 
members in causing Cdc25A stabilization when knocked down with siRNA.[194] In Plk3 
null mice Cdc25A is stabilized following DNA damage.[195] Plk3 also phosphorylates and 
activates p53 following DNA damage and contributes to Chk2 activation.[196,197] In HeLa 
cells, Casein Kinase 1α (CK1α) sequentially phosphorylates both S79 and S82 following 
priming phosphorylation of S76 by Chk1 or GSK-3β.[198] The CK1ε isoform negatively 
regulates Cdc25A by S82 phosphorylation in HEK293 cells.[199] S82 phosphorylation in vitro 
and in vivo takes place in response to DNA damage, dependent on CK1α first 
phosphorylating S79.[198] S79A substitution prevents S82 phosphorylation. S76 
phosphorylation appears to be the first target in the cascade, since it does not require prior 
phosphorylation of S79, T80, S82 or S88. Only alanine substitutions of S76, S79 and S82 
impair β-TrCP interaction with Cdc25A and stabilize the phosphatase suggesting that T80 
and S88 are not critical for Cdc25A degradation. Additional sites (S107, S156, S192, S279 
S293) are phosphorylated by Chk1 or Cds1 in vitro but mutating any of these sites does not 
eliminate β-TrCP binding.[200] Although an interaction between phosphorylated Xenopus 
Cdc25A and β-TrCP has not been demonstrated, Chk1 is required for Cdc25A degradation 
at the mid-blastula transition through phosphorylation of S73.[201] Interestingly, Xenopus 
Cdc25A lacks the first serine in the DSG(X)4S degron motif found in human Cdc25A, instead 
possessing DDG. Xenopus Cdc25A S73 lies just upstream of the mutated degron and is 
analogous to S76 in human Cdc25A. The DAG motif of Xenopus Cdc25A lies within a larger 
PEST motif which regulates stability of the phosphatase through β-TrCP binding, 
independent of Chk1.[202] In mouse embryonic stem cells, which lack a G1/S DNA damage 
response, Cdk2 kinase activity is not affected by Cdc25A degradation following exposure to 
ionizing radiation.[203] Cdc25A degradation is independent of Chk1 and Chk2 but instead 
dependent on GSK-3β. Like Cdc25A, mammalian Cdc25B is unstable following HU induced 
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arrest.[117] Cdc25B binds β-TrCP strongly and contains the residues DAG rather than the 
DSG degron motif.[202,204] In contrast, Cdc25B accumulates following G2 DNA damage 
checkpoint arrest induced by a variety of agents.[205] This is reminiscent of the 
“stockpiling” phenomena noted earlier in S. pombe.[70] β-TrCP interaction with Cdc25B may 
also be required for mitotic exit.[204] A Cdc25B-DDA degron mutant which cannot bind β-
TrCP accelerates mitotic entry slightly, but has a significant delay completing mitosis and 
progressing to G1. This mitotic delay is due to an extended metaphase in which Cdc25B-
DDA shows a high proportion of lagging, misaligned and bridged chromosomes as well as 
mis-oriented spindles.[204] 

 
Figure 3. Multi-step phosphorylation cascades involved in targeting human Cdc25A for degradation by 
the β-TrCP SCF complex following DNA damage in S-phase and G2. 

5.2.1.2. Cdc25A inhibition by 14-3-3 binding 

Cdc25A S76, S124, S178 and T507 match the consensus site for 14-3-3 binding RXXpS/T [177] 
However, only the Chk1 dependent phosphorylation of S178 and T507 results in association 
with 14-3-3.[170] Substitution of these residues to alanine results in a complete loss of 14-3-3 
interaction in vivo. Phosphorylation of T507 in particular, and subsequent 14-3-3 binding, 
interferes with Cdk1-cyclin B association by blocking a cyclin B docking site. A recent study 
suggests that a ternary complex between Cdc25A, 14-3-3γ and Chk1 is formed following 
ionizing radiation.[178] The Chk1/14-3-3γ interaction requires auto-phosphorylation of 
Chk1 S296. Substituting Chk1 S296 to alanine precludes 14-3-3 binding and Cdc25A S76 
phosphorylation and deactivates the DNA damage checkpoint.[178] 14-3-3 proteins 
preferably exist as thermostable homo- and heterodimers. Each isoform in a heterodimer 
binding a different protein provides a common mechanism for bringing enzymes and their 
substrate proteins into close proximity.[179,180] 
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Following exposure to ionizing radiation during G1 phosphorylation of Cdc25A on S124 by 
Chk2 prevents entry to S-phase .[173] Chk2 cannot efficiently phosphorylate Cdc25A on S76 
and so cannot induce Cdc25A degradation by the β-TrCP route.[206] The mechanism by 
which S124 phosphorylation induces Cdc25A degradation is not clear because it is not 
required for degradation via β-TrCP.[173] S124 conforms to a 14-3-3 phospho-serine binding 
site, but doesn’t bind 14-3-3.[170]In contrast to the effects of Cdc25A phosphorylation sites 
discussed thus far, modification of Xenopus Cdc25A T504 by Chk1 negatively regulates 
interaction with Cdk1-cyclin A, Cdk1-cyclin B and Cdk2-cyclin E but in a 14-3-3 
independent manner.[207] 

5.2.2. G2/M DNA damage checkpoint 

The response to damage in G2 is dependent on the nature of the damage signal. Exposure to 
UV activates p38 MAP kinase and checkpoint arrest is independent of ATM and ATR since 
the arrest is not caffeine sensitive.[208] The primary target following UV irradiation is 
Cdc25B and although p38 can phosphorylate Cdc25C in vitro, UV exposure does not affect 
the Cdc25C/14-3-3 interaction.[208] Ionizing radiation activates ATM and ATR and results 
in Cdc25C phosphorylation by Chk1 and Chk2.[209] 

5.2.2.1. Cdc25B inhibition following UV induced DNA damage 

A number of conflicting reports have appeared relating to Cdc25B regulation following UV 
exposure. Some groups have reported that UV has no effect on Cdc25B protein levels 
[208,210], but others have shown that UV causes either MAP kinase mediated Cdc25B 
degradation or Cdc25B accumulation.[205,208,211] Cell line specific effects have no doubt 
contributed to these inconsistencies as human molecular biology relies heavily on 
transformed cell lines and mis-regulation of Cdc25B is a common phenomenon in 
tumors.[212] Cdc25B isolated from UV irradiated A2058 melanoma cells still retains a 
substantial portion of its Y15 phosphatase activity and is localized to the nucleus.[213] In 
HeLa cells Cdc25B is localized almost exclusively to the cytoplasm as detected by cell 
fractionation and immunofluorescence.[120] Variation in the apparatus used for UV 
irradiation could also have contributed to contradictory accounts of Cdc25B regulation. A 
recent re-examination of the effect of UV on Cdc25B showed that after 10 J/m2 exposure, 
Cdc25B levels did not decrease, although following 60 J/m2 Cdc25B was clearly 
downregulated.[214] Exposure of U2OS osteosarcoma cells to 10 J/m2 UV leads to Cdc25B 
nuclear export. Based on chemical inhibitor experiments Cdc25B downregulation is not 
mediated by ATM/ATR, p38 MAPK or JNK, but rather following 60 J/m2, by inhibiting 
Cdc25 translation. The eukaryotic initiation factor regulating Cdc25B expression, eIF2α, is 
phosphorylated and inhibited following UV exposure.[215] UV mediated DNA damage 
during G2 involves human Cdc25B S323 phosphorylation through the p38 kinase during 
interphase.[208] ATM/ATR inhibitor caffeine and the Chk1 inhibitor UNC-01 have no effect 
on UV mediated checkpoint arrest. Isoforms 14-3-3β and 14-3-3ε bind preferentially to 
Cdc25B phosphorylated S323, allowing its nuclear export.[216] Nuclear export of Cdc25B is 
abolished in cells expressing the Cdc25B S323A substitution, regardless of which 14-3-3 
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isoform is co-expressed.[216] Two amino-truncated Cdc25B isoforms localize to the nucleus 
in vivo and regulate recovery from G2/M checkpoint arrest but neither is required for mitotic 
entry.[44] Although one of these isoforms contains the DDG degron described above, both 
are more stable than the full length Cdc25B. 

5.2.2.2. Inhibition of Cdc25C following DNA damage 

Cdk1 activation is prevented by UV induced checkpoint activity coincident with the 
appearance of a phosphorylated form of Cdc25C.[213] In contrast with fission yeast Cdc25, 
which gradually accumulates in the nucleus during G2, human Cdc25C is primarily 
localized to the cytoplasm during interphase and only enters the nucleus at mitotic 
entry.[217] Thus, nuclear export of Cdc25C is not a requirement for G2 DNA damage 
response, since the phosphatase is already cytoplasmic at this time. However, exposure to 
ionizing radiation decreases the enzymatic activity of human Cdc25C.[218] Several research 
groups showed relatively early in the Cdc25 phosphorylation story that residue S216 is 
phosphorylated by Chk1 [219-221] and Chk2 in vitro.[209,222] Phosphorylation of S216 
results in 14-3-3 binding and nuclear export.[219] Residues surrounding S216, RSPS216MP, 
correspond to the canonical 14-3-3 consensus binding site RSXpSXP.[177] Cdc25C S216A 
mutants are unable to bind 14-3-3.[219] This is likely due to close proximity of S216 to the 
NLS, leading to the obstruction of the import signal and trapping of the phosphatase in the 
cytoplasm.[221,223] A higher proportion of cells expressing Cdc25 S216A have nuclear 
abnormalities indicative of progression to mitosis prior to completion of DNA synthesis; this 
effect is exacerbated by addition of HU.[217,219] Such cells also have reduced ability to 
delay entry to mitosis following ionizing radiation exposure.[224] 

Although Cdc25C S216A is a relatively poor substrate for Chk1 compared to the wildtype 
protein, Chk1 can still execute some degree of phosphorylation on the mutant 
phosphatase.[220] This observation suggests the possibility that additional Cdc25C 
phosphorylation negatively regulates its enzymatic activity. Recent bioinformatics 
approaches to generate profiles from peptide binding arrays based on three diverse 14-3-3 
binding sites have generated an improved 14-3-3 binding motif consensus.[225] This helped 
to identify two additional phosphorylated Cdc25C residues, Ser247 and Ser263, which 
interact with 14-3-3. Mutation of either residue to alanine reduces 14-3-3 binding, but neither 
of these mutant peptides was affected by Cdc25 S216 phosphorylation when expressed in 
cells. S263 was previously identified in an isolated report which showed phosphorylation of 
this residue induces Cdc25B nuclear export.[226] Cdc25C purified from cells treated with 
the topoisomerase II inhibitor etoposide is phosphorylated on S263, but S263A substitution 
results in enhanced nuclear localization. The kinase targeting this residue has yet to be 
determined experimentally. However, the residues surrounding S263 (KKTVpSLCD) 
conform to a Chk1 consensus site as Chk1 can tolerate a lysine (K) at the -3 position relative 
to the phosphorylated serine or threonine in vitro.[227] 

Regulation of Xenopus Cdc25C localization is similar to its human counterpart. In cultured 
Xenopus tissue Cdc25C is primarily in the cytoplasm while the Cdc25C S287A mutant, 
corresponding to S216 in human Cdc25C, is almost exclusively nuclear.[228] Cdc25C is 
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phosphorylated on multiple sites by Chk1 but only S287 phosphorylation is required for 14-
3-3 binding.[229-231] Although Xenopus Cdc25C can be made exclusively cytoplasmic by co-
expression with 14-3-3ε, Cdc25C S287A is not affected. Nuclear export depends on the 
intrinsic 14-3-3ε nuclear export signal and re-import is prevented by blocking Cdc25C 
association with importin-α.[228] In egg extracts depleted of endogenous Cdc25C, 
expressing Cdc25C S287A accelerates mitotic entry relative to overexpression of the 
wildtype protein.[229] However, Cdc25C S287A has a less than two fold increase of in vitro 
Cdk1 Y15 dephosphorylation activity over wildtype Cdc25C when pre-incubated with 14-3-
3ε. Thus, it seems likely that Xenopus Cdc25C phosphorylation and 14-3-3 binding regulates 
the phosphatase at the level of cellular localization, rather than inhibiting its activity per se. 

