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Abstract 

Protein Kinase C (PKC) is a family of serine/threonine kinases whose function is 

influenced by phosphorylation. In particular, three conserved phosphorylation sites 

known as the activation-loop, the turn-motif and the hydrophobic-motif play 

important roles in controlling the catalytic activity, stability and intracellular 

localisation of the enzyme. Prevailing models of PKC phosphorylation suggest that 

phosphorylation of these sites occurs shortly following synthesis and that these 

modifications are required for the processing of newly-transcribed PKC to the mature 

(but still inactive) form; phosphorylation is therefore a priming event that enables 

catalytic activation in response to lipid second messengers. However, many studies 

have also demonstrated inducible phosphorylation of PKC isoforms at these sites 

following stimulation, highlighting that our understanding of PKC phosphorylation 

and its impact on enzymatic function is incomplete. Furthermore, inducible 

phosphorylation at these sites is often interpreted as catalytic activation, which could 

be misleading for some isoforms. Recent studies that include systems-wide 

phosphoproteomic profiling of cells has revealed a host of additional (and in many 

cases non-conserved) phosphorylation sites on PKC family members that influence 

their function. Many of these may in fact be more suitable than previously described 

sites as surrogate markers of catalytic activation. Here we discuss the role of 

phosphorylation in controlling PKC function and outline our current understanding of 

the mechanisms that regulate these phosphorylation sites.     

 

Keywords: PKC, phosphorylation, signalling 
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1.1 Introduction 

Protein Kinase C (PKC) is a family of phospholipid-dependent serine/threonine 

kinases that play key roles in many of the signalling pathways that control cellular 

growth, proliferation, differentiation and cell death [1,2].  To date, nine different PKC 

isoforms that are transcribed from separate genes have been cloned and characterised.  

Expression of PKCs is widely varied with different cell types expressing different 

family members.  PKCs preferentially phosphorylate substrates that contain a 

serine/threonine in the context of adjacent amino acids, with different isoforms 

preferring particular amino acids that surround the phosphorylation site [3,4]. All 

PKC isoforms share a similar overall structure in that they consist of an N-terminal 

regulatory domain that is coupled to a highly conserved C-terminal kinase domain 

(Figure 1).  The N-terminal regulatory domain primarily serves two functions.  

Firstly, it contains one or more modules (C1, C2, PB1 or phosphatidylserine-binding 

domains) that, when engaged by lipid second messengers or other interacting proteins, 

tether the enzyme to various locations in the cell such as the plasma membrane.  

Secondly, the regulatory domain negatively regulates enzymatic activity; located at 

the N-terminus is a peptide sequence that closely resembles a PKC substrate site, 

except that the serine/threonine residue is replaced by an alanine (Figure 1).  This 

pseudosubstrate (PS) sequence binds to the substrate-binding cavity in the C-terminus 

and blocks catalytic activity.  Removal of this pseudosubstrate sequence from the 

kinase domain occurs when lipid second messengers bind to the regulatory domain, 

resulting in substrate binding and phosphorylation [5].  

Situated on the C-terminal kinase domain is the ATP-binding site (C3 domain) 

and the substrate-binding site (C4 domain) (Figure 1).  Interspaced between the N-

terminal and C-terminal domains is a non-conserved ‘hinge’ domain that is also 
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known as the V3 region (Figure 1).  When PKC is active (i.e. bound to lipid second 

messengers), the hinge domain may become labile to proteolytic enzymes such as 

Ca
2+

-dependent calpains. Calpain-mediated cleavage of PKC at the hinge domain 

produces an isolated kinase domain fragment that is also known as PKM [6,7]. The 

hinge domains of certain PKCs are also susceptible to cleavage by caspases during 

apoptosis [8,9], with roles for cleaved PKC isoforms, particularly the kinase domain 

fragment of PKC , in this process [10,11].  The kinase domain fragments that are 

produced following calpain/caspase-mediated cleavage are generally considered to be 

constitutively active in the absence of any lipid second messengers, provided that 

these domains are phosphorylated at a key site known as the activation-loop [12]. As 

will be discussed in more detail in Section 1.2.1, PKC  is an exception to this rule 

however since the cleaved kinase domain of this enzyme can function independently 

of activation-loop phosphorylation [13].      

The nine PKC isoforms are classified into three subgroups, based on the 

presence or absence of functional membrane-binding modules in their respective N-

terminal regulatory domains. These are known as the conventional PKCs (cPKCs; 

comprised of PKC , I/ II and  isoforms), the novel PKCs (nPKCs; comprised of , 

,  and ) and the atypical PKCs (aPKCs; comprised of PKC  and ).  The structural 

features and mechanism of activation of these isoforms has been reviewed elsewhere 

[1,2,14].  Spatial and temporal control of PKC signalling is also influenced via 

interaction with adaptor/scaffolding proteins that anchor the PKCs to various 

intracellular locations in the cell. A multitude of adaptor proteins that influence PKC 

function have been characterised, including A-Kinase Anchoring Proteins (AKAPs) 

[15,16], Receptors for Activated C Kinases (RACKs) [17,18] and 14-3-3 proteins 

[19,20].  Termination of PKC signalling is best described for cPKCs and nPKCs. 
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These isoforms translocate back to the cytosol following the removal of DAG from 

the plasma membrane. Removal of DAG is achieved in a number of ways, including 

downregulation and/or degradation cell surface receptors and conversion of DAG to 

phosphatidic acid by DAG kinase [21]. Unlike DAG, phorbol esters are not readily 

metabolised in the cell, which results in persistent PKC signalling. PKC signalling 

may also be terminated by downregulation of the enzyme from the cell, a process that 

is often promoted by dephosphorylation of the enzyme at a number of sites (see 

Section 1.3).  
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1.2  Phosphorylation of Protein Kinase C 

While it had been demonstrated that PKC family members underwent a post-

translational modification shortly after synthesis that was later shown to involve 

phosphorylation [22], it was not until studies involving mutational analysis of 

predicted phosphorylation sites [23,24] and mass spectrometry [25,26] that three key 

phosphorylation sites were identified on the C-terminus that were important for PKC 

function. These sites are known as the activation-loop (A-loop), the turn-motif (TM) 

and the hydrophobic-motif (HM). While all three sites are conserved in cPKCs and 

nPKCs, the aPKCs do not contain a HM residue but instead possess a negatively 

charged glutamic acid, perhaps mimicking a constitutively phosphorylated state 

(Figure 1).  Furthermore, many of these phosphorylation sites are also conserved on 

other kinases termed ABC kinases (representing PKA, PKB, PKC and other kinase 

families such as p70 and p90 ribosomal S6 kinases).  Initial investigations that 

characterised these sites on PKCs probably assumed that similar pathways or 

mechanisms regulate all isoforms. Recent findings have demonstrated however that 

this is not always the case, with notable differences reported in PKC isoforms in terms 

of the regulatory inputs that influence these phosphorylation sites and the impact they 

have on isoform-specific function. Here we summarise the role of these 

phosphorylation sites in terms of modulating PKC function. 