Cdc25A is considered to regulate the G1/S transition in the “Traditional Model” of the 
human cell cycle but it also has a significant role in mitotic entry. As such, Cdc25A is an 
important target of the DNA damage checkpoint. In fact, mice lacking Cdc25B and Cdc25C 
do not have a G2/M checkpoint defect.[106,107] Phosphorylation by Chk1 causes 
degradation of Cdc25A following DNA damage during G2 ionizing radiation and exposure 
to the DNA intercalating agent adriamycin.[172,181] 

5.3. Chk1 regulation of Cdc25 orthologues in unperturbed cell cycles 

Cdc25A, B and C are all phosphorylated by Chk1 in the absence of externally induced DNA 
damage. As Cdc25 phosphatases are such potent positive regulators of cell cycle transitions 
it is perhaps not surprising that the cell maintains their activity at a low level until their 
precise point of activation. Chk1 regulates human Cdc25A stability during unperturbed cell 
cycles. Phosphorylation of S82 and S88 can be detected using phospho-specific antibodies in 
unperturbed cells.[184] Depletion of the S82/S88 kinase NEK1 and S76 kinase CK1ε by 
siRNA, results in Cdc25A stabilization in the absence of DNA damage.[187,199] Cdc25A 
S124 phosphorylation by Chk1 also occurs in the absence of damage and destabilizes the 
phosphatase.[168,169,200] Inhibiting ATM/ATR, or a variety of upstream checkpoint 
components, also stabilizes in the absence of externally induced DNA damage which may 
indicate there is some basal level of spontaneous damage checkpoint signaling.[232] Cdc25A 
is also phosphorylated by Casein kinase 2β (CK2β) in a damage independent manner.[233] 
CK2 phosphorylates human Cdc25C T236 adjacent to the NLS in vitro.[234] A T236D 
mutation reduces β-importin binding, thus excluding Cdc25 from the nucleus.[234] CK2 
phosphorylates Cdc25B on residues S186 and S187, just downstream from the KEN box, 
modestly increases its phosphatase activity, and potentially blocking APC mediated 
degradation.[235]  

Human Cdc25B is phosphorylated in vitro by Chk1 at S230 and S563 in the absence of DNA 
damage.[236] S230 phosphospecific antibodies show that Cdc25B modified on this residue is 
centrosome associated from S-phase until mitosis.[236] A population of Chk1 is localized to 
the centrosome during G2 and can prevent promiscuous Cdk1-cyclin B activation by 
Cdc25B.[237] S323 was previously identified as the major 14-3-3 binding site.[238] S151 and 
S230 account for the remainder of the interaction, but both need to be dephosphorylated 
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before interaction with 14-3-3 is lost.[239] Human Cdc25B S563 resides in the extreme C-
terminus of Cdc25B and is analogous to Cdc25A S504 and S. pombe Cdc25 T569. Cdc25B 
lacking the S323 phosphorylation site is almost exclusively nuclear. It is interesting that this 
residue is targeted by Chk1, but does not appear to bind 14-3-3 when phosphorylated. If the 
function of this phosphorylation is conserved between Cdc25A S504 and Cdc25B S563, 
phosphorylation may affect interaction with Cdk1-cyclin B.[240]  

Chk1 phosphorylation of human Cdc25C and nuclear export by 14-3-3 binding keeps the 
phosphatase cytoplasmic during unperturbed cell cycles.[217] Nuclear localization of 
Cdc25C(S216A) is enhanced, suggesting that part of the function of 14-3-3 binding is to 
obscure the NLS located adjacent to this residue.[224] Overexpression of Cdc25C(S216A) 
induces a higher degree of premature mitotic entry.[217] Xenopus Cdc25C is likewise 
phosphorylated on S287 by Chk1 during interphase.[228,241] Phospho-S287 is bound by 14-
3-3ε and 14-3-3ζ obscuring the NLS and preventing nuclear import.[228] Xenopus Cdc25C is 
phosphorylated on T533 by Chk1, but not Chk2.[207] Injecting Cdc25C T533A mRNA into 
Xenopus oocytes results in more rapid dephosphorylation of Cdk1 Y15.[207] Again, this 
suggests that regulation of CDK-cyclin interaction with Cdc25 orthologues by C-terminal 
phosphorylation is a common mechanism for inhibiting cell cycle progression. 

Although Cdc25A and Cdc25B are dispensable for embryonic development, Chk1 and ATR 
kinases are essential.[242,243] The Cdc25B/14-3-3 interaction is important for maintaining 
G2 arrest, and inhibiting germinal vesicle breakdown in Xenopus oocytes prior to 
progesterone exposure.[244] 

In S. pombe, Chk1 does not appear to negatively regulate Cdc25 in the absence of DNA 
damage. Loss of a negative regulator of Cdc25 is expected to cause the cell to divide at a 
reduced length. However, deletion of Chk1 does not cause a cell cycle phenotype.[245] In 
addition, expressing Cdc25 where all twelve putative Cds1/Chk1 phosphorylation sites are 
mutated to alanine does not cause acceleration of the cell cycle.[60] 

5.4. Cdk1 phosphorylation of Cdc25 precludes checkpoint mediated inhibition 
during mitosis 

If Cdc25C is phosphorylated and inactivated during interphase via 14-3-3 binding, how is it 
then activated at mitotic entry? Cdk1-cyclin B phosphorylation of Cdc25C causes 14-3-3 
dissociation and allows removal of interphase phosphorylations. Re-phosphorylation of 
these residues is simultaneously blocked. Cdk1-cyclin B thus potentiates Cdc25C for its pro-
mitotic function and ensures that it remains active. The region surrounding S216 in human 
Cdc25C and S287 in Xenopus Cdc25C is a well conserved stretch in the N-terminal region of 
the two proteins; LYRSPS216MPE is identical between Human and Xenopus and contains 
S216 and S287, respectively.(Figure 4) In both organisms, the two serine residues upstream 
of the major phosphorylated 14-3-3 binding residue, S214 in human and S285 in Xenopus, is 
targeted by Cdk1-cyclin B.[42,246-248] In human cells phosphorylation of S214 precludes 
phosphorylation of S216 by Chk1 and 14-3-3 binding.[42,246] Substituting S214D prevents 
phosphorylation of S216.[246] S216 is not phosphorylated during M-phase in vivo, and 
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ionizing radiation in M-phase cells cannot induce its phosphorylation.[246] 14-3-3 is unable 
to bind Cdc25C immunoprecipitated from cells arrested in mitosis with nocodazole.[219] In 
Xenopus, Cdc25C S285 phosphorylation prevents the phosphorylation of S287.[247,249] S285 
can be phosphorylated by both Cdk1-cyclin B and Cdk1-cyclin A in vitro.[146] Until the mid-
blastula transition, Xenopus Cdc25C is phosphorylated on S285 which precludes Chk1 
mediated phosphorylation of S287 and subsequent 14-3-3 binding.[247] Human Cdc25C 
S214 is also phosphorylated in maturing human oocytes.[250] Removal of phospho-S287 
bound 14-3-3 and phosphorylation of Xenopus Cdc25C S285 requires prior phosphorylation 
of Cdc25C T138.[249] T138 is a substrate of Cdk1-cyclin B.[146] However, selective depletion 
of Cdk2 from Xenopus egg extracts using the N-terminus of the Cdk2 inhibitor p21, 
completely prevents removal of 14-3-3 from Cdc25C.[251] In Xenopus egg extracts Cdk2 is 
required for mitotic entry.[81] Other CDK phosphorylation sites on Xenopus Cdc25C such as 
T48 and T67 negatively regulate its activity in an S287 independent manner.[249] 
Phosphorylation of T138 is not sufficient to cause 14-3-3 dissociation.[248] How is 14-3-3 
physically removed from phospho-S287? The pelleted fraction from ultracentrifuged 
interphase egg extracts contains a 14-3-3 dissociating activity, which was determined to be 
the intermediate filament component Keratin 8/18[248]. Keratin is phosphorylated during 
mitosis, binds 14-3-3, and has a role in mitotic progression in hepatocytes.[252] Keratin may 
act as a “14-3-3 sink” during mitosis, stripping 14-3-3 from S287.[248] Xenopus Cdc25C T138 
corresponds with T130 in human Cdc25C. A phospho-T130 specific antibody shows that 
Cdc25C phosphorylated on this site localizes to the centrosome.[145] A localization for the 
de-inhibition of Cdc25C fits well with the putative centrosomal localization of Cdc25C 
activation. 

PP1 phosphatase removes S287 phosphorylation once 14-3-3 has dissociated.[251] Binding of 
PP1 to Xenopus Cdc25C requires a docking motif “VXF”, amino acids 105-107, the loss of 
which prevents S287 dephosphorylation.[251] Phosphorylation of Xenopus Cdc25C S285 by 
Cdk1-cyclin B enhances recruitment of phosphatase PP1 to Cdc25C, inducing the 
dephosphorylation of S287.[249] PP2A/B56δ dephosphorylates Xenopus Cdc25C T138 during 
interphase, mitotic exit and following replication arrest.[248] This maintains the phosphatase 
in a state where it can be inhibited by S287 phosphorylation. Inhibition of PP2A by okadaic 
acid prematurely induces mitotic entry in Xenopus egg extracts.[253] T138 is also 
dephosphorylated during replication arrest where B56δ is itself phosphorylated by Chk1, 
enhancing complex formation with PP2A.[248] PP2A mediated dephosphorylation of Cdc25 is 
assisted by the action of the Pin1 prolyl isomerase. Pin1 isomerizes the peptide bond between 
phospho-serine/threonine and proline placing their R-groups in a trans orientation.[254] This 
isomerization makes the phosphorylated residue a better substrate for the PP2A 
phosphatase.[255] In vitro, Pin1 decreases the catalytic activity of Cdc25C that has previously 
been phosphorylated by Cdk1.[256] Pin1 is also involved in maintenance of replication 
checkpoint arrest in Xenopus encouraging the reversal of Cdk1 mediated Cdc25C 
phosphorylation.[257] In Humans, Cdc25C is deactivated in a similar manner. T130 on Cdc25C 
is dephosphorylated by PP2A.[258] Mitotic exit is delayed when PP2A is knocked down, 
suggesting that dephosphorylation of Cdc25C T130 in human cells is also important for the 
transition from M to G1 of the next cycle. A similar situation may exist where human Cdc25B1 
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S321 phosphorylation blocks phosphorylation of the major 14-3-3 binding residue S323 by 
p38.[246] Expression of the phosphorylation-mimicking Cdc25B1 S321D prevents p38 
mediated phosphorylation of S323 and abolishes binding by 14-3-3β and 14-3-3ε.[246,259] 14-3-
3σ binding is unaffected by S321 phosphorylation.[259] 14-3-3σ preferentially interacts with 
Cdc25B3 S230 [216] and is induced by p53 following activation by ATM/Chk2.[260] 
 

 
Figure 4. Cdk-cyclin mediated removal of inhibitory S216/S287 phosphorylation and 14-3-3 binding in 
human and Xenopus Cdc25C, respectively. 

There are no Cdc2 phosphorylation motifs (S/TP) directly upstream of any of the twelve 
Cds1 in vitro phosphorylation sites in S. pombe. Large scale phosphoproteome analysis has 
detected S99, S178 and S359 phosphorylation of fission yeast Cdc25 in M-phase arrested 
cells.[261] Thus it appears that the vertebrate mechanism for reversing and preventing Chk1 
phosphorylation of Cdc25C evolved relatively recently. However, parallels exist between 
some aspects of Cdc25 dephosphorylation between fission yeast and vertebrates. Treatment 
with okadaic acid or deletion of PP2A homologue Ppa2 causes premature mitotic entry in 
fission yeast.[262,263] Loss of ppa2 suppresses the cdc25-22ts mutation, a genetic interaction 
indicative of a negative regulator.[263] Loss of PP1 homologue Dis2 results in cell 
elongation, suggesting its role as a positive regulator of Cdc25 is conserved in S. pombe.[264] 
Temperature sensitive dis2 mutants have a defect in exit from mitosis, similar to the effect of 
siRNA inhibition of human PP2A.[258,264] 

6. Cdc25 phosphorylation by MAP kinase cascades 

In addition to regulation by DNA damage and DNA replication checkpoints, Cdc25 is the 
target of several MAPK cascades responding to stress and mitogenic signals. A detailed 
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description of the variety of MAPK pathways is outside of the scope of this manuscript, but 
excellent reviews are available.[265]. In general, MAP kinase cascades involve the sequential 
activation of three kinases; a MAP kinase kinase kinase (MAPKKK) phosphorylates a MAP 
kinase kinase (MAPKK), which phosphorylates a MAP kinase (MAPK). There are three such 
cascades which are salient to our discussion of Cdc25 regulation. 

6.1. Raf/MEK/ERK 

The ERK1/ERK2 MAPKs are activated by Raf MAPKKKs working on MEK1/MEK2 
MAPKKs. This cascade is primarily activated by extracellular signaling through receptor 
tyrosine kinases in response to mitogenic signals.[266] During Cyto-Static Factor arrest in 
mature Xenopus oocytes metaphase II arrest is enforced by the combined activity of the 
MEK/ERK pathway upregulating ribosomal subunit S6 kinase/CamKII homologue p90rsk, 
and APC inhibition by the Emi2 kinase.[267] Calcium influx as a result of fertilization 
activates p90rsk (a Ca2+/calmodulin dependent kinase II homologue) which phosphorylates 
Emi2.[268] This allows APC activation, cyclin B degradation, and progression through 
meiosis II. Cdc25C is phosphorylated on S287 by p90Rsk in vitro resulting in its inhibition via 
14-3-3 binding.[269,270] Conversely, Xenopus Cdc25C S317, T318 and S319 are 
phosphorylated by p90rsk orthologue Rsk2 which serves to activate the phosphatase in 
mature oocyte extracts.[271] The Xenopus ERK homologue, p42, phosphorylates Cdc25C 
T48, T138 and S205 in vitro.[272] T138 and S205 are also Cdk1-cyclinB targets [146], but T48 
is uniquely phosphorylated by p42. In HeLa cells after activation of MEK/ERK signaling by 
addition of 12-O-tetradecanoylphorbol-13- acetate (TPA), G2/M transition is inhibited by 
degradation of Cdc25B.[273] This is mediated through MEK dependent phosphorylation of 
Cdc25B S249 by CamKII, an activator of human Cdc25C.[274] Inhibition of CamKII results 
in a G2 arrest. Overexpression of CamKII can also arrest cells in G2, but with a high level of 
Cdk1/Cyclin B activity.[275] Another member of the CamKII family, C-TAK1, 
phosphorylates human Cdc25C on S216 resulting in inhibition via 14-3-3 binding and 
nuclear export.[276] Xenopus Cdc25C can be phosphorylated by CamKII in vitro.[277] Lastly, 
p14arf upregulation in response to anti-proliferative signals results in human Cdc25C 
downregulation through MEK/ERK MAPK signaling.[278] Human Cdc25C becomes 
phosphorylated on S216 and is subsequently ubiquitinated and degraded.[278] 

6.2. p38 and JNK MAPKs 

The p38 and JNK kinases activate in response to extracellular stimuli such as heatshock, 
oxidative stress, ionizing radiation, UV and growth factor deprivation. Both are activated by 
MAPKKs of the MKK family which are themselves activated by a large variety of 
MAPKKKs. We have already discussed the function of p38 in response to UV irradiation. 
p38 also phosphorylates human Cdc25A on S124 and S76 in response to osmotic stress, 
destabilizing the protein [168] and a 42 C heatshock causes p38 and Chk2 to phosphorylate 
S76 and S178 of human Cdc25A, respectively.[175] MAPKAP kinase 2 (MK2) functions 
downstream of p38 and regulates G1 and S-phase cell cycle progression in response to 
UV.[210] Downstream of p38, it phosphorylates RxxS/T motifs and activation of MK2 
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correlates with increased binding of 14-3-3 to Cdc25B. p38 and MK2 kinase form a tight 
complex and are imported into the nucleus together, so previous work showing that p38 
directly phosphorylates S216 on Cdc25C and S323 on Cdc25B may in fact have been 
inadvertently monitoring MK2 activity.[279] Cdc25A may also be an MK2 substrate as MK2 
knockdowns ablate the G1 and S-phase checkpoints. JNK activity targets two serines within 
the region DAGLCMDS101PS103P of the DSG degron on human Cdc25B.[280] Simultaneous 
S101A and S103A substitution prevents β-TrCP binding and Cdc25B ubiquitination. JNK 
also phosphorylates Cdc25C on S168 inhibiting its phosphatase activity.[281,282] This 
residue is transiently phosphorylated in vivo on nuclear Cdc25C prior to and after mitotic 
entry.[281] S168 is phosphorylated following UV irradiation and osmotic shock.[281,282] 

6.3. The S. pombe stress activated MAP kinase pathway 

In fission yeast, Cdc25 is phosphorylated by the CamKII homologue Srk1 in response to 
extracellular stress.[283] Srk1 is activated downstream of the Spc1 MAPK, Wis1 MAPKK, 
and Win1 or Wak1MAPKKKs.[284] This phosphorylation occurs on residues also targeted 
by Cds1 as Cdc25(9A) is not sensitive to Srk1 mediated inhibition.[283] Srk1 
phosphorylation of Cdc25 results in its nuclear export, similar to the response to DNA 
damage and replication arrest. 

7. Other kinases which phosphorylate Cdc25s 

PKA prevents oocyte maturation by inhibition of Polo kinase mediated Cdc25 activation, 
and deactivating the Mos/MEK/ERK MAP kinase cascade which inhibits Myt1.[285] 
Progesterone exposure in Xenopus oocytes down regulates adenylate cyclase, lowering 
cyclicAMP levels and consequently deactivating PKA. Prior to maturation, Xenopus Cdc25C 
is also inhibited by PKA phosphorylation of S287 and T318 in vitro.[286] Murine PKA 
phosphorylates Cdc25B S321, negatively regulating the phosphatase; S321A mutants cause 
enhanced germinal vesicle breakdown when injected into mouse oocytes.[287] 

Pim1 is a serine/threonine kinase induced by the SAT3 and SAT5 transcription factors 
following cytokine exposure thus linking pro-proliferative signals to the cell cycle control 
machinery.[288] Pim1 phosphorylates and activates Cdc25A and represses the Cdk4/6 
inhibitor p21CIP to encourage the G1/S transition.[289,290] Pim1 is also able to phosphorylate 
and inhibit the CamKII homologue c-TAK and accelerate Cdc25C mediated mitotic 
entry.[291]PAR-1/MARK (partitioning-defective 1/Microtubule affinity-Regulating Kinase) 
protein homologue pEG3 phosphorylates human Cdc25A S263, Cdc25B S169 and Cdc25C 
S216.[292,293] Overexpressing pEg3 results in G2 arrest which can be reversed by co-
expressing Cdc25B.[292] Anti-phospho PAR1 S169 antibodies stain spindle pole and 
centrosome in immunofluorescence experiments.[293] In C. elegans the first cell division is 
unequal which produces a larger anterior cell and a smaller posterior one. The next cell 
division is asynchronous with the anterior cell dividing prior to the posterior one.[294] 
Rapid anterior cell cycle timing is due to enrichment of Polo kinase and Cdc25.1 in the 
anterior cell. This is dependent on a network of polarity proteins, including Par1.[295] 
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8. Cdc25 and disease 
Cdc25 orthologues are the subject of much attention as they are commonly upregulated in 
human tumors.[296] This is perhaps not surprising considering the role of Cdc25 inhibition 
in maintaining genomic stability and the regulation of these phosphatases by Rb, p53 and a 
number of other oncogenes. Cdc25A and Cdc25B themselves are oncogenes in humans.[212] 
Cdc25B is overexpressed in 32% of breast cancer tissue samples, and high Cdc25B levels 
correlate with high incidences of recurrence and decreased 10 year survival.[212] 
Overexpression of Cdc25A is similarly linked to poor clinical outcome.[296,297] Cells 
bearing oncogenic mutations of myc have elevated Cdc25A and Cdc25B levels.[298] Anti-
Cdc25B autoantibody has been shown to be a predictor of poor prognosis in esophageal 
cancer patients.[299] Overexpression of Cdc25B has recently been shown to cause a variety 
of S-phase effects including increased Cdc45 recruitment to chromatin, impairment of 
replication fork progression DNA damage and chromosome instability.[300] 

An interesting link between Cdc25 and disease comes from the finding that the HIV-1 
protein vpr causes G2/M arrest.[301] When expressed in S. pombe, vpr activates Srk1 kinase, 
resulting in Cdc25 phosphorylation and 14-3-3 mediated nuclear export.[302,303] The vpr 
protein also acts through upregulation of PP2A phosphatase acting on both Wee1 kinase 
and Cdc25, reversing activating Cdc2 phosphorylation.[304] 

9. Conclusion 
It has been more than thirty five years since Cdc25 was first isolated as an elongated 
temperature-sensitive fission yeast mutant and twenty one years since its biochemical 
function was determined. The field of cell cycle research and the study of Cdc25 in 
particular are extremely active with numerous new manuscripts appearing each year. This 
research has revealed that Cdc25 is one of the most intricately regulated proteins in the cell. 
Cdc25 accepts input from numerous pathways and checkpoints monitoring whether 
conditions inside and outside the cell are permissive for cell cycle progression. When 
conditions warrant caution, Cdc25 is inhibited by phosphorylation leading to alterations in 
its catalytic activity, cellular localization, substrate recognition and stability. When the green 
light is given Cdc25 participates in an intricate series of interconnected positive feedback 
loops with the beating heart of cell cycle regulation, the Cyclin-CDK complex. When the cell 
loses control of Cdc25 regulation, the results are deadly. 
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1. Introduction 

Two-component systems (TCS) are ubiquitous among bacteria. They play essential roles in 
signaling events in bacteria, such as cell-cell communication, adaptation to environments, 
and pathogenesis in the case of pathogens. Due to their absence in humans and other 
mammals, TCS proteins are considered potential targets for developing new antibiotics. 
Most bacterial TCSs consist of two proteins, a sensor histidine kinase (HK) and a response 
regulator (RR). The HK senses specific signals, and that leads to activation of the kinase 
activity and autophosphorylation of a conserved histidine residue. The phosphoryl group is 
subsequently transferred to a cognate response regulator to activate its activities. Most RRs 
are transcription regulators and turn on or off gene transcriptions in response to the signals 
received by sensor HKs. Recent years have seen a rapid expansion of structural data of 
bacterial TCS proteins. In this chapter, I will review structures of HKs and RRs and discuss 
their structure-function relationship and their signaling mechanisms. The chapter contains 
three main sections: structures of histidine kinases, structures of response regulators, and 
structures of complexes between a histidine kinase and a response regulator. I will conclude 
the chapter with the implications of these structural and functional data on developments of 
new therapeutics against bacterial pathogens. Analysis of structures and reaction 
mechanisms will focus on the extracytosolic sensor HKs and OmpR/PhoB subfamily 
transcription regulator RRs. 

2. Structures of histidine kinases 

The prototypical histidine kinase is a homodimeric integral membrane protein (Figure 1). 
Each protomer has two transmembrane (TM) helices with the N-terminus in the cytosol. An 
extracytosolic sensor domain lies between the two TM helices. After the second TM helix is a 
HAMP domain, which is commonly found in Histidine kinases, Adenylyl cyclases, Methyl-
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accepting chemotaxis proteins, and Phosphatases [1], hence the name. The HAMP domain 
connects TM2 to the dimerization and histidine phosphorylation domain (often abbreviated 
as DHp). A catalytic and ATP-binding (CA) domain lies at the carboxyl terminus. The 
combination of DHp and CA is sometimes referred to as the kinase domain. The TM helices, 
HAMP domains, and DHp domains are all involved in homodimerization. The sensor 
domain is likely to dimerize in the context of the entire protein. Sensor domains share little 
sequence identity, as is expected from their diverse functions of sensing various signals. 
However, available structures of sensor domains fall into a few common structural folds, 
suggesting conserved signal sensing mechanisms. The HAMP, DHp, and CA domains are 
common modules of HKs and have well conserved structures and sequences, especially 
DHp and CA, whose sequences contain several conserved motifs. There is an absolutely 
conserved histidine residue that is phosphorylated, and the phosphoryl group is then 
donated to an RR, in response to signals sensed by the sensor domain. How the sensor 
domain regulates the kinase activities is still unknown, due to the lack of full-length 
structures of the transmembrane sensor HKs. However, a large accumulation of structures 
of isolated domains in recent years has started to shed light on possible molecular 
mechanisms of the signal transduction. In this section, I will summarize these structures and 
discuss their conformational changes that transmit signals from the sensor domain to the 
kinase domain. 

 
Figure 1. Schematic diagram of the modular structure of the prototypical sensor histidine kinase. At the 
N-terminus, a sensor domain lies between the two transmembrane (TM) helices. A HAMP domain 
follows TM2 with its second helix (H2) connected to helix D1 of the DHp domain. The catalytic and 
ATP-binding (CA) domain is at the C-terminus. The position of the phosphorylation site histidine is 
marked with an “H”. The HAMP and DHp domains form homodimers. 

2.1. Structures of sensor domains 

Sensor domains of histidine kinases are located in cytosol, in membrane, or outside of cell 
membrane (extracytosolic). Currently, there is little structural information of the membrane-
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embedded sensor domains. The prototypical HK has an extracytosolic sensor domain that 
senses extracellular signals or conditions in the cell envelope. These sensor domains have 
highly diverse sequences. However, most of the known structures of extracytosolic sensor 
domains fall into three distinct structural folds, mixed , all-helical, and -sandwich. 
Unlike extracytosolic sensor domains, many cytosolic sensor domains can be annotated on 
the sequence level as PAS or GAF domains, which have related structural folds and are 
named from their occurrence in Period circadian, Aryl hydrocarbon receptor nuclear 
translocator, and Single-minded proteins (PAS) [2], or in cGMP-regulated cyclic nucleotide 
phosphodiesterases, Adenylate cyclases, and the bacterial transcriptional regulator FhlA 
(GAF) [3]. 