 

1.2.1 Activation-loop phosphorylation 

For the vast majority of PKC isoforms, phosphorylation of the A-loop is crucial for 

catalysis, since mutation of this residue to a non-phosphorylatable residue abolishes 

activity (Table 1). In many cases, substitution of the A-loop threonine residue with a 

negatively charged residue (to mimic phosphorylation) restores catalytic activity. The 
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molecular basis of A-loop phosphorylation in controlling catalytic activity has been 

revealed with the publication of the crystal structures of the kinase domains of PKC , 

PKC  and PKC II: phosphorylation at the A-loop makes important contributions in 

stabilising the active conformation of these kinases by forming ionic contacts with 

positively-charged residues in the vicinity of the kinase domain [27-29].  

While A-loop phosphorylation is required for catalytic activity of most PKC 

isoforms, a notable exception is PKC  (Table 1). Mutation of the A-loop residue of 

PKC  has no effect on in-vitro catalytic activity [30,31,13]. Instead, phosphorylation 

of this residue on PKC  fine-tunes the specificity of the enzyme towards some of its 

substrates [13,32]. Molecular modelling and mutational analysis have demonstrated 

that in the absence of A-loop phosphorylation, PKC  catalytic activity is stabilised by 

a pair of phenylalanine residues and an additional 20 residues that are located N-

terminal to the kinase domain [13]. Interestingly, this pair of phenylalanine residues is 

not conserved in any other PKC isoform and therefore provides a molecular basis as 

to why PKC  can function in the absence of A-loop phosphorylation. The cleaved 

PKC kinase domain fragments that are formed via calpain/caspase-mediated cleavage 

generally require A-loop phosphorylation for catalytic activity [12]. PKC  again 

appears to be an exception to this rule in that this cleaved kinase domain fragment can 

function independently of A-loop phosphorylation to modulate the apoptotic cascade 

[13].  

Convincing evidence has demonstrated that A-loop phosphorylation of PKC 

isoforms is catalysed by the enzyme Phosphoinositide-Dependent Protein Kinase-1 

(PDK-1). PDK-1 has been shown to phosphorylate cPKC, nPKC and aPKCs both in 

vitro and when over-expressed in different cell types [33-36]. Most importantly 

perhaps is that the intracellular levels and/or A-loop phosphorylation of PKCs is 
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reduced in cells that are deficient in PDK-1. For example, embryonic stem (ES) cells 

that lack PDK-1 have vastly reduced levels of PKC , II,  and , demonstrating that 

phosphorylation by PDK-1 plays an essential role in stabilising these PKCs [37,38]. 

In the same studies, the total levels of PKC  were reported to be relatively stable in 

ES cells lacking PDK-1 and phosphorylation at the A-loop was abolished [37,38]. In 

T lymphocytes, Ghosh and colleagues have demonstrated that knockdown of PDK-1 

expression inhibits A-loop phosphorylation of PKC  [39]; this defect is recapitulated 

in PDK-1-null T cells [40].  

PDK-1 is known as a master kinase that phosphorylates the A-loop of many 

protein kinase families in addition to PKC, such as PKB/Akt [41]. PDK-1 contains a 

PH domain at its C terminus that binds with high affinity to the lipid products of PI3-

kinase (phosphatidylinositol 3,4-diphosphate and phosphatidylinositol 3,4,5-

triphosphate). The PH domain of PDK-1 is not required for the A-loop 

phosphorylation of PKC isoforms, however, since phosphorylation at this site occurs 

independently of the PI3-kinase pathway [42]. Furthermore, PDK-1 knock-in cells in 

which the PH domain is disrupted display relatively normal levels of PKC A-loop 

phosphorylation [38,43]. Instead, PDK-1 catalyses A-loop phosphorylation of PKCs 

by docking on residues that surround the HM site [44,45,38] (see Section 1.1.4).        

 While numerous studies have demonstrated that PDK-1 is the A-loop kinase 

of PKCs in a variety of cell types, more recent studies have also indicated that PKC 

A-loop phosphorylation may occur independently of this master kinase. For example, 

although PKC  expression is reduced in ES cells that lack PDK-1, phosphorylation at 

the A-loop is detectable on the residual pool of PKC  [44,38]. The reduced levels of 

PKC  in PDK-1-null ES cells are surprising given that this isoform can function 

independently of A-loop phosphorylation [30,31,13] and instead may be accounted by 
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the lower mRNA levels (~50%) that have been reported for this isoform in these 

PDK-1-null cells [37]. Cantrell and colleagues have also recently shown that deletion 

of PDK-1 in thymocytes does not abolish PKC  A-loop phosphorylation [132], while 

the enzyme has also been reported to autophosphorylate its own A-loop in 

cardiomyocytes via a mechanism that is dependent on prior tyrosine phosphorylation 

of the enzyme at the hinge domain by Src kinases [46,32]. These studies imply that 

autophosphorylation or indeed a kinase other than PDK-1 may catalyse 

phosphorylation at this site on PKC . Similarly, although PDK-1 has been shown to 

be required for A-loop phosphorylation of PKC  in T cells [39,40], this isoform is 

capable of autophosphorylating at this residue following expression in bacteria [47]. 

Kinases other than PDK-1 have been implicated in PKC A-loop phosphorylation. For 

example, it has been reported that human biliverdin reductase (hBVR) may 

phosphorylate the A-loop of PKC II [48], while 5’-AMP-activated protein kinase 

(AMPK) has recently been shown to directly phosphorylate the A-loop threonine of 

PKC  during hypoxia [49]. It is clear therefore that PDK-1 and/or alternative 

pathways may influence PKC A-loop phosphorylation and highlights that our 

understanding of the mechanisms that catalyse phosphorylation at this site is 

incomplete and warrants further investigation. 

 

1.2.2 Turn motif phosphorylation 

The turn motif (TM) is located outside the C4 kinase domain on a region of the 

enzyme known as the C-terminal tail and this site is conserved in all PKC isoforms 

(Figure 1). Crystallisation studies and molecular modelling of the kinase domains of 

PKC II, PKC  and PKC  has demonstrated that the phosphate on the TM makes 

important contacts with other residues on the enzyme to help stabilise the kinase core 
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of the enzyme [28,29,50]. While phosphorylation at the TM influences enzyme 

stability, differences have been reported as to the importance of this site for catalytic 

activity (Table 1). For example, phosphorylation at the TM is required for PKC I and 

PKC II activity [51,52], while it is dispensable for PKC , PKC  and PKC  activity 

[53,31,50]. In contrast, conflicting results have been reported as to importance of TM 

phosphorylation for PKC  activity [54,55] and PKC  activity [56,50]. The simplest 

explanation is that individual PKCs may differ in their requirement for TM 

phosphorylation for catalytic activity, perhaps due to structural differences between 

the individual isoforms, but this does not explain the differences reported for TM 

phosphorylation for PKC  and PKC . An alternative explanation is the possibility 

that compensatory phosphorylation(s) may have taken place on neighbouring 

serine/threonine residues of the TM mutants, as reported for PKC II [52]. 