 
Figure 2. Structures of sensor domains. The structures are each colored in a rainbow spectrum from 
blue to red from the N- to C-terminus, respectively. The DosT (PDB code 2VZW, M. tuberdulosis) and 
FixL (1EW0, R. meliloti) sensor domains are located in the cell cytosol and belong to GAF and PAS 
domains, respectively; the remainders are extracytosolic domains. The PhoQ (3BQ8, Escherichia coli) and 
DcuS (3BY8, E. coli), and PhoR (3CWF, Bacillus subtilis), and CitA (2J80, Klebsiella pneumoniae) sensor 
domains have a PDC fold. DctB (3BY9, Vibrio cholerae) has two tandem PDC domains. The structures are 
shown in similar orientations with the N- and C-termini facing down for easy comparison, except DosT 
and FixL, which are shown with their central -sheet having the same orientation as the PDC domains 
but their N- and C-termini facing other directions. The ligands and heme groups of DcuS, CitA, DctB, 
DosT, and FixL are shown as sticks. All of them are bound at the central -sheet. NarX (3EZH, E. coli) 
has an all-helical sensor domain, while TorS (3I9Y, Vibrio parahaemolyticus) has double helical domains. 
The RetS (3JYB, Pseudomonas aeruginosa) sensor domain is currently the sole structural representative of 
-sandwich fold extracytosolic sensors. The ribbon diagrams were prepared with PyMOL (Schrodinger, 
LLC). 
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DosS and DosT from Mycobacterium tuberculosis are soluble sensor HKs that have dual GAF 
domains located in the cytosol. The first GAF domain binds a heme group for sensing redox 
and hypoxia conditions of the cell cytoplasm to regulate the dormancy regulon Dos, which is 
believed by some researchers to allow M. tuberculosis to survive in a latent state for decades 
[4]. The structures of the N-terminal GAF domains of DosS [5] and DosT [6] reveal highly 
similar structures with a central five-stranded antiparallel -sheet flanked on one side by the 
first and last helices and on the other side by some loops and short helices (Figure 2, DosT). 
The heme group is bound in the center of the -sheet with the plane of the heme 
perpendicular to the -sheet. The PAS domain of FixL from Rhizobium meliloti has the same 
topology of the central -sheet, but has different -helices (Figure 2) [7]. The heme binds at a 
different location of the sheet in a parallel manner. 

The most common structural fold of the extracytosolic sensor domains is the mixed  fold, 
which has an identical topology to that of PAS domains [8]. The structures consist of a 
central 5-stranded antiparallel -sheet, flanked by -helices on both sides (Figure 2, top 
row). These extracytosolic sensor domains are slightly different in structure from the PAS 
and GAF domains. Their structures fall into a group by themselves and are named as PDC 
domains, referring to first three structures of this group, i.e. sensor domains of PhoQ, DcuS, 
and CitA [9]. Among the PDC domains, the structures are similar to each other, especially 
the N-terminal helix and the position of the C-terminus. The PDC domains have a long N-
terminal helix, possibly continuous from the TM1 helix. The N- and C-termini of the domain 
are next to each other, and both are facing the same direction toward the membrane for 
connecting to the transmembrane helices. In some structures, there is a short helix at the C-
terminus, possibly continuous to the TM2 helix. 

Some HK sensor domains are all-helical, represented by those of NarX [10] and TorS [11] 
(Figure 2). The NarX sensor domain is an antiparallel four-helix bundle. Most of the helices 
have kinks or bends, suggesting mobility. TorS has two antiparallel four-helix bundles 
stacked along their bundle axes, with the second one inserted between the last two helices of 
the first bundle. Their mechanisms for signal sensing are different. NarX binds directly to 
nitrite and nitrate; while TorS interacts with a periplasmic binding protein TorT to detect 
trimethylamine-N-oxide.  

The crystal structure of the sensor domain of RetS from P. aeruginosa reveals a -sandwich 
fold (Figure 2) [12]. RetS works with two other HKs, LadS and GacS, to regulate genes for 
type III secretion system controlling acute infection and those for drug-resistant biofilm 
formation controlling chronic infection. The RetS sensor domain has two antiparallel -
sheets, with topologies 1-3-8-5-6 and 2-9-4-7, stacking back-to-back. The -
sandwich fold structure resembles carbohydrate-binding modules. 

2.2. Structure and function of HAMP domains 

HAMP domains are widely occurring domains of prokaryotic transmembrane receptors. 
They follow the last TM helix and thus connect the extracytosolic sensory domain to the 
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cytosolic signaling domains. The sequences of HAMP domains have heptad repeats, in 
which hydrophobic residues occupy positions a and d (Figure 3). The structures of HAMP 
domains are dimers with each protomer of ~50 residues forming two helices (referred to as 
H1 and H2) connected by a linker of ~14 residue. The four helices from two protomers 
associate to form a parallel four-helix bundle. The linker residues have an extended 
structure that spans the length of the four-helix bundle [13, 14]. Other than the hydrophobic 
side chains of the heptad repeats and a conserved glycine residue at the beginning of the 
linker, HAMP domains do not have strong sequence conservation. Nevertheless, the 
domains can be exchanged, yielding hybrid proteins that are still functional [15, 16], which 
suggests that HAMP domains share a conserved mechanism for propagating signals. 

The HAMP domain of Af1503, a hypothetical receptor from the archaeon Archaeoglobus 
fulgidus [14] is the first HAMP structure determined (Figure 3). The packing of the 4 helices 
is different from the expected conventional knobs-into-holes geometry, in which a residue 
from one helix (knob) packs into a space surrounded by four side chains of the facing helix 
(hole). Instead, the helical packing of the Af1503 HAMP domain is described as 
complementary x-da, in which the x- and da-layers alternate along the helices to form mixed 
x-da layers. In the x-layer, side chains point straight at the central supercoil axis; and in the 
da-layer, side chains point side ways to form an interacting ring of residues enclosing a 
central cavity. This non-canonical packing geometry is stabilized by the small side chain of 
alanine at residue 291 [17]. Mutations of A291 with amino acids of larger side chain convert 
the helical packing to the knobs-into-holes conformation through a concerted axial rotation 
of all four helices of ~26 (Figure 3). It was hence proposed that signals propagate through 
the TM helices and HAMP by helix rotation around an axis perpendicular to the membrane, 
a so-called gearbox model [18]. 

The crystal structure of a tri-HAMP unit from the P. aeruginosa soluble receptor Aer2 
shows that the three HAMP domains each form a parallel four-helix bundle similar to 
HAMP of Af1503 (Figure 3) [13]. This confirms that the parallel four-helix bundle is likely 
universal among HAMP domains. The top HAMP domain (HAMP1) is separated from 
HAMP2 by a helical insert that connects H2 of HAMP1 to H1 of HAMP2 by a slightly 
kinked helical insert. HAMP2 and HAMP3 are contiguous and form a concatenated di-
HAMP structure. There are two distinct packing configurations among the three HAMP 
domains. HAMP1 and HAMP3 are similar to each other and resemble that of Af1503. The 
middle HAMP2 domain, however, has a unique helical packing, in which there is an 
offset of the helical register between 1 and 2 of half a helical turn (~2-3 Å). This results 
in side chain staggering of the buried hydrophobic core between the two helices of the 
same polypeptide chain. The two 1 helices coil around each other, so do the two 2 
helices; but the two coiled-coils have limited interactions with each other. The unique 
packing of HAMP2 leads to a slightly different possible mechanism of signaling 
propagation by the HAMP domain: a combination of vertical movement and helical 
rotation, also known as screw-like motion. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 444 

 
Figure 3. HAMP domain structures, a gearbox model for signal propagation, and sequences. The 
crystal structure of a tri-HAMP domain from Aer2 (Pdb code 3LNR) shows that all three HAMP 
domains have a four-helix bundle structure (a), which is similar to that of the HAMP domain of Af1503 
(2L7H) (b). Each four-helix bundle is a homodimer of a parallel two-helix coiled-coil of helix H1 and 
H2. Af1503 has a helical packing of complementary x-da, which can be converted to the canonical 
knobs-into-holes supercoil by a 26 º rotation of each helix (c). (d) Sequence alignment of HK HAMP 
domains shows heptad repeats with hydrophobic side chains at positions a and d. Conserved 
hydrophobic residues are highlighted in red. There is a highly conserved Gly at the beginning of the 
linker, highlighted in blue. Residue A291 in Af1503 is circled. Aer2_H1, Aer2_H2, and Aer2_H3 in (d) 
are sequences for Aer2 HAMP1, HAMP2, and HAMP3, respectively. 

2.3. The dimerization and phosphorylation domain 

The dimerization and phosphorylation domain is a conserved domain of histidine kinases. 
This domain is often abbreviated as DHp for dimerization and histidine phosphotransfer. It 
is also referred to as dimerization domain or histidine kinase domain A. The sequence of 
DHp contains the H box that is part of the signature motifs defining histidine kinases 
(Figure 4). The histidine residue in the H box motif is absolutely conserved and is the site for 
autophosphorylation and subsequent transfer of the phosphoryl group to downstream 
proteins. This domain participates in dimerization of the histidine kinase. DHp is located in 
the cytosol and directly follows the HAMP domain, and it is immediately followed by the 
CA domain in the prototypical histidine kinases (Figure 1). 

The structure of the DHp domain consists of two -helices (referred to as D1 and D2), 
that form an antiparallel coiled-coil (also referred to as helical hairpin), and two protomers 
associate to form a four-helix bundle (Figure 5). The conserved histidine residue is on helix 
D1. Similar to HAMP domains, sequences of the DHp domains have heptad repeats. 
Several structures of DHp have been determined. The NMR structure of the E. coli EnvZ 
DHp shows a four-helix bundle that is relatively straight [19]. The phosphorylation site 
H243 is solvent exposed and located in the middle of helix D1, which is more mobile than  

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Bacterial Two-Component Systems: Structures and Signaling Mechanisms 445 

 

 
Figure 4. Sequences of the DHp and CA domains of HKs. Conserved sequence motifs H, N, G1, F, G2, 
and G3 boxes are in magenta boxes. Helices are highlighted in yellow, and -strands in green. 

helix D2, especially around the conserved H-box residues. The intra-subunit interface is 
mostly hydrophobic; the dimer interface, however, contains two acidic clusters. A related 
phosphotransferase Spo0B from B. subtilis has a similar dimerization domain of four-helix 
bundle [20]. The active site residue H30 is in the middle of helix D1, with its side chain 
protruding to the surface, similar to that of the EnvZ DHp domain. 

The structure of the entire cytoplasmic portion of HK853, a putative sensor HK from 
Thermotoga maritima, shows that the DHp domain forms a four-helix bundle slightly 
different from that of EnvZ [21]. The HK853 four-helix bundle has a larger twist angle of 
~25, compared to that of EnvZ, which is unusually straight and parallel. The connections 
between hairpin helices have different topologies between the two structures. EnvZ is 
unique in this respect as all other known DHp structures have the same topology as HK853 
(Figure 5). HK853 does not have a HAMP domain but has a linker of 22 residues between 
TM2 and DHp. This linker region forms a helix, possibly continuous from TM2 to D1. The 
two helices of the dimer associate to form a left-handed coiled-coil on top of the four-helix 
bundle. There is a kink in D1 induced by P265, which is near the phosphorylation site 
H260 and is well conserved among HKs. This kink is common among all DHp structures, 
even those without a proline, such as Spo0B and DesK (Figure 5). 

2.4. ATP-binding domain 

In prototypical sensor histidine kinases, the ATP-binding domain is located at the carboxyl 
terminus of the polypeptide (Figure 1). The ATP-binding domain is often abbreviated as CA 
for catalytic and ATP-binding. This domain binds ATP, which then donates its -phosphate 
group to the conserved histidine residue on the DHp domain. Sequences of the CA domains 
have well conserved N, G1, F, G2, and G3 box sequence motifs (Figure 4). Together with the 
H box at the DHp domain, they are the markers to annotate histidine kinases from DNA 
sequences. 
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Figure 5. Structures of the DHp domains. All structures show an antiparallel helical bundle. The 
phosphorylation site histidine is shown as sticks. This histidine residue is located in the middle of D1. 
There is a kink of the helix right below the histidine residue, produced by a strongly conserved proline 
residue in EnvZ (PDB ID 1JOY) and HK853 (2C2A). DesK (3EHF) and Spo0B (1IXM) do not have this 
proline residue but still have a kink right below the histidine residue. Structures of DHp from Spo0B, 
DesK, and HK853 are a part of larger structures containing a C-terminal domain. 

The structures of the CA domains are well conserved, as expected from their highly 
conserved sequences. The structures have an  sandwich fold containing two layers, a 
layer of mixed 5-stranded -sheet and a layer of three -helices (Figure 6). The CA domain 
of DesK from B. subtilis has the shortest sequence and represents the minimal core structure 
for this domain [22]. Most of other structures have additional -helices, -strands, and a 
longer ATP-lid (the loop covering the ATP-binding site). The ATP-binding site in DesK is 
much shallower due to the lack of additional structural elements and a shorter ATP-lid. 
Interestingly, an intact ATP molecule binds in the ATP-binding site with full occupancy, 
even though the phosphate groups are partially exposed to the protein surface. It is likely 
that in the crystal, the protein is in a conformation that shields any nucleophilic water from 
getting access to the phosphates, thereby protecting the ATP from hydrolysis during crystal 
growth. In this case, phosphotransfer will occur only in the presence of the DHp domain 
with the conserved histidine functioning as a nucleophile to transfer the -phosphate to the 
histidine. 
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Figure 6. Ribbon diagrams of the ATP-binding domains. Each domain is colored in a rainbow spectrum 
with blue for the N-terminus and red for the C-terminus. Bound ATP in DesK (PDB code 3EHG) and 
AMPPNP in PhoQ (1ID0) are shown as sticks. The structure of PrrB (1YS3) from M. tuberculosis does not 
have a ligand bound, and part of the ATP-lid is disordered. Helices and -strands are labeled on the 
structure of DesK CA. The short helix 3 in the ATP-lid is missing in DesK. 

The ATP-binding site is at one end of the domain (Figure 6) and involves both absolutely 
conserved and partially conserved residues from the N, G1, F, G2, and G3 boxes (Figure 4). 
Residues from the G1 and G3 boxes are involved in binding the adenosine moiety; those 
from the N and G2 boxes contact both the adenosine moiety and the triphosphates-Mg2+ 
moiety. The structure of E. coli PhoQ in complex with AMPPNP reveals detailed binding 
interactions of the conserved boxes with ATP [23]. In the G1 box, the conserved Asp has a 
direct H-bond to the amino group and a water-mediated H-bond to N1 of adenine. In the N 
box, the side chains of conserved N389 and partially conserved N385 interact with the -
phosphate; the side chain oxygen of conserved N389 has a water-mediated H-bond to N1 of 
adenine; the partially conserved K392 and Y393 interact with the -phosphate through their 
side chains. The side chain of Y393 stacks with the adenine ring, while that of I420 from G1 
box flanks the other face of the adenine ring. The side chains of partially conserved N385 (N 
box) and Q442 (G2 box) coordinate the divalent cation, which binds to the triphosphate 
group. DesK has similar binding interactions with the adenosine moiety, but slightly 
different binding interactions with the phosphate groups, although both proteins involve 
residues of the N and G2 boxes for binding the phosphate groups. 

A long loop covering the ATP-binding site is called ATP-lid, which spans from the F box to 
the beginning of helix 4 and plays an important role in binding ATP. The ATP-lid is highly 
mobile; it has several glycine residues, including the conserved G2 box that contains three 
glycine residues (Figure 4). The bound ATP has extensive contacts with the ATP-lid 
residues, and thus ATP binding induces the closure of the ATP-lid. In the absence of ATP, 
this loop is partially disordered in crystal structures. Even in the presence of ATP, the ATP-
lid shows high flexibility, indicated by high B-factors or in some cases is partially disordered 
in crystal structures [21-24]. The flexibility of the ATP-lid is important not only for binding 
ATP, but also for interacting with the DHp domain for the phosphotransfer reactions. The 
ATP-binding domain must adopt several positions relative to the DHp domain because the 
HK functions as an autokinase, phosphotransferase, or phosphatase in response to the 
environmental stimulates received. The flexibility of the ATP-lid allows the CA domain to 
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bind to different regions of DHp depending on the conformation of the DHp domain and 
the status of the ATP-binding site of the CA domain. 

2.5. Signal transduction mechanism from sensor domain to the kinase domain 

Signals flow from the sensor domain to the kinase domain by conformational changes 
throughout the entire protein. Environmental cues received by the sensor domain cause a 
conformational change in the sensor domain. That conformational change is transmitted 
through the transmembrane helices and the HAMP domain to the kinase domain. Most of 
isolated sensor domains are monomers in solution. However, they are expected to form 
dimers in the context of the whole protein because the DHp and HAMP domains are 
homodimers. Therefore, ligand-induced dimerization cannot be a mechanism of signal 
transduction through the cell membrane. Instead, there are structural changes of the sensor 
domains upon ligand binding that could trigger rotation or piston-like translation 
movements of the TM helices [9, 25]. 

 
Figure 7. Piston model of ligand-induced conformational changes in the sensor domain. In both CitA 
(left panel, Pdb codes 2J80 and 2V9A) and NarX (right panel, 3EZH and 3EZI), ligand-bound structures 
are dimers in the crystal (green molecules), while ligand free forms are monomers (magenta color). 
Ligands are represented as space-filling models. 

Comparison of structures of the sensor domain of CitA with and without citrate bound 
suggests a piston-type transmembrane signaling [8]. The sensor domain of CitA has a 
central 5-stranded anti-parallel -sheet flanked by -helices on both sides (Figure 2). The -
sheet curls up to one side where citrate binds. There are two loops, referred to as major loop 
and minor loop, which cover the citrate-binding site. The major loop is disordered in the 
citrate-free structure and becomes ordered in the presence of citrate in the binding site. 
Binding of citrate also induces more bent of the central -sheet. This results in lifting of the 
C-terminus of the domain relative to the N-terminal helix (Figure 7). The C-terminus of the 
domain connects to the second transmembrane helix (TM2). Therefore, binding of citrate 
induces a piston-type movement of TM2 relative to TM1. Similar piston-type movement has 
been proposed for NarX from E. coli, whose sensor domain is a four-helix bundle that forms 
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a dimer when binding nitrate (Figure 7) [10]. Binding of nitrate induces the movement of the 
N-terminal helix toward the cell membrane, relative to the C-terminal helix. Since the N- 
and C-terminal helices are expected to connect to TM1 and TM2, respectively, the relative 
movement of the two helices would push down TM1 or lift up TM2. This movement of 
helices could also translate into rotations of the TM helices, if winding or unwinding of 
helical turns occurs.  

A rotation or screw-like motion of TM2 has been proposed as the signal transduction 
mechanism from the sensory rhodopsin into the cytosol for HtrII [26]. Based on the structure 
of HtrII, the transmembrane helices of prototypical HKs are expected to form a four-helix 
bundle [27]. A rotation or screw-like motion of the TM helices for propagating signal 
through membrane is compatible with that proposed for the HAMP domain, which is often 
found between TM2 and the DHp domain. Structural and biochemical studies suggest that 
HAMP domains are not rigid structures. They can alternate between different structures 
through helical rotation [14] or a shift in register of coiled-coils and rotation [13]. Mutation 
of an alanine residue of the HAMP domain of Af1503 into larger side chain residues changes 
the helical packing gradually from complementary x-da to the canonical knobs-into-holes 
mode [17]. Through these conformational changes, the HAMP domain passes the signals 
from the sensor domain to the downstream kinase domain. 

 
Figure 8. Crystal structures of chimeras of Af1503 HAMP fused to DHp of EnvZ. Mutations at A291 of 
HAMP cause conformational changes in the HAMP helical packing, which propagate to the DHp 
domain. The mutation sites are labeled with a red dot. Approximate positions of the charged layer and 
proline layer are marked. PDB codes for the structural models are 3ZRX (wt), 3ZRW (A291V), and 
3ZRV (A291F). 

Structures of chimeras of the Af1503 HAMP fused with the DHp domain of EnvZ show that 
conformational changes in the HAMP domain can trigger changes in the structure of the 
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downstream DHp domain [18]. Figure 8 shows three crystal structures of the chimeras. The 
HAMP domains preserve the same conformations as their corresponding isolated domains. 
Mutations of A291 into amino acids with larger hydrophobic side chains change the helical 
packing conformation. These conformational changes in the HAMP domain propagate to 
the DHp domain through the connecting helices. The helices linking the HAMP domain to 
the DHp domain do not have a strong hydrophobic core as in the four-helix bundles but are 
relatively flexible, showing variations among the structures with different mutations. 
Conformational variation is the most pronounced at the junction between the DHp four-
helix bundle and the two-helix coiled-coil where there are charged residues (charged layer, 
Figure 8). The induced rotational movements in helix D1 gradually diminish at the 
conserved proline, which produces a kink in the helix. Helix D2 also changes conformation 
responding to changes of D1, and as a result the bundle radius differs above the proline 
layer among variant structures. 

The structural changes in DHp induced by the HAMP domain are likely to alter the 
activities by regulating interactions between the DHp and CA domains. Despite the 
structural changes triggered by varying conformations in HAMP, the phosphorylation site 
histidine remains little perturbed, and thus altering accessibility of the conserved histidine is 
unlikely to be the mechanism of signal transmission. The lower half of the DHp helical 
bundle (below the proline layer) remains invariant among the structures. This region 
contains many residues important for binding the cognate RR and contributes the majority 
of the interface for RR binding in the HK-RR complex structures [19, 28]. Therefore, blocking 
direct binding of RR is unlikely to be a mechanism for signaling either. However, the region 
of DHp most variable among the structures (charged layer) plays an important role in 
interacting with the CA domain. In the structure of HK853-RR468 complex, residues F428 
and L444 of the ATP-lid interact with an exposed hydrophobic core of DHp near the 
charged layer, and this interaction locks the ATP-binding domain in a kinase-inactive state 
[28]. It is likely that conformational changes triggered by signals transmitted from the 
HAMP domain either promote this DHp-CA interaction (phosphatase state) or release the 
CA domain for it to phosphorylate the conserved histidine (kinase state). 

Several structures of the entire kinase domain (DHp + CA) are available and give insights 
into the interactions between the two sub-domains. The crystal structure of the entire 
cytoplasmic portion of HK853 from T. maritima shows a conformational state that is ready 
for the phosphotransfer reaction [21]. The HK853 cytoplasmic domain forms a dimer 
through the DHp domain (Figure 9a). The CA domain is connected to the DHp domain 
through a short linker. The crystal structure contains an ADPN, from hydrolyzed 
AMPPNP, in the CA domain. The ATP-lid is flexible and partially disordered, despite the 
presence of the ADP analog in the ATP-binding site. The H260 side chain is fully exposed to 
the surface of the protein. There is a sulfate ion in the crystal structure bound next to the N 
atom of H260, mimicking the phosphorylated histidine. Contacts between DHp and CA are 
exclusively within one polypeptide chain and involve mostly conserved hydrophobic 
residues. The importance of the interface residues in the HK function is confirmed by site-
directed mutagenesis studies [21]. In the DHp domain, the interface involves both  helices  
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Figure 9. Structures of the entire kinase domain containing the DHp and CA subdomains. DHp 
domains are colored in orange for one subunit and green for the other. CA domains are colored in a 
rainbow spectrum. ATP analogs and the essential histidine side chains are shown as sticks except in (a) 
where the H260 side chains and a sulfate are shown as space-filling models. The hinge pivot residue 
G243 is shown as a green sphere in (c). 

near the charged layer (Figures 8 and 9), and in the CA domain it involves the ATP-lid, helix 
4, and residues at N-terminus of 2. The interactions are relatively weak, and thus the 
domain interface is dynamic, allowing the CA domain to move to other locations on DHp. 
The signals from the sensor domain control the interfacial stability through conformational 
changes of the helical bundle. The DHp-CA interface is destabilized for the kinase activity 
and stabilized for the phosphatase activity. 

The crystal structure of HK853 complexed with RR468 reveals another binding interface 
between DHp and CA that is created by conformational changes in the helical packing [28]. 
In this structure, the CA domain moves closer to H260 of the same subunit (Figure 9b). This 
suggests that the autophosphorylation occurs in cis, although in the crystal structure, the 
ATP-lid interacts with the bound RR and blocks the access of the phosphorylation site 
histidine to ATP. The structure has a sulfate near each phosphoacceptor aspartate of RR, 
mimicking the phosphorylated RR. Therefore, the structure represents a conformational 
state poised for dephosphorylation of the RR. This phosphatase-competent state has a 
stronger domain interface between DHp and CA. A rotation of the helix D1 N-terminal 
coiled-coil region and a concerted inverse twist of D2, as in the proposed gearbox model 
for transmitting signals through HAMP domains (Figure 3), expose parts of the 
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hydrophobic core of DHp near the charged layer. This allows residues F428 and L444 of 
ATP-lid to interact with the exposed hydrophobic pocket of DHp of the same subunit, and 
thus allows the CA domain to move to a new binding site. 

Structural plasticity of the HK proteins is essential to allow conformational changes in order 
to transmit signals received at the sensor domain to the kinase domain and switch its 
enzymatic activities. This structural plasticity is well demonstrated by the structures of the 
cytoplasmic domain of the B. substilis DesK, a thermo-sensing histidine kinase [24]. The 
DHp domain is highly mobile, adopting different conformations to allow the CA domain to 
bind at different positions in different functional states. The structures reveal three distinct 
conformational states with different helical packing of the DHp domain and the relative 
position of the CA domain. One conformational state represents the autokinase-competent 
state. This conformational state is characterized by the lack of specific interactions between 
the DHp and CA domains, allowing the CA domain to move to a position suitable for 
autophosphorylation. A single rigid-body rotation of the CA domain along the interdomain 
hinge residue G243 can bring the ATP -phosphate close to the side chain of the 
phosphorylation site histidine of the other protomer (Figure 9c). In addition, the contact 
surfaces are complementary to each other in both contour and charges. The structures are 
consistent with a trans phosphorylation mechanism. That the autokinase-competent state 
lacks specific interdomain interactions is consistent with observations that isolated DHp 
domains can be phosphorylated in the presence of isolated CA domains. A second 
conformational state is poised for the phosphotransfer reaction, represented by structures of 
a phosphorylated DesK and a phosphomimetic H188E mutant. Both structures show a 
similar asymmetric homodimer. One of the CA domains interacts with both D1 helices at 
the coiled-coil region. This interaction precludes the binding of the other CA domain, which 
makes no contacts with the DHp domain in the phosphorylated DesK structure (Figure 9d), 
but is completely disordered in the H188E-ADP structure. The helical bending at the 
phosphorylation site histidine is more pronounced partially due to the negatively charged 
phosphohistidine associating with conserved basic residues of the opposite protomer. The 
third conformational state is a phosphatase-competent state, inferred from the structures of 
the H188V mutant. This mutation abolishes the kinase activity but retains the wild-type 
level phosphatase activity. The V188 side chain is buried in the hydrophobic core of the 
four-helix bundle (Figure 9e). This removes the kink in D1 and allows a tight packing rigid 
helical bundle. The changes in the structure of DHp also expose a patch of hydrophobic 
surface on D1 near the charged layer for a tight association with the CA domain. The CA 
domain interacts with the same surface of DHp as seen in the structures of HK853 [21] and 
KinB [29]. 