Nevertheless, while mutation of the TM site on PKC  was reported to have no effect 

on catalytic activity, the mutant was susceptible to thermal instability, oxidation, 

proteolysis and dephosphorylation at other residues [53], which strongly suggests that 

phosphorylation at this site plays a role in stabilisation of the enzyme rather than 

directly controlling catalytic activity. TM phosphorylation may also influence 

function beyond stability and catalytic activity for certain PKC isoforms. As an 

example, Shaw and colleagues have shown that although mutation of the TM site on 

PKC  has no effect on catalytic activity, this mutant demonstrates an enhanced 

ability to activate the NF- B pathway in T lymphocytes [31].   

The TM site on PKC II was initially described as an autophosphorylation site, 

as it was observed that expression of a kinase-inactive PKC II mutant did not 

incorporate phosphate on its TM site [57]. Lack of phosphorylation in kinase-inactive 

PKC mutants however has recently been attributed to the fact that mutation of the 
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critical lysine in the ATP-binding site of these proteins results in increased 

susceptibility to phosphatases when expressed in cells, rather than defects in the 

ability of these mutants to autophosphorylate [58]. More recent evidence has 

demonstrated that the mammalian Target of Rapamycin (mTOR) pathway regulates 

TM phosphorylation of some, but not all, PKCs [59-61]. mTOR is a serine/threonine 

kinase that associates with other proteins to form multi-protein complexes. One of 

these complexes, mTORC1, is sensitive to the drug rapamycin while the other 

complex, mTORC2, is insensitive to acute rapamycin treatment [62]. mTORC2 has 

been implicated in TM phosphorylation of cPKCs ( , I, II, ) and PKC  in murine 

embryonic fibroblasts (MEFs) [59,60]. In MEFs that lack critical components of the 

mTORC2 complex, the levels of expression of cPKCs and PKC  are vastly reduced 

and TM phosphorylation is also absent on the residual pool of PKC  (A-loop and 

HM phosphorylation are also absent). The effect of mTORC2 on these PKCs appears 

to be indirect. Nonetheless, the instability of these PKCs in cells that lack mTORC2-

specific components is reminiscent of the reduced levels of expression of PKCs that 

have been reported in PDK-1-null ES cells [37]. Whether this lower expression of 

PKCs in mTORC2-deficient MEFs is due to absent TM phosphorylation or is also a 

consequence of lack of phosphorylation at the A-loop/HM sites is unknown at 

present. In line with this, it is well known that lack of phosphate at one site on PKC 

such as the HM increases its sensitivity to phosphatases, which results in 

dephosphorylation of other sites on the enzyme, leading to protein instability [63-65]. 

Since mTORC2 has also been implicated in HM phosphorylation of PKCs (see 

Section 1.2.3), it is possible that this instability is also due to lack of phosphorylation 

at the HM and/or the A-loop. It appears that mTORC2 does not regulate all PKC 

isoforms in MEFs however, since the levels of TM phosphorylation of PKC /  or 
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levels of expression of PKC , , ,  and  are unaffected in cells that lack mTORC2-

specific components [59,60]. This implies that other signalling pathways or 

autophosphorylation may regulate these isoforms at this site. Indeed, the TM of PKC 

 has been reported to be an autophosphorylation site [54,66]. While deletion of 

mTORC2-specific components in MEFs appears to have no effect on TM 

phosphorylation or expression of PKC , this pathway regulates TM phosphorylation 

of PKC  in T lymphocytes [61]. A role for the mTORC2 pathway in PKC  

phosphorylation in T cells but not in MEFs highlight the fact that regulatory inputs 

that influence PKC function are likely not just to be isoform but also cell type 

specific.  

The phosphorylation state of the TM site also serves as a switch to regulate the 

binding of chaperone proteins to help protect PKCs from degradation. For example, 

Heat-shock protein-70 and keratins bind PKCs that have become dephosphorylated at 

the TM. This interaction stabilises PKC and facilitates re-phosphorylation at this site 

and thus helps to preserve the function of these enzymes [67,68].  

 

1.2.3 Hydrophobic-motif phosphorylation  

The HM phosphorylation site is conserved in cPKCs and nPKCs, but is absent in 

aPKCs (Figure 1). Molecular modelling studies have shown that the negatively 

charged phosphate at the HM site on PKC II and PKC  forms hydrogen bonds with 

an invariant glycine residue and thus serves to stabilise the enzyme [27,29]. While 

this phosphorylation site is not conserved in aPKCs, the negatively charged glutamic 

acid residue at the HM site on PKC  performs a similar function [28]. The sequence 

surrounding the HM also serves as a docking site for the A-loop kinase PDK-1 

[44,45,38].  
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Like the TM site, mutation of the HM site to a non-phosphorylatable residue in 

cPKCs and nPKCs has been reported to have varying effects on the catalytic activity 

and function of the enzyme (Table 1). For example, two studies differed with regard 

to the effect of HM phosphorylation on PKC  activity [63,65]. Both reports 

concluded however that phosphorylation at this site promotes the formation of a 

‘closed’ conformation that protects the enzyme from inactivation by phosphatases. 

Mutation of the HM site on PKC II has no effect on catalytic activity but 

phosphorylation at this position is required for enzyme stability and the function of a 

signalling-competent enzyme [69].  Curiously, mutation of the HM site on PKC  

increases catalytic activity [70], while mutation of the HM site on PKC  reduces 

activity 5-fold [31]. These studies again highlight the different roles that these 

conserved phosphorylation sites have on PKC function.  

 While cPKCs were initially reported to autophosphorylate at both the TM and 

HM [57], the mTORC2 complex has also been implicated in HM phosphorylation of 

PKC  in MEFs [71,72,59], while mTORC2 also influences PKC  phosphorylation 

at this site in T lymphocytes [61]. Interestingly, while the levels of expression of PKC 

 are unaffected following deletion of mTORC2 components in MEFs [59,60], 

phosphorylation of PKC  (and PKC 
*
) at the HM motif is sensitive to rapamycin 

treatment in human embryonic kidney cells, which therefore implicates the mTORC1 

complex in phosphorylation of these isoforms [73,66]. It is clear therefore that 

mTORC1, mTORC2 and possibly other pathways impact on the HM of different 

PKCs and contribute to their function in diverse ways. 

                                                 
*
 As the rapamycin-insensitive mTORC2 pathway influences PKC  stability [59], it is interesting that 

PKC  phosphorylation is also sensitive to rapamycin, which therefore implicates both mTORC 

pathways in PKC  function. 
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Similar to the TM site, the phosphorylation state of the HM is also regulated by 

chaperone proteins that include the Hsp family [74]. In this case, Hsp-90 and Cdc37 

perform a dual role in regulating PKCs. Hsp-90 and Cdc37 first facilitate the 

phosphorylation of PKCs at the HM by binding to newly synthesised cPKCs and 

nPKCs during their life cycle (aPKC phosphorylation is not regulated by these 

chaperones as this subclass of PKCs do not contain a HM site) and, secondly, these 

chaperones help stabilise the steady-state level of all subclasses of the PKC family.   