3. Structures of response regulators 

Response regulators are simpler in structure than histidine kinases. The prototypical RR has 
two domains: a receiver domain that accepts a phosphoryl group from a cognate HK and an 
effector domain that generates the outputs of the signaling events. The structure and 
sequence of receiver domains are well conserved. In contrast, effector domains are variable, 
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especially at the sequence level, reflecting their diverse output functions. The majority of 
RRs are transcription regulators with their effector domains as DNA-binding domains. A 
significant fraction of RRs have effector domains as enzymes. Many others have effector 
domains for binding RNA, ligands, or proteins to regulate bacterial cellular process at post-
transcriptional and post-translational levels. There are also single domain RRs that have 
only the receiver domains such as CheY and Spo0F. RRs have been studied extensively for 
decades, and an extensive amount of structural data is available, as well as many well-
written reviews [30]. I will focus my efforts on transcription regulator RRs and will give a 
summary on how phosphorylation of the receiver domain controls the activities of the 
effector domain with respect to their structure-function relationship. 

3.1. Receiver domain structures 

Receiver domains have well-conserved sequences and structures, suggesting a common 
signaling mechanism by two component systems to pass signals from HKs to their cognate 
RRs. The receiver domain is also known as the phosphorylation domain or regulatory 
domain. There is an invariable aspartate residue in the receiver domain that accepts a 
phosphoryl group from a cognate HK. Phosphorylation results in conformational changes in 
the domain, which is transmitted to the effector domain to regulate its activities. Receiver 
domains have a conserved ()5 fold (Figures 10 and 11), in which alternating -strands and 
-helices in the sequence fold into a central five-stranded parallel -sheet surrounded by 
helices 1 and 5 on one side and helices 2, 3, and 4 on the other side. The -sheet 
consists of mainly hydrophobic side chains that form a hydrophobic core. The -helices are 
amphipathic and pack against the central -sheet with their hydrophobic face. Most of the 
conserved residues are at the C-terminal ends of strands 1, 3, and 4. Helix 1 is involved 
in binding to the DHp domain of HK [28]. Although the structure and position of this helix 
is well conserved among RR structures, the amino acid sequence conservation is limited to 
the hydrophobic residues involved in packing against the hydrophobic core of the -sheet 
(Figure 10). This helix is likely to play an important role in the specificity of HK-RR pairs.  

The phosphorylation site is located at an acidic pocket near the C-termini of strands 1 and 
3, where the conserved acidic side chains are clustered together. These acidic side chains 
are involved in binding a divalent cation, Mg2+ or Mn2+, that is essential for the 
phosphorylation reaction [31]. An absolutely conserved aspartate at the end of the strand 3 
is the phosphoacceptor. The loop 3-3 forms a conserved structure that is held together by 
conserved residues: a Pro at 4 residues after the phosphorylation site aspartate and a Gly, 
which is at 4 residues after the Pro in sequence and the first residue of helix 3 (Figure 10). 

The 4-5-5 face of the receiver domain has been proposed to be important for the function 
of RRs [32, 33]. Many RRs in the OmpR/PhoB subfamily are thought to be dimers in their 
active form. Structures of several RR receiver domains are found to form dimers through the 
4-5-5 face when activated. Exposed side chains on this surface are primarily hydrophilic, 
suggesting that any interactions through this 4-5-5 face are likely to be dynamic. 
Comparison among receiver domain structures reveals that this face is considerably  

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 454 

 
Figure 10. Sequence alignment of the response regulator receiver domains. The top five sequences, 
PhoP, PrrA and MtrA from M. tuberculosis, DrrB from T. maritima, and PhoB from E. coli, belong to the 
OmpR/PhoB subfamily. Spo0F from B. subtilis is a single domain RR. FixJ of S. Meliloti is in the 
NarL/FixJ subfamily. Identical residues for all sequences are shaded in blue. Highly conserved residues 
in the OmpR/PhoB subfamily are shaded in red. Moderately conserved residues across all sequences are 
shaded in gray. 

variable. The sequence of helix 5 is well conserved among OmpR/PhoB subfamily RRs 
(Figure 10). Yet the length of this helix varies among known structures [34]. In the structure 
of PrrA from M. tuberculosis this helix has different lengths between two molecules in the 
crystal asymmetric unit [35]. Helix 4 and its flanking loops also have variable structures 
among RRs. Flexibility of the 4-5-5 elements is likely to be important for 
phosphorylation regulation of RR activities.  

Activation of RRs by phosphorylation induces structural changes in the 4-5-5 face. This 
is accomplished by movements of two key residues, a conserved Thr/Ser at the C-terminus 
of 4 and a moderately conserved Tyr/Phe in the middle of 5 (Figure 11). These residues 
are referred to as switch residues. In the unphosphorylated RR, the side chain of Thr/Ser is 
oriented away from the phosphoacceptor, and that of Tyr/Phe extends outward toward the 
surface of the 4-5-5 face. Structures of activated receiver domains reveal that these side 
chains move in response to phosphorylation [36, 37]. All activated receiver domains of the 
OmpR/PhoB subfamily form a symmetric dimer through the same interface involving 4-
5-5. Phosphorylation of the phosphoacceptor aspartate residue allows the side chain of 
the Thr/Ser residue to move closer to the phosphate group to make a favorable hydrogen 
bond. Repositioning the Thr/Ser side chain shifts the 4-4 loop and helix 4, and makes the 
inward conformation of the Tyr/Phe residue more energetically favorable. Another 
conserved residue, a Lys in the 5-5 loop, forms a salt bridge to the phosphoryl group and 
brings some modest shift in the 5-5 loop [31]. This Lys side chain has a salt bridge to the 
side chain of phosphoacceptor aspartate in the unphosphorylated structure PhoP from M. 
tuberculosis [34]. It plays an important role in stabilizing the active site structure, but 
probably has only minor effects on structural switch between activated and non-activated 
RRs. Phosphorylation of NarL/FixJ subfamily RRs produces similar conformational changes 
in switch residues and results in dimerization through the 4-5-5 face, although the dimer 
interface are not identical to that of OmpR/PhoB RRs (Figure 11d). The difference in dimer 
interface might be due to lack of divalent cation in the crystal structure of FixJ [38]. 
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Activation by BeF3 and Mg2+ did not induce symmetric dimer formation of single domain 
response regulator RR468 [28]. However, the switch residues are in the active conformation 
as observed for all other RRs, suggesting that conformational changes of switch residues is 
the common mechanism for all RRs. 

 
 

 
Figure 11. Structures of the receiver domains of response regulators. Each individual domain is colored 
from N- to C- terminus in a rainbow spectrum. Phosphorylation site residues and switch residues are 
shown as sticks. Spo0F (PDB code 1PEY) from B. subtilis binds a Mn2+ ion, shown in magenta. Both PhoB 
(1B00) from E. coli and Spo0B are non-activated. DrrB (3NNS) from T. maritima is activated with binding 
of BeF3 and Mg2+, shown as sticks and a green sphere, respectively. FixJ (1D5W) from S. Meliloti is 
activated by phosphorylation, but without divalent cations. 

3.2. Structures of the effector domains 

Unlike the receiver domains, the effector domains are very diverse, reflecting the diversity 
of cellular processes that are controlled by two-component systems. Effector domains are 
also referred to as output domains. They can be DNA-binding, RNA-binding, ligand-
binding, or transporter output domains, or enzymes [30]. Except in archaea, which has 
almost 50% of RRs containing only the receiver domain, a great majority of bacterial RRs are 
transcription regulators that contain a C-terminal effector domain as a DNA-binding 
domain.  
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DNA-binding effector domains are grouped into several subfamilies based on predicted 
domain structures from amino acid sequences [30]. The largest subfamily is the OmpR/PhoB 
group, whose structure has a winged helix-turn-helix (wHTH) motif. The second largest 
subfamily is the NarL/FixJ group, which has a helix-turn-helix (HTH) DNA-binding motif. 
Another subfamily LytR/AgrA is also fairly common. A structure of a member of this 
subfamily, LytTR from S. aureus, shows that the DNA-binding domain consists mostly of -
strands [39]. The loops between the -strands interact with DNA bases with side chains 
inserting into both major and minor grooves of DNA. Other subfamilies of DNA-binding 
response regulators are less common and are present only in certain types of bacterial 
species. 

 
Figure 12. Structures of response regulator effector domains binding to DNA. (a) PhoB (1GXP) of E. coli 
binds to direct repeat Pho Box DNA as a tandem dimer. The PhoB effector domain has a winged HTH 
fold. (b) NarL (1JE8) of E. coli recognizes palindromic DNA sequences and forms a symmetric dimer 
through association of helix 10 on binding DNA. 

The DNA-binding domain of the OmpR/PhoB subfamily has a conserved winged helix-turn-
helix fold (Figure 12a). The structure starts with an N-terminal four-stranded anti-parallel -
sheet (6 to 9), followed by three -helices (6 to 8) in the middle, and a -hairpin (11 
and 12) at the C-terminus. A short strand (10) between 6 and 7 assembles with the C-
terminal -hairpin to form a three-stranded anti-parallel -sheet. The two -sheets sandwich 
the three -helices in the middle. The -hairpin is called the wing, and 7, 8 and loop 7-
8 together constitute the helix-turn-helix motif. Helix 8 is the sequence recognition helix, 
which inserts into the major groove of DNA [40]. The -hairpin (wing) binds in the minor 
groove of DNA. Loop 7-8 is termed transaction loop because it is essential for 
transcription activation. 

The C-terminal DNA-binding domain of the NarL/FixJ subfamily is a compact bundle of 4 
-helices (Figure 12). The second and third helices (8 and 9) form a helix-turn-helix motif 
that interacts with the major groove of DNA [41, 42]. Helix 9 is the recognition helix that 
inserts into major groove of DNA with side chains interacting with DNA bases. The proteins 
bind DNA as a symmetric dimer to recognize palindromic DNA repeats. Helix 10 and the 
loop 7-8 form the protein dimer interface in the protein-DNA complex. Isolated DNA-
binding domains, however, are found to be monomeric in solution when not binding to 
DNA [42]. 
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3.3. Structures of full-length response regulators and regulation mechanism 

Full-length structures are available for the OmpR/PhoB and NarL/FixJ subfamilies of 
response regulators. Even though most RRs have only two domains, full-length structures 
prove to be difficult to obtain, especially for the OmpR/PhoB subfamily. This is most likely 
due to the dynamic nature of interactions between the receiver and effector domains. The 
domains are individually folded, and their associations are transient if they do associate 
with each other. The dynamic and transient nature of domain interactions is important for 
the regulation of DNA-binding activities. Signals transmitted from the HK through 
phosphorylation of the receiver domains must be able to relay to the DNA-binding domain 
by conformational changes of the receiver domain. Phosphorylation promotes dimerization 
of the receiver domain and in some cases releases the blockage of the DNA-binding element 
of the receiver domain. So far, all available structures of full-length RRs are non-activated 
and without DNA bound.  

The full-length NarL structure in its unphosphorylated form reveals that the receiver 
domain is associated with the DNA-binding domain through an interface involving the 
DNA-binding elements [43]. The linker between the two domains forms a helix (6) 
followed by a flexible loop that is disordered in the crystal structure (Figure 13). Helix 6 
packs against 4 of the receiver domain and 10 of the effector domain. The domain 
interface also involves helices 8 and 9, locking the DNA-sequence-recognition helix 9 in 
a manner incapable of inserting into the DNA major groove. Phosphorylation is expected to 
dissociate the effector domain from the receiver domain, thus allowing it to bind DNA. 
Unphosphorylated NarL does not bind DNA in solution. NarL binds to inverted-repeat 
DNA sequences as a symmetric dimer, whose interface involves helix 10 and loop 7-8 
(Figure 12). Phosphorylation may also promote dimerization of the receiver domain and 
thus strengthens the NarL dimer. 

Full-length structures of unphosphorylated StyR and DosR, which are members of the 
NarL/FixJ subfamily RRs, are also known (Figure 13). The receiver domain of StyR from 
Pseudomonas fluorescens has a conserved ()5 fold [44]. Its DNA-binding domain has the 
same fold as that of NarL. However, the interdomain linker forms a long helix continuous 
from 5 of the receiver domain that separates the N- and C-terminal domains by more than 
16 Å, exposing the helix-turn-helix motif for binding DNA in the unphosphorylated state. 
Phosphorylation increases DNA-binding affinity by ~10-fold, presumably through 
dimerization of the receiver domain that brings two effector domains next to each other for 
binding to DNA inverted repeats. DosR from M. tuberculosis forms a dimer with a unique 
structure [45]. Its receiver domain has a ()4 fold instead of the ()5 fold observed for all 
other RRs (Figure 13b), even though the conserved residues in the 5 to 5 region are 
present in the DosR sequence. The sequence for the canonical 5 to 5 region forms a long 
helix, pairing with a helix of linker residues to form an antiparallel coiled-coil (Figure 13b). 
These two helices form an antiparallel four-helix bundle with the same helices from another 
subunit, accounting for a major part of the dimer interface. Helices 9 and 10 have 
extensive interactions with the receiver domain, locking the structure in an inactive 
conformation. Activation by phosphorylation presumably causes significant structural  
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Figure 13. Full-length structures of the NarL/FixJ subfamily RRs. The receiver domains are colored in a 
rainbow spectrum from N-terminus in blue to the linker in red; the effector domains are separately 
colored in another rainbow spectrum from blue (7) to red (10). (a) NarL (PDB code 1RNL) has a tight 
packing between domains that blocks sequence recognition helix 9. Part of the linker that is disordered 
is depicted as a dashed line. (b) DosR (3C3W) forms a dimer, and one of the subunit is colored in gray 
for the receiver domain and the linker, and in pale green for the effector domain. (c) StyR (1ZN2) has a 
long helix 5 continuous into the linker that separates the two domains apart. 

rearrangements that allows the receiver domain to form a dimer of ()5 fold and release the 
effector domain to bind DNA inverted repeats [46]. 

OmpR/PhoB subfamily RRs have been extensively studied in recent years. In addition to 
many isolated receiver and effector domain structures, there are six full-length RR structures 
available, DrrB [47] and DrrD [48] from T. maritima, and RegX3 [49], PrrA [35], MtrA [50], 
and PhoP [34] from M. tuberculosis. All structures are in the unphosphorylated forms. The 
interdomain interfaces are different among these structures. RegX3 forms a domain-
swapped dimer in the crystal structure, exchanging the 4-5-5 unit between subunits. It is 
not clear if this domain-swapped dimer is physiologically relevant. However, consistent 
with the structures of the isolated receiver domains, the 4-5-5 unit has high mobility 
among the structures of full-length RRs, indicating the importance of the 4-5-5 face in 
regulating RR activities. All structures with interactions between the receiver domain and 
effector domain involve the 4-5-5 face in the interdomain interface (Figure 14). 

The structures of DrrD and DrrB both reveal monomers in crystal and have interactions 
between domains that do not preclude DNA binding (Figure 14). The interdomain 
interactions are relatively weak, suggesting that in solution the domains could be free and 
thus phosphorylation activation mechanism is likely through dimerization of the N-terminal 
receiver domain. The structures of PrrA and MtrA show more extensive interdomain 
interactions that involve the 4-5-5 face and block the recognition helix. However, the 
interfaces are polar in nature, and the open conformation is likely to exist in solution for 
both proteins. All these structural data suggest that phosphorylation is likely to shift the 
equilibrium toward dimerization as a mechanism to activate the effector domain. 
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The structure of PhoP from M. tuberculosis supports this mechanism of activation through 
phosphorylation-induced dimerization of the receiver domain [34]. PhoP forms a dimer 
through the 4-5-5 face of the receiver domain (Figure 14). The effector domain is merely 
tethered to the receiver domain through a flexible linker, which is disordered in the crystal 
structure. This open conformation of unphosphorylated PhoP structure is consistent with 
observations that unphosphorylated PhoP binds DNA [51]. Because there is no direct 
interaction between the receiver domain and the effector domain, it is likely that 
phosphorylation regulates the DNA-binding activity by shifting the equilibrium toward dimer 
formation of the receiver domain [33, 44]. Although the PhoP dimer interface involves the 4-
5-5 face, the dimer packing is less compact than the activated receiver dimers. This is 
because the switch residues are in the non-activated conformation, and hence the loops at the 
dimer interface are different in conformation from the activated structures [34]. By shifting the 
equilibrium toward dimer formation of the receiver domains, phosphorylation brings two 
DNA-binding domains in close proximity; the flexible domain linker allows the DNA-binding 
domains to bind two direct repeats of DNA sequence while the receiver domains adopt a 
symmetric dimer. The OmpR/PhoB subfamily RRs recognize DNA direct-repeat sequences as 
revealed in the PhoB effector domain structure in complex with DNA (Figure 12a). However, 
the isolated DNA-binding domain of PhoP is a monomer in solution and does not form any 
dimers in the crystal structure [52]. Recognition of DNA direct repeats can only be realized 
through dimerization of the receiver domain. Bringing two DNA-binding domains in close 
proximity by dimerization of the receiver domains can also increase DNA-binding affinity. 

 
Figure 14. Full-length structures of the OmpR/PhoB subfamily RRs. Each domain is individually 
colored from N- to C-terminus in a rainbow spectrum. PhoP, PrrA, and MtrA are from M. tuberculosis; 
DrrD and DrrB are from T. maritima. The PDB codes are: PhoP, 3R0J; DrrD, 1KGS; DrrB, 1P2F; PrrA, 
1YS6; MtrA, 2GWR. 
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4. Interactions between histidine kinases and response regulators 

To complete the signaling events of two-component systems, histidine kinases, when 
activated, must associate with their cognate response regulators and transfer the phosphoryl 
group from the phosphorylated histidine to a conserved aspartate residue of RRs. Evidence 
suggests that HKs are also involved in dephosphorylation of RRs to turn off the signal 
cascade. The interactions between HK and RR must be specific because there is little cross-
talk among TCS proteins. Yet, these interactions must be dynamic, as both proteins must 
adopt various conformations throughout the steps of the signaling event.  

Several crystal structures of HK in complex with RR have been reported that offer insights 
into how HK and RR interact. A structure of the complex between HK853 and RR468 from 
T. maritima shows the two proteins engaged in a conformation for the phosphatase reaction 
[28]. The structure contains a dimer of the HK853 entire cytoplasmic portion and two RR468 
molecules (Figure 15).  

 
Figure 15. Structure of the HK853-RR468 complex (PDB code 3DGE).  The DHp domain is colored in 
orange for one subunit and in green for the other.  One CA domain (front) is colored in a rainbow 
spectrum; the other CA (back) is in sand color.  Two RR molecules each individually colored in a 
rainbow spectrum.  Secondary structural elements of HK are labeled in black, and those of RR are in 
purple.  A sulfate between the essential histidine of HK and aspartate of RR is shown in a space-filling 
model. 

The RR binds to the DHp domain on the helical hairpin below the phosphorylation site 
histidine. Helix 1 of RR interacts with both helices of the helical hairpin through 
hydrophobic side chains to form a six-helix bundle. Each 1 interacts only with helices of 
the same subunit of DHp. Loop 5-5 also makes contacts with the DHp domain. In the 
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crystal structure, there is a sulfate ion bound between the phosphoacceptor aspartate of RR 
and the phosphorylation site histidine of DHp. Binding of the sulfate mimics 
phosphorylation and allows the switch residues of RR to adopt the active conformation. 
Consequently, both loops 3-3 and 4-4 are also in the active conformation. These two 
loops interact with the ATP-lid and loop 2-2 of the CA domain. The interactions between 
HK853 and RR468 would preclude dimer formation of RR through the 4-5-5 face, 
despite that the RR is in an active conformation. RR468 is a single domain protein. The 
structure of activated RR468 with BeF3- shows changes in conformation of switch residues 
and loops 3-3 and 4-4, but it is a monomer [28]. This is different from OmpR/PhoB 
subfamily RRs, whose activated form promotes dimerization, or NarL/FixJ family RRs, 
whose activated form releases the effector domain for binding DNA and might also promote 
dimerization. Despite these differences, binding interactions of 1 of RR with the helical 
hairpin of DHp is likely conserved among TCS proteins. The structure of HK853-RR468 
complex is in a phosphatase-competent state because the RR is phosphorylated and the 
ATP-lid blocks access of the -phosphate of ATP by the histidine side chain. The structure 
indicates that the phosphorylation site histidine could play a role in the phosphatase activity 
by orienting a water molecule as a nucleophile. 

A complex structure of ThkA/TrrA, also from T. maritima, has a similar binding site on HK 
for RR [53], and the structure also represents a phosphatase-competent state because the CA 
domain is locked in a position away from the phosphorylation site histidine. Similar to 
RR468, TrrA is also a single domain RR. The resolution of the complex structure is relatively 
low at 3.8 Å, and high-resolution structures of individual domains were fit into the low-
resolution electron density map of the ThkA-TrrA complex. TrrA has weak electron density, 
indicating its high mobility in the structure. The complex puts the phosphoacceptor 
aspartate of TrrA facing the phosphorylation site histidine of ThkA. However, TrrA has 
weaker interactions with DHp. Most of interactions involve the loops around the 
phosphoacceptor and the N-terminal end of 1 of TrrA with D1 of ThkA. Unlike that of 
RR468, helix 1 of TrrA does not have exposed hydrophobic side chains to have coiled-coil 
interactions with the four-helix bundle of ThkA. The binding position of RR on DHp is 
similar to that of the HK853-RR468 complex, suggesting that they share a common 
mechanism for the phosphotransfer reaction. 

A structure of the Spo0F-Spo0B complex is related to HK-RR complexes in binding 
interactions and the mechanism of the catalyzed reactions. Spo0B is a phosphotransferase 
having a DHp domain similar to that of HKs, while Spo0F is a single domain RR [54, 55]. 
Spo0F is phosphorylated on its phosphoacceptor aspartate by sensor HK KinA. The 
phosphoryl group is then transferred to the phosphorylation site histidine on spo0B, which 
then transfers the phosphoryl group to the response regulator Spo0A. In the structure of the 
Spo0F-Spo0B complex, Spo0F binds to the four-helix bundle of Spo0B in a similar manner as 
the HK853-RR468 complex. Helix 1 of Spo0F packs against the helical hairpin region and 
makes up majority of the interface with DHp, confirming that helix 1 and the lower end of 
the DHp four-helix bundle as the binding interface between HK and RR. 
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5. Therapeutic potential against bacterial pathogens 

Antibiotics resistance has been a major medical problem of modern medicine. Bacterial 
pathogens evolve mechanisms to become resistant to antibiotics, and strains resistant to 
multiple drugs or the last line of antibiotics, such as methicillin-resistant S. aureus and 
vancomycin-resistant Enterococcus have evolved and become a major challenge for modern 
medicine. Emergence of multi-drug resistant (MDR) and extremely drug resistant (XDR) 
tuberculosis (TB) has prompted the World Health Organization to declare TB as a global 
emergency. 

Two component systems are major signaling proteins in bacteria. They are involved in every 
aspect of bacterial adaptation to their environments, including sensing the existence of 
antibiotics and regulating cellular responses to become drug resistant. Therefore, TCSs are 
potential drug targets for developing new antibiotics [56]. Unlike conventional antibiotics 
that directly target the proteins involved in essential cellular activities, drugs inhibiting 
TCSs target the upstream functions that regulate these essential proteins. Thus anti-TCS 
drugs work in a manner different from conventional drugs and are likely to be effective 
against drug-resistant bacterial pathogens. Because TCS proteins are absent in animals, 
drugs targeting TCSs can potentially have less toxicity. 

Recent advancements in structural and functional characterization of TCSs have identified 
several potential targets for developing new antibiotics [56]. A PhoP-PhoQ system from S. 
typhimurium is a major virulence factor that is essential for this intracellular pathogen to 
establish infection. Inhibitors to the kinase activity of PhoQ were studied for their 
interactions with the protein and the inhibition mechanism by NMR and crystallography 
methods [57]. The structures can serve as a platform for rational design to improve the 
efficacy of the lead compounds. A PhoP-PhoR system in M. tuberculosis was found to be an 
important virulence factor [58]. PhoP has a point mutation in the avirulent H37Ra strain, 
and this mutation plays an important role in the loss of virulence of the avirulent strain [59]. 
Inhibitors targeting PhoP are likely to reduce the virulence of M. tuberculosis. With the 
availability of the PhoP structure [34], it is possible to do virtual screening or rational 
inhibitor design to search for compounds that will disrupt phosphorylation activation by 
interacting with the loops near the phosphoacceptor or with helix 1, or binding to the 4-
5-5 face to prevent dimerization. Compounds inhibiting the effector domain binding 
DNA will also be efficient inhibitors. To develop inhibitors against PhoP-PhoR TCS, 
targeting the sensor domain of PhoR will be more specific and has the advantage that the 
compounds do not have to cross the cell membrane [58]. However, structural information of 
the PhoR protein is currently lacking. 

Author details 

Shuishu Wang 
Department of Biochemistry and Molecular Biology, Uniformed Services University of the Health 
Sciences, Bethesda, Maryland, USA 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Bacterial Two-Component Systems: Structures and Signaling Mechanisms 463 

Acknowledgement 

The author thanks Dr. Chou-Zen Giam, Dr. Linda Miallau, and Dr. Issar Smith for helpful 
comments and revisions of the manuscript.  This work was supported by a grant GM079185 
from the National Institute of Health of the United States. 

6. References 

[1] Aravind L, Ponting CP. The cytoplasmic helical linker domain of receptor histidine 
kinase and methyl-accepting proteins is common to many prokaryotic signalling 
proteins. FEMS Microbiol Lett. 1999;176(1):111-6. 

[2] Hefti MH, Francoijs KJ, de Vries SC, Dixon R, Vervoort J. The PAS fold. A redefinition of 
the PAS domain based upon structural prediction. Eur J Biochem. 2004;271(6):1198-208. 

[3] Martinez SE, Beavo JA, Hol WG. GAF domains: two-billion-year-old molecular switches 
that bind cyclic nucleotides. Mol Interv. 2002;2(5):317-23. 

[4] Wayne LG, Sohaskey CD. Nonreplicating persistence of mycobacterium tuberculosis. 
Annu Rev Microbiol. 2001;55:139-63. 

[5] Cho HY, Cho HJ, Kim YM, Oh JI, Kang BS. Structural insight into the heme-based redox 
sensing by DosS from Mycobacterium tuberculosis. J Biol Chem. 2009;284(19):13057-67. 

[6] Podust LM, Ioanoviciu A, Ortiz de Montellano PR. 2.3 A X-ray structure of the heme-
bound GAF domain of sensory histidine kinase DosT of Mycobacterium tuberculosis. 
Biochemistry. 2008;47(47):12523-31. 

[7] Miyatake H, Mukai M, Park SY, Adachi S, Tamura K, Nakamura H, et al. Sensory 
mechanism of oxygen sensor FixL from Rhizobium meliloti: crystallographic, 
mutagenesis and resonance Raman spectroscopic studies. J Mol Biol. 2000;301(2):415-31. 

[8] Sevvana M, Vijayan V, Zweckstetter M, Reinelt S, Madden DR, Herbst-Irmer R, et al. A 
ligand-induced switch in the periplasmic domain of sensor histidine kinase CitA. J Mol 
Biol. 2008;377(2):512-23. 

[9] Cheung J, Hendrickson WA. Sensor domains of two-component regulatory systems. 
Curr Opin Microbiol. 2010;13(2):116-23. 

[10] Cheung J, Hendrickson WA. Structural analysis of ligand stimulation of the histidine 
kinase NarX. Structure. 2009;17(2):190-201. 

[11] Moore JO, Hendrickson WA. Structural analysis of sensor domains from the TMAO-
responsive histidine kinase receptor TorS. Structure. 2009;17(9):1195-204. 

[12] Jing X, Jaw J, Robinson HH, Schubot FD. Crystal structure and oligomeric state of the 
RetS signaling kinase sensory domain. Proteins. 2010;78(7):1631-40. 

[13] Airola MV, Watts KJ, Bilwes AM, Crane BR. Structure of concatenated HAMP domains 
provides a mechanism for signal transduction. Structure. 2010;18(4):436-48. 

[14] Hulko M, Berndt F, Gruber M, Linder JU, Truffault V, Schultz A, et al. The HAMP 
domain structure implies helix rotation in transmembrane signaling. Cell. 
2006;126(5):929-40. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 464 

[15] Appleman JA, Chen LL, Stewart V. Probing conservation of HAMP linker structure and 
signal transduction mechanism through analysis of hybrid sensor kinases. J Bacteriol. 
2003;185(16):4872-82. 

[16] Zhu Y, Inouye M. Analysis of the role of the EnvZ linker region in signal transduction 
using a chimeric Tar/EnvZ receptor protein, Tez1. J Biol Chem. 2003;278(25):22812-9. 

[17] Ferris HU, Dunin-Horkawicz S, Mondejar LG, Hulko M, Hantke K, Martin J, et al. The 
mechanisms of HAMP-mediated signaling in transmembrane receptors. Structure. 
2011;19(3):378-85. 

[18] Ferris HU, Dunin-Horkawicz S, Hornig N, Hulko M, Martin J, Schultz JE, et al. 
Mechanism of regulation of receptor histidine kinases. Structure. 2012;20(1):56-66. 

[19] Tomomori C, Tanaka T, Dutta R, Park H, Saha SK, Zhu Y, et al. Solution structure of the 
homodimeric core domain of Escherichia coli histidine kinase EnvZ. Nat Struct Biol. 
1999;6(8):729-34. 

[20] Varughese KI, Madhusudan, Zhou XZ, Whiteley JM, Hoch JA. Formation of a novel 
four-helix bundle and molecular recognition sites by dimerization of a response 
regulator phosphotransferase. Mol Cell. 1998;2(4):485-93. 

[21] Marina A, Waldburger CD, Hendrickson WA. Structure of the entire cytoplasmic 
portion of a sensor histidine-kinase protein. Embo J. 2005;24(24):4247-59. 

[22] Trajtenberg F, Grana M, Ruetalo N, Botti H, Buschiazzo A. Structural and enzymatic 
insights into the ATP binding and autophosphorylation mechanism of a sensor 
histidine kinase. J Biol Chem. 2010;285(32):24892-903. 

[23] Marina A, Mott C, Auyzenberg A, Hendrickson WA, Waldburger CD. Structural and 
mutational analysis of the PhoQ histidine kinase catalytic domain. Insight into the 
reaction mechanism. J Biol Chem. 2001;276(44):41182-90. 

[24] Albanesi D, Martin M, Trajtenberg F, Mansilla MC, Haouz A, Alzari PM, et al. 
Structural plasticity and catalysis regulation of a thermosensor histidine kinase. Proc 
Natl Acad Sci U S A. 2009;106(38):16185-90. 

[25] Zhang Z, Hendrickson WA. Structural characterization of the predominant family of 
histidine kinase sensor domains. J Mol Biol. 2010;400(3):335-53. 

[26] Gordeliy VI, Labahn J, Moukhametzianov R, Efremov R, Granzin J, Schlesinger R, et al. 
Molecular basis of transmembrane signalling by sensory rhodopsin II-transducer 
complex. Nature. 2002;419(6906):484-7. 

[27] Goldberg SD, Clinthorne GD, Goulian M, DeGrado WF. Transmembrane polar 
interactions are required for signaling in the Escherichia coli sensor kinase PhoQ. Proc 
Natl Acad Sci U S A. 2010;107(18):8141-6. 

[28] Casino P, Rubio V, Marina A. Structural insight into partner specificity and phosphoryl 
transfer in two-component signal transduction. Cell. 2009;139(2):325-36. 

[29] Bick MJ, Lamour V, Rajashankar KR, Gordiyenko Y, Robinson CV, Darst SA. How to 
switch off a histidine kinase: crystal structure of Geobacillus stearothermophilus KinB 
with the inhibitor Sda. J Mol Biol. 2009;386(1):163-77. 

[30] Galperin MY. Diversity of structure and function of response regulator output domains. 
Curr Opin Microbiol. 2010;13(2):150-9. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Bacterial Two-Component Systems: Structures and Signaling Mechanisms 465 

[31] Bourret RB. Receiver domain structure and function in response regulator proteins. 
Curr Opin Microbiol. 2010;13(2):142-9. 

[32] Gao R, Stock AM. Molecular strategies for phosphorylation-mediated regulation of 
response regulator activity. Curr Opin Microbiol. 2010;13(2):160-7. 

[33] Barbieri CM, Mack TR, Robinson VL, Miller MT, Stock AM. Regulation of response 
regulator autophosphorylation through interdomain contacts. J Biol Chem. 
2010;285(42):32325-35. 

[34] Menon S, Wang S. Structure of the response regulator PhoP from Mycobacterium 
tuberculosis reveals a dimer through the receiver domain. Biochemistry. 
2011;50(26):5948-57. 

[35] Nowak E, Panjikar S, Konarev P, Svergun DI, Tucker PA. The structural basis of signal 
transduction for the response regulator PrrA from Mycobacterium tuberculosis. J Biol 
Chem. 2006;281(14):9659-66. 

[36] Bachhawat P, Stock AM. Crystal structures of the receiver domain of the response 
regulator PhoP from Escherichia coli in the absence and presence of the phosphoryl 
analog beryllofluoride. J Bacteriol. 2007;189(16):5987-95. 

[37] Toro-Roman A, Wu T, Stock AM. A common dimerization interface in bacterial 
response regulators KdpE and TorR. Protein Sci. 2005;14(12):3077-88. 

[38] Birck C, Mourey L, Gouet P, Fabry B, Schumacher J, Rousseau P, et al. Conformational 
changes induced by phosphorylation of the FixJ receiver domain. Structure. 
1999;7(12):1505-15. 

[39] Sidote DJ, Barbieri CM, Wu T, Stock AM. Structure of the Staphylococcus aureus AgrA 
LytTR domain bound to DNA reveals a beta fold with an unusual mode of binding. 
Structure. 2008;16(5):727-35. 

[40] Blanco AG, Sola M, Gomis-Ruth FX, Coll M. Tandem DNA recognition by PhoB, a two-
component signal transduction transcriptional activator. Structure. 2002;10(5):701-13. 

[41] Maris AE, Kaczor-Grzeskowiak M, Ma Z, Kopka ML, Gunsalus RP, Dickerson RE. 
Primary and secondary modes of DNA recognition by the NarL two-component 
response regulator. Biochemistry. 2005;44(44):14538-52. 

[42] Maris AE, Sawaya MR, Kaczor-Grzeskowiak M, Jarvis MR, Bearson SM, Kopka ML, et 
al. Dimerization allows DNA target site recognition by the NarL response regulator. 
Nat Struct Biol. 2002;9(10):771-8. 

[43] Baikalov I, Schroder I, Kaczor-Grzeskowiak M, Grzeskowiak K, Gunsalus RP, 
Dickerson RE. Structure of the Escherichia coli response regulator NarL. Biochemistry. 
1996;35(34):11053-61. 

[44] Milani M, Leoni L, Rampioni G, Zennaro E, Ascenzi P, Bolognesi M. An active-like 
structure in the unphosphorylated StyR response regulator suggests a phosphorylation- 
dependent allosteric activation mechanism. Structure. 2005;13(9):1289-97. 

[45] Wisedchaisri G, Wu M, Sherman DR, Hol WG. Crystal structures of the response 
regulator DosR from Mycobacterium tuberculosis suggest a helix rearrangement 
mechanism for phosphorylation activation. J Mol Biol. 2008;378(1):227-42. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



 
Protein Phosphorylation in Human Health 466 

[46] Wisedchaisri G, Wu M, Rice AE, Roberts DM, Sherman DR, Hol WG. Structures of 
Mycobacterium tuberculosis DosR and DosR-DNA complex involved in gene activation 
during adaptation to hypoxic latency. J Mol Biol. 2005;354(3):630-41. 

[47] Robinson VL, Wu T, Stock AM. Structural analysis of the domain interface in DrrB, a 
response regulator of the OmpR/PhoB subfamily. J Bacteriol. 2003;185(14):4186-94. 

[48] Buckler DR, Zhou Y, Stock AM. Evidence of intradomain and interdomain flexibility in 
an OmpR/PhoB homolog from Thermotoga maritima. Structure (Camb). 2002;10(2):153-
64. 

[49] King-Scott J, Nowak E, Mylonas E, Panjikar S, Roessle M, Svergun DI, et al. The 
structure of a full-length response regulator from Mycobacterium tuberculosis in a 
stabilized three-dimensional domain-swapped, activated state. J Biol Chem. 
2007;282(52):37717-29. 

[50] Friedland N, Mack TR, Yu M, Hung LW, Terwilliger TC, Waldo GS, et al. Domain 
orientation in the inactive response regulator Mycobacterium tuberculosis MtrA 
provides a barrier to activation. Biochemistry. 2007;46(23):6733-43. 

[51] Gupta S, Sinha A, Sarkar D. Transcriptional autoregulation by Mycobacterium 
tuberculosis PhoP involves recognition of novel direct repeat sequences in the 
regulatory region of the promoter. FEBS Lett. 2006;580(22):5328-38. 

[52] Wang S, Engohang-Ndong J, Smith I. Structure of the DNA-binding domain of the 
response regulator PhoP from Mycobacterium tuberculosis. Biochemistry. 
2007;46(51):14751-61. 

[53] Yamada S, Sugimoto H, Kobayashi M, Ohno A, Nakamura H, Shiro Y. Structure of 
PAS-linked histidine kinase and the response regulator complex. Structure. 
2009;17(10):1333-44. 

[54] Zapf J, Sen U, Madhusudan, Hoch JA, Varughese KI. A transient interaction between 
two phosphorelay proteins trapped in a crystal lattice reveals the mechanism of 
molecular recognition and phosphotransfer in signal transduction. Structure. 
2000;8(8):851-62. 

[55] Varughese KI, Tsigelny I, Zhao H. The crystal structure of beryllofluoride Spo0F in 
complex with the phosphotransferase Spo0B represents a phosphotransfer pretransition 
state. J Bacteriol. 2006;188(13):4970-7. 

[56] Gotoh Y, Eguchi Y, Watanabe T, Okamoto S, Doi A, Utsumi R. Two-component signal 
transduction as potential drug targets in pathogenic bacteria. Curr Opin Microbiol. 
2010;13(2):232-9. 

[57] Guarnieri MT, Zhang L, Shen J, Zhao R. The Hsp90 inhibitor radicicol interacts with the 
ATP-binding pocket of bacterial sensor kinase PhoQ. J Mol Biol. 2008;379(1):82-93. 

[58] Ryndak M, Wang S, Smith I. PhoP, a key player in Mycobacterium tuberculosis 
virulence. Trends Microbiol. 2008;16(11):528-34. 

[59] Frigui W, Bottai D, Majlessi L, Monot M, Josselin E, Brodin P, et al. Control of M. 
tuberculosis ESAT-6 secretion and specific T cell recognition by PhoP. PLoS pathogens. 
2008;4(2):e33. 

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )