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 15 

1.3 Dephosphorylation of PKC 

PKC signalling is terminated by the metabolism of DAG, which results in the 

translocation of cPKCs/nPKCs back to the cytoplasm. It has also been reported that 

dephosphorylation of PKCs can occur at sites such as the A-loop and HM in response 

to stimuli such as Tumor Necrosis Factor- , which is likely to be a key step in turning 

off the signalling capacity of these kinases [75]. Prolonged PKC signalling that is 

promoted by phorbol esters or sustained DAG signalling results in downregulation of 

PKCs via the ubiquitin/proteasome system [76,77] and studies have shown that 

dephosphorylation of PKCs at the A-loop, TM and HM sites occurs prior to 

downregulation [78]. Dephosphorylation of PKCs in cells was initially shown to be 

sensitive to okadaic acid, which implicated the PP2a-like phosphatases in this process 

[79,80,75]. More recent studies have identified an additional family of okadaic acid-

insensitive phosphatases called PHLPPs that specifically dephosphorylate the HM 

(but not the TM) of PKCs upon prolonged phorbol ester treatment [81].  It should be 

noted however that while dephosphorylation serves as an important switch to turn off 

the activity of these enzymes, dephosphorylation does not necessarily predispose the 

enzyme to degradation [79]. Consistent with this, it has been reported that 

downregulation of PKC  can occur through a ubiquitin/proteasome pathway that 

does not involve dephosphorylation of the enzyme [82].  
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1.4   PKC phosphorylation: constitutive or inducible?  

Phosphorylation of PKCs at the A-loop, TM and HM sites have been described as 

maturational or priming events that are required for the processing of these enzymes 

to signalling-competent (but still inactive) forms.  This theme developed because it 

was demonstrated that PKCs (predominantly cPKCs) are phosphorylated at these sites 

shortly after synthesis [83,42] and are often highly phosphorylated at these sites in 

many types of cells grown in culture, even under quiescent conditions [26,66,84]. In 

the absence of phosphorylation at one or more of these sites, catalytic activation of 

these isoforms is impaired or enzyme stability is compromised.  A model has 

therefore been proposed for PKC phosphorylation [14,85] in which (a) the primary 

translation product is phosphorylated at the A-loop by PDK-1 at the plasma 

membrane shortly after synthesis (b) PDK-1 disassociates from PKC, which is then 

followed by phosphorylation at the TM and HM sites via mTORC1/mTORC2-

dependent pathways or autophosphorylation (c) these phosphorylations allow PKC to 

adopt a stable and ‘closed’ enzyme conformation in which the pseudosubstrate 

occupies the substrate-binding site and the enzyme predominantly localises to the 

cytosol. The enzyme is now in an inactive but signalling-competent state that is ready 

to be activated by lipid second messengers such as DAG. Phosphorylation is therefore 

constitutive and is a priming event that enables catalytic activation in response to 

cellular signalling (Figure 2).      

While this model undoubtedly holds true for PKCs in many types of cells, it is 

now clear that PKCs can also exist in non/hypo-phosphorylated forms, with cellular 

stimulation resulting in inducible phosphorylation at some or all of these sites. For 

example, inducible phosphorylation has been reported for cPKCs (at all three sites) 

[86-88], nPKCs (at all three sites) [89-91,61] and aPKCs (PKC  on its A-loop site) 
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[92,49] following stimulation.  These findings suggest that an additional model should 

be made that describes inducible phosphorylation of PKCs during their life cycle 

(Figure 2). This new model poses new and interesting questions that remain to be 

addressed however. One outstanding question is: how is PKC stability and/or 

conformation maintained in cells in the absence of phosphorylation at these sites? 

This is an intriguing question, since PKCs are often unstable in cells when 

phosphorylation is lacking at one or more of these sites, as demonstrated in PDK-1 or 

mTORC2-deficient cells. Possible stabilising factors include chaperones such as the 

Hsp family, keratins and Cdc37. Newton and colleagues have demonstrated however 

that Hsp-70 only associates with ‘mature’ (i.e. phosphorylated) PKC that has 

undergone dephosphorylation at the TM, and that this chaperone does not associate 

with the newly synthesised PKCs that have yet to undergo these regulatory 

phosphorylations [67]. Other candidates include Hsp-90 and Cdc37, which bind to 

newly synthesised PKCs and facilitate the phosphorylation of these isoforms at the 

HM [74]. Another possible candidate is the Centrosome and Golgi localised PKN-

associated protein (CG-NAP), a member of the AKAP family (also known as AKAP-

450). CG-NAP/AKAP-450 binds immature, non-phosphorylated PKC  following 

synthesis and serves as a scaffolding protein to regulate the phosphorylation process 

[93]. AKAPs have been shown to facilitate phosphorylation of PKCs that follow the 

constitutive phosphorylation model. Whether these proteins function to anchor and 

stabilise non-phosphorylated PKCs in cells until such time that cellular stimulation 

recruits PKCs to membranes and induces phosphorylation requires further work 

however.  Other key questions that remains to be addressed include how other 

putative activation-loop kinases (e.g. AMPK or hBVR) fit into the models that 
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describe PKC phosphorylation, and ‘where-when-how’ they interact with individual 

PKCs during their life cycle.  

 The observation that cellular stimulation may induce PKC phosphorylation at 

the A-loop, TM or HM has often resulted in phosphorylation-specific antibodies to 

these sites being used as ‘activation markers’ of these enzymes, which could be 

misleading for some isoforms. For example, phosphorylation of PKC  or II at the 

HM does not necessarily correlate with catalytic activation, but instead is more 

indicative of a stable or ‘closed’ enzyme conformation [65,69], while A-loop 

phosphorylation of PKC  does not reflect catalytic activity at all [13].  In addition, 

A-loop phosphorylation of other isoforms may not always be reliable markers to 

monitor catalytic activation. As an example, Newton and colleagues have shown that 

mature cPKCs that are isolated from cells are quantitatively phosphorylated at the TM 

and HM sites, while only ~ 50% of this species retains phosphate at the A-loop [26]. 

Although the reasons for this dephosphorylation at the A-loop are unclear, re-

phosphorylation of this species by PDK-1 at the A-loop does not increase catalytic 

activity, because phosphorylation of the A-loop site is dispensable once catalytic 

competence has been achieved for these PKCs (i.e. once TM/HM phosphorylation has 

taken place and the ‘closed’ enzyme conformation has occurred) [35]. A key question 

that remains therefore is whether the inducible phosphorylation of PKCs that has been 

observed at these sites reflect true activation events that act as switches to increase the 

catalytic activity of these proteins, or whether they just reflect an enhancement of the 

processing of PKC to more competent/mature states. Until such questions become 

clearer, we suggest that caution should be used when using phosphorylation-specific 

antibodies to these sites to assess PKC activation, a point that has also been 

highlighted by other researchers [94]. Other assays that should be used in parallel 
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include intracellular translocation assays, immune-complex kinase assays or 

phosphorylation of downstream substrates. As will be discussed in the Section 1.5, 

recent studies including phosphoproteomic analysis of PKCs has revealed additional 

and sometimes non-conserved phosphorylation sites on the enzymes. Some of these 

sites may be more suitable markers of catalytic activation.   
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1.5  New phosphorylation sites on PKC isoforms 

 Research into PKC-dependent signalling pathways over the past two decades has 

revealed additional phosphorylation sites on PKC family members that are regulated 

in response to cellular events such as receptor stimulation by growth factors or the cell 

cycle. While some of these sites are conserved on PKCs, other phosphorylation sites 

have been shown to be specific to a particular family member and thus are likely to 

contribute to the regulation of individual isoforms. Indeed, those phosphorylation sites 

that are both unique to particular isoforms and sites of autophosphorylation can be 

used as surrogate markers to monitor catalytic activity. Although autophosphorylation 

sites have been mapped on individual PKCs (PKC  - [95]; PKC  - [96]; PKC  - 

[97]) and antibodies to these sites have been raised and used as surrogate markers to 

monitor the catalytic activation of these isoforms, such reagents are not yet 

commercially available.  

Technological advances in mass spectrometry and phosphoproteomics have 

revolutionised the cell-signalling field and have also resulted in the identification of 

new phosphorylation sites on PKC family members. Some of these sites appear to be 

constitutively phosphorylated whilst others are dynamically regulated. The advantage 

of phosphoproteomics is that it can quantify global changes in site-specific 

phosphorylation levels of thousands of proteins in cells in an unbiased, systems-wide 

manner. For example, this technology has been used to (a) identify proteins in cells 

whose phosphorylation state is modulated via receptor stimulation [98-101], (b) 

identify proteins whose phosphorylation state is regulated by the cell cycle [102-104] 

and (c) indentify proteins whose phosphorylation state is perturbed as a consequence 

of drug/inhibitor treatment [105,106]. As phosphoproteomics studies and indeed 

smaller, conventional studies continue to identify new phosphorylation sites on PKC 
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family members, the next major challenge will be to characterise the impact of these 

phosphorylations on PKC function. This will hopefully be facilitated by the 

production of commercially available phosphorylation-specific antibodies to these 

sites.  Here we have used literature searches and phosphorylation site database 

searches* to summarise these additional phosphorylation sites on PKCs that have 

been reported from both conventional and phosphoproteomic studies. In particular, we 

focus on those phosphorylation sites on PKCs that are inducible or regulated in cells 

(Figure 3). 

 

*Database searches included Phosida (www.phosida.com), Phosphosite 

(www.phosphosite.org), phosphoELM (http://phospho.elm.eu.org), Human Protein 

Reference Database (www.hprd.org) and dbPTM (http://dbptm.mbc.nctu.edu.tw) 

 

PKC : PKC  undergoes phosphorylation at Thr-250 (numbering of amino acids 

from human sequences are used throughout this manuscript) located in the C2 domain 

in response to phorbol esters that mimics DAG signalling [95] and also in response to 

cells adhering to fibronectin [107] (Figure 3). Thr-250 is an autophosphorylation site 

and hence the phosphorylation status of this isoform at this site has been used as a 

marker of PKC  catalytic activity [95]. This site is unique to cPKC isoforms (PKC 

, I/II, ).  Phosphoproteomic profiling of HeLa cells has revealed that PKC  

phosphorylation also occurs at Thr-209 in the C2 domain and at Ser-319 in the hinge 

domain of the protein during mitosis [102; Phosida database] (Figure 3), while 

increased phosphorylation at Ser-319 on PKC  was also detected in a 

phosphoproteomic study of mouse macrophages stimulated with lipopolysaccharide 

(LPS) [100]. Thr-209 is conserved on other cPKC isoforms while Ser-319 is unique to 
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PKC . The impact of Thr-209/Ser-319 phosphorylation on PKC  function is 

unknown at present. PKC  has also been reported to undergo phosphorylation at 

Tyr-658 in mast cells in response to Fc R1 stimulation [108] (Figure 3).  Tyr-658 is 

located directly after the HM site and is conserved on some (PKC I, PKC , PKC , 

PKC , PKC , PKC ) but not all (PKC II, PKC , PKC ) isoforms. Tyr-658 

phosphorylation is catalysed by the tyrosine kinase Syk and phosphorylation at this 

position provides a docking site for the recruitment of the Grb-2/Sos complex, thus 

contributing to the activation of the Ras/extracellular signal-related kinase pathway in 

these cells [108]. 

 

PKC I/ II: PKC I/II has also been reported to autophosphorylate at the site that is 

equivalent to Thr-250 of PKC  in the C2 domain [unpublished data from ref. 95] 

(Figure 3). PKC I has also been shown to undergo phosphorylation on Tyr-662, the 

site located directly after the HM site, in mast cells in response to Fc R1 stimulation 

[108] (Figure 3). This Tyr is not present in the corresponding position of PKC II.  

 

PKC : To the best of our knowledge, no additional phosphorylation sites on PKC  

that are dynamically regulated in cells have been described to date.  

 

PKC : PKC  has been reported to undergo phosphorylation on a variety of sites in 

response to diverse stimuli. For example, phosphorylation of PKC  has been reported 

on Thr-141, Tyr-155 (both located either side of the pseudosubstrate sequence), Thr-

295, Ser-299, Ser-304, Tyr-313, Tyr-334 (all located in the hinge domain) and Tyr-

514, Tyr-567 (both located in the kinase domain) (Figure 3). Many of these sites are 
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not conserved on other PKCs, which strongly suggests that these sites regulate unique 

functions of the enzyme. Other residues have also been reported as phosphorylation 

sites on PKC , but cellular regulation has not been demonstrated at these sites to the 

best of our knowledge. The large number of phosphorylation sites that have been 

identified on PKC  likely reflects the multitude of signalling cascades that this kinase 

is involved in, such as apoptosis and proliferation [109,110]. While PKC  plays an 

important role in apoptosis, its role in this process is dictated by cell type, stimulus 

and intracellular localisation [10,11,111]. This is probably best exemplified in glioma 

cells, where PKC  positively influences etoposide-mediated apoptosis, whereas it 

plays a protective role in TRAIL-induced apoptosis in the same cells [112].  In many 

cases, the generation of a kinase domain fragment of PKC  via caspase-3-mediated 

cleavage at the hinge domain is necessary for PKC  to modulate the apoptotic 

cascade and it has been demonstrated that phosphorylation of different residues on the 

enzyme regulates this process. For example, the apoptotic stimulus TRAIL induces 

phosphorylation of PKC  at Tyr-155 in glioma cells and phosphorylation at this site 

is necessary for translocation of the enzyme to the endoplasmic recticulum and for the 

cleavage of PKC  to the kinase domain fragment. Phosphorylation at Tyr-155 is 

therefore an important step in regulating the ability of this enzyme to act as an anti-

apoptotic kinase in this pathway [112]. PKC  is also phosphorylated on Tyr-313 and 

Tyr-334 in the hinge domain in response to apoptotic stimuli such as TRAIL or 

cisplatin [113]. These sites are located on either side of the caspase-3 cleavage site in 

the hinge domain on PKC  (Figure 3). Phosphorylation at Tyr-334, rather than at 

Tyr-313, is required for the cleavage of PKC  to the kinase domain fragment in 

TRAIL/cisplatin-treated cells [113]. In contrast, phosphorylation at Tyr-313 is 

required for the cleavage of PKC  and apoptosis in response to oxidative stress 
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(H2O2) in neuronal cells [114]. Notably, oxidative stress also results in 

phosphorylation of Tyr-334 (hinge domain) and Tyr-514 (located in the kinase 

domain) [114,115], although the role of these sites in the H2O2-mediated apoptotic 

cascade has yet to be determined. Evidence indicates that phosphorylation at Tyr-

313/Tyr-334 is mediated by Src family kinases.  However, phosphorylation of PKC  

at Tyr-313/Tyr-334 by Src kinases is not always associated with cleavage by caspase-

3 at the hinge domain.  Ceramide-induced apoptosis in HeLa cells is also regulated in 

a PKC -dependent manner and results in phosphorylation at Tyr-313/Tyr-334. While 

phosphorylation of PKC  at Tyr-313/Tyr-334 is required for ceramide-induced 

apoptosis, cleavage of PKC  to the kinase domain fragment does not occur in 

response to this stimulus [116]. These studies highlight the fact that the signals that 

activate PKC  and regulate its ability to modulate apoptosis is cell type and stimulus 

specific.  

Phosphorylation of PKC  at Tyr-313 by Src family kinases has also been 

reported in a variety of cell types in response to non-apoptotic stimuli [117-

119,46,120,32,121,100].  While some of these studies have shown that 

phosphorylation at Tyr-313 is required for PKC  function, one consequence of Tyr-

313 phosphorylation is that it regulates the ability of the enzyme to autophosphorylate 

its own A-loop and thus fine-tune substrate specificity [32,46].  It is also likely that 

interdependency exists between the A-loop and Tyr-313 sites on PKC , as mutation 

of the A-loop residue to a non-phosphorylatable residue inhibits Tyr-313 

phosphorylation [122]. 

Phosphorylation of PKC  at Tyr-567 in the kinase domain has also been 

reported in platelets stimulated with thrombin and appears to partially contribute to 

PKC  activation [119]. Finally, a number of autophosphorylation sites have been 
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mapped to the pseudosubstrate sequence (Thr-141) and to three sites in the hinge 

domain (Ser-295/Ser-299/Ser-304) on PKC  [96,123] (Figure 3). Phosphorylation of 

PKC  at Ser-299 serves as a useful marker for catalytic activation of the enzyme 

[96].        

 

PKC : PKC  has been reported to undergo phosphorylation at a number of sites in 

the hinge domain that regulates its ability to control the completion of cytokinesis, the 

final stage in cell separation during cell division [124]. This was elegantly 

demonstrated by studies from the Parker laboratory, who showed that cytokinesis was 

dependent on the interaction of PKC  with 14-3-3 . Furthermore, this interaction 

required the sequential phosphorylation of PKC  in the hinge domain at Ser-350 (by 

p38 MAPK), followed by phosphorylation at Ser-346 (by GSK-3 ) and at Ser-368 

(by auto-phosphorylation or cPKCs) [124]. These sites in the hinge domain of PKC  

are unique to this isoform (Figure 3). The same laboratory also reported 

phosphorylation of PKC  at Ser-346/Ser-368 in cells stimulated with LPS [125]. A 

phosphoproteomic study of LPS-stimulated mouse macrophages has identified an 

additional phosphorylation site on PKC  at Thr-309 in the hinge domain that is 

dephosphorylated in a time-dependent manner in response to LPS [100] (Figure 3). 

The consequence of dephosphorylation at this site on PKC  is unknown at present. 

 

PKC : A recent phosphoproteomics study of Interferon-gamma treated mouse 

macrophages has revealed a two-fold decrease in abundance of PKC  over a 24 hour 

period [99]. Furthermore, this decrease in protein abundance was paralleled by 

dephosphorylation at Ser-317 (11-fold downregulation) and Tyr-676 (3-fold 

downregulation). Ser-317 is located in the hinge domain and is not conserved on other 
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PKCs, while Tyr-676 is the residue immediately after the HM site and is 

phosphorylated at the corresponding site on PKC  / PKC I by the tyrosine kinase 

Syk [108] (Figure 3). The reason for this loss in PKC  abundance and 

dephosphorylation at these sites requires further investigation.  

 

PKC : PKC  is activated downstream of T cell receptor (TCR) signalling in T 

lymphocytes and plays a key role in the ability of these cells to regulate immune 

responses [126]. Three sites have been mapped on PKC  that are phosphorylated 

following TCR stimulation. These are Tyr-90 (located in the C2-like domain), Thr-

219 (located between the tandem C1A/B domains) and Thr-685 (located on the C-

terminal tail between the TM and HM sites) (Figure 3). TCR stimulation leads to 

phosphorylation of PKC  at Tyr-90 by the tyrosine kinase Lck [127], and in-vitro 

studies indicate that phosphorylation at this position enhances the affinity of the 

enzyme for lipid membranes [128]. Thr-219 on PKC  is also phosphorylated in T 

lymphocytes in response to TCR stimulation and has been reported to be an 

autophosphorylation site [97], thereby serving as a useful marker of catalytic activity.  

While phosphorylation at Thr-219 does not affect the catalytic activity of PKC  or its 

ability to bind lipid second messengers, phosphorylation at this site is required for the 

proper localisation of the enzyme in stimulated T cells [97]. Phosphoproteomics 

analysis has also revealed that PKC  undergoes phosphorylation at Thr-685 between 

the TM and HM sites in response to TCR-stimulation [101]. The impact of Thr-685 

phosphorylation on PKC  function in T cells remains to be addressed.                                  

 

PKC : To the best of our knowledge, no additional phosphorylation sites on PKC  

that are dynamically regulated in cells have been described to date.  
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PKC : Nerve growth factor (NGF) stimulates phosphorylation of PKC  at Tyr-265 

in rat PC12 cells [129]. Phosphorylation at this site is mediated by Src family kinases 

and appears to be a necessary step for the nuclear translocation of the enzyme. Tyr-

256 is located on the C3 domain (ATP binding site). This residue is only conserved on 

other aPKC family members (PKC  and the isoform of PKC  that lacks the 

regulatory domain) (Figure 3).  Interestingly, a phosphoproteomics study of HeLa 

cells has revealed that the phosphorylation status of PKC  changes dramatically 

during the cell cycle [104; Phosida database]. Although the precise residue(s) has not 

been conclusively identified, phosphorylation appears to be localised in a ‘hotspot’ of 

serine/threonine residues that are located at the N-terminus of the enzyme and precede 

the PB1 domain (Thr-3, Ser-7, Ser-8, Thr-9, Ser-11, Thr-13 and Ser-19). 

Phosphorylation in this domain occurs during mitosis and is downregulated in early S 

phase. These sites are not conserved on other PKC isoforms (Figure 3). Since PKC  

has been implicated in many types of cancers and is the first PKC to be identified as a 

human oncogene [130], it will be intriguing to investigate the role of phosphorylation 

in PKC  signalling and its effect on cell cycle deregulation/cancer progression.    
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1.6  Conclusion 

Research over the past couple of decades on PKC isoforms has clearly demonstrated 

that phosphorylation constitutes one of several regulatory inputs that influence these 

key transducers of intracellular signalling. While phosphorylation of PKCs on 

conserved sites such as the A-loop had previously been described as key events that 

occurred early during their life cycle, we now know that the role of phosphorylation 

in modulating PKC function is much more complex. This is highlighted by recent 

findings that show that (a) PKC phosphorylation on sites such as the A-loop may 

occur much later during their life cycle and predominantly in response to cellular 

stimulation and (b) that phosphorylation on sites that are unique to individual family 

members provides isoform specificity and thus licences these kinases to execute 

specific cellular events such as apoptosis (PKC ) or cytokinesis (PKC ). The finding 

that interdependency exists between phosphorylation sites (e.g. PKC  at A-loop and 

Tyr-313 in the hinge domain) or that phosphorylation may occur in a sequential 

manner (e.g. PKC  at the hinge domain) underscores this complexity. The 

characterisation of these recently identified sites on PKCs should go some way in 

widening our knowledge of how these kinases are regulated and how they contribute 

to various signalling pathways. In particular, the characterisation of 

autophosphorylation sites on individual PKCs and the production of commercially 

available phospho-specific antibodies to these sites will facilitate monitoring of PKC 

activity in-situ and thus allow direct correlations to be drawn between PKC activity 

and different disease states.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 29 

References 

[1] Steinberg SF. Structural basis of protein kinase C isoform function. Physiol Rev. 

2008 Oct;88(4):1341-78. Review. 

 

[2] Newton AC. Protein kinase C: poised to signal. Am J Physiol Endocrinol Metab. 

2010 Mar;298(3):E395-402. 

 

[3] Nishikawa K, Toker A, Johannes FJ, Songyang Z, Cantley LC. Determination of 

the specific substrate sequence motifs of protein kinase C isozymes. J Biol Chem. 

1997 Jan 10;272(2):952-60. 

 

[4] Fujii K, Zhu G, Liu Y, Hallam J, Chen L, Herrero J, Shaw S. Kinase peptide 

specificity: improved determination and relevance to protein phosphorylation. 

 

[5] Dutil EM, Newton AC. Dual role of pseudosubstrate in the coordinated regulation 

of protein kinase C by phosphorylation and diacylglycerol. J Biol Chem. 2000 Apr 

7;275(14):10697-701. 

 

[6] Kishimoto A, Mikawa K, Hashimoto K, Yasuda I, Tanaka S, Tominaga M, 

Kuroda T, Nishizuka Y. Limited proteolysis of protein kinase C subspecies by 

calcium-dependent neutral protease (calpain). J Biol Chem. 1989 Mar 5;264(7):4088-

92. 

 

[7] Mikawa K. Studies on proteolysis of protein kinase C with calpain I and II. Kobe J 

Med Sci. 1990 Apr;36(1-2):55-69. 

 

[8] Emoto Y, Manome Y, Meinhardt G, Kisaki H, Kharbanda S, Robertson M, 

Ghayur T, Wong WW, Kamen R, Weichselbaum R, et al. Proteolytic activation of 

protein kinase C delta by an ICE-like protease in apoptotic cells. EMBO J. 1995 Dec 

15;14(24):6148-56. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 30 

[9] Datta R, Kojima H, Yoshida K, Kufe D. Caspase-3-mediated cleavage of protein 

kinase C theta in induction of apoptosis. J Biol Chem. 1997 Aug 15;272(33):20317-

20. 

 

[10] Yoshida K. PKCdelta signaling: mechanisms of DNA damage response and 

apoptosis. Cell Signal. 2007 May;19(5):892-901. Review. 

 

[11] Reyland ME. Protein kinase C isoforms: Multi-functional regulators of cell life 

and death. Front Biosci. 2009 Jan 1;14:2386-99. Review. 

 

[12] Smith L, Smith JB. Lack of constitutive activity of the free kinase domain of 

protein kinase C zeta. Dependence on transphosphorylation of the activation loop. J 

Biol Chem. 2002 Nov 29;277(48):45866-73.  

 

[13] Liu Y, Belkina NV, Graham C, Shaw S. Independence of protein kinase C-delta 

activity from activation loop phosphorylation: structural basis and altered functions in 

cells. J Biol Chem. 2006 Apr 28;281(17):12102-11. 

 

[14] Newton AC. Regulation of the ABC kinases by phosphorylation: protein kinase 

C as a paradigm. Biochem J. 2003 Mar 1;370(Pt 2):361-71. Review. 

 

[15] Klauck TM, Faux MC, Labudda K, Langeberg LK, Jaken S, Scott JD. 

Coordination of three signaling enzymes by AKAP79, a mammalian scaffold protein. 

Science. 1996 Mar 15;271(5255):1589-92. 

 

[16] Faux MC, Rollins EN, Edwards AS, Langeberg LK, Newton AC, Scott JD. 

Mechanism of A-kinase-anchoring protein 79 (AKAP79) and protein kinase C 

interaction. Biochem J. 1999 Oct 15;343 Pt 2:443-52. 

 

[17] Ron D, Chen CH, Caldwell J, Jamieson L, Orr E, Mochly-Rosen D. Cloning of 

an intracellular receptor for protein kinase C: a homolog of the beta subunit of G 

proteins. Proc Natl Acad Sci U S A. 1994 Feb 1;91(3):839-43. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 31 

[18] Csukai M, Chen CH, De Matteis MA, Mochly-Rosen D. The coatomer protein 

beta'-COP, a selective binding protein (RACK) for protein kinase Cepsilon. J Biol 

Chem. 1997 Nov 14;272(46):29200-6. 

 

[19] Van Der Hoeven PC, Van Der Wal JC, Ruurs P, Van Blitterswijk WJ. Protein 

kinase C activation by acidic proteins including 14-3-3. Biochem J. 2000 May 1;347 

Pt 3:781-5. 

 

[20] Dai JG, Murakami K. Constitutively and autonomously active protein kinase C 

associated with 14-3-3 zeta in the rodent brain. J Neurochem. 2003 Jan;84(1):23-34. 

 

[21] Mérida I, Avila-Flores A, Merino E. Diacylglycerol kinases: at the hub of cell 

signalling. Biochem J. 2008 Jan 1;409(1):1-18. Review. 

 

[22] Borner C, Filipuzzi I, Wartmann M, Eppenberger U, Fabbro D. Biosynthesis and 

posttranslational modifications of protein kinase C in human breast cancer cells. J 

Biol Chem. 1989 Aug 15;264(23):13902-9. 

 

[23] Cazaubon S, Bornancin F, Parker PJ. Threonine-497 is a critical site for 

permissive activation of protein kinase C alpha. Biochem J. 1994 Jul 15;301 ( Pt 

2):443-8. 

 

[24] Orr JW, Newton AC. Requirement for negative charge on "activation loop" of 

protein kinase C. J Biol Chem. 1994 Nov 4;269(44):27715-8. 

 

[25] Tsutakawa SE, Medzihradszky KF, Flint AJ, Burlingame AL, Koshland DE Jr. 

Determination of in vivo phosphorylation sites in protein kinase C. J Biol Chem. 1995 

Nov 10;270(45):26807-12. 

 

[26] Keranen LM, Dutil EM, Newton AC. Protein kinase C is regulated in vivo by 

three functionally distinct phosphorylations. Curr Biol. 1995 Dec 1;5(12):1394-1403. 

 

[27] Xu ZB, Chaudhary D, Olland S, Wolfrom S, Czerwinski R, Malakian K, Lin L, 

Stahl ML, Joseph-McCarthy D, Benander C, Fitz L, Greco R, Somers WS, Mosyak L. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 32 

Catalytic domain crystal structure of protein kinase C-theta (PKCtheta). J Biol Chem. 

2004 Nov 26;279(48):50401-9. 

 

[28] Messerschmidt A, Macieira S, Velarde M, Bädeker M, Benda C, Jestel A, 

Brandstetter H, Neuefeind T, Blaesse M. Crystal structure of the catalytic domain of 

human atypical protein kinase C-iota reveals interaction mode of phosphorylation site 

in turn motif. J Mol Biol. 2005 Sep 30;352(4):918-31. 

 

[29] Grodsky N, Li Y, Bouzida D, Love R, Jensen J, Nodes B, Nonomiya J, Grant S. 

Structure of the catalytic domain of human protein kinase C beta II complexed with a 

bisindolylmaleimide inhibitor. Biochemistry. 2006 Nov 28;45(47):13970-81. 

 

[30] Stempka L, Girod A, Müller HJ, Rincke G, Marks F, Gschwendt M, Bossemeyer 

D. Phosphorylation of protein kinase Cdelta (PKCdelta) at threonine 505 is not a 

prerequisite for enzymatic activity. Expression of rat PKCdelta and an alanine 505 

mutant in bacteria in a functional form. J Biol Chem. 1997 Mar 7;272(10):6805-11. 

 

[31] Liu Y, Graham C, Li A, Fisher RJ, Shaw S. Phosphorylation of the protein kinase 

C-theta activation loop and hydrophobic motif regulates its kinase activity, but only 

activation loop phosphorylation is critical to in vivo nuclear-factor-kappaB induction. 

Biochem J. 2002 Jan 15;361(Pt 2):255-65. 

 

[32] Sumandea MP, Rybin VO, Hinken AC, Wang C, Kobayashi T, Harleton E, 

Sievert G, Balke CW, Feinmark SJ, Solaro RJ, Steinberg SF. Tyrosine 

phosphorylation modifies protein kinase C delta-dependent phosphorylation of 

cardiac troponin I. J Biol Chem. 2008 Aug 15;283(33):22680-9. 

 

[33] Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ. Protein 

kinase C isotypes controlled by phosphoinositide 3-kinase through the protein kinase 

PDK1. Science. 1998 Sep 25;281(5385):2042-5. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 33 

[34] Chou MM, Hou W, Johnson J, Graham LK, Lee MH, Chen CS, Newton AC, 

Schaffhausen BS, Toker A.  Regulation of protein kinase C zeta by PI 3-kinase and 

PDK-1. Curr Biol. 1998 Sep 24;8(19):1069-77. 

 

[35] Dutil EM, Toker A, Newton AC. Regulation of conventional protein kinase C 

isozymes by phosphoinositide-dependent kinase 1 (PDK-1). Curr Biol. 1998 Dec 17-

31;8(25):1366-75. 

 

[36] Cenni V, Döppler H, Sonnenburg ED, Maraldi N, Newton AC, Toker A. 

Regulation of novel protein kinase C epsilon by phosphorylation. Biochem J. 2002 

May 1;363(Pt 3):537-45. 

 

[37] Balendran A, Hare GR, Kieloch A, Williams MR, Alessi DR. Further evidence 

that 3-phosphoinositide-dependent protein kinase-1 (PDK1) is required for the 

stability and phosphorylation of protein kinase C (PKC) isoforms. FEBS Lett. 2000 

Nov 10;484(3):217-23. 

 

[38] McManus EJ, Collins BJ, Ashby PR, Prescott AR, Murray-Tait V, Armit LJ, 

Arthur JS, Alessi DR. The in vivo role of PtdIns(3,4,5)P3 binding to PDK1 PH 

domain defined by knockin mutation. EMBO J. 2004 May 19;23(10):2071-82. 

 

[39] Lee KY, D'Acquisto F, Hayden MS, Shim JH, Ghosh S. PDK1 nucleates T cell 

receptor-induced signaling complex for NF-kappaB activation. Science. 2005 Apr 

1;308(5718):114-8. 

 

[40] Park SG, Schulze-Luehrman J, Hayden MS, Hashimoto N, Ogawa W, Kasuga M, 

Ghosh S. The kinase PDK1 integrates T cell antigen receptor and CD28 coreceptor 

signaling to induce NF-kappaB and activate T cells. Nat Immunol. 2009 

Feb;10(2):158-66.  

 

[41] Mora A, Komander D, van Aalten DM, Alessi DR. PDK1, the master regulator 

of AGC kinase signal transduction. Semin Cell Dev Biol. 2004 Apr;15(2):161-70. 

Review. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 34 

[42] Sonnenburg ED, Gao T, Newton AC. The phosphoinositide-dependent kinase, 

PDK-1, phosphorylates conventional protein kinase C isozymes by a mechanism that 

is independent of phosphoinositide 3-kinase. J Biol Chem. 2001 Nov 

30;276(48):45289-97.  

 

[43] Waugh C, Sinclair L, Finlay D, Bayascas JR, Cantrell D. Phosphoinositide 

(3,4,5)-triphosphate binding to phosphoinositide-dependent kinase 1 regulates a 

protein kinase B/Akt signaling threshold that dictates T-cell migration, not 

proliferation. Mol Cell Biol. 2009 Nov;29(21):5952-62. 

 

[44] Balendran A, Biondi RM, Cheung PC, Casamayor A, Deak M, Alessi DR. A 3-

phosphoinositide-dependent protein kinase-1 (PDK1) docking site is required for the 

phosphorylation of protein kinase Czeta (PKCzeta ) and PKC-related kinase 2 by 

PDK1. J Biol Chem. 2000 Jul 7;275(27):20806-13. 

 

[45] Gao T, Toker A, Newton AC. The carboxyl terminus of protein kinase c provides 

a switch to regulate its interaction with the phosphoinositide-dependent kinase, PDK-

1. J Biol Chem. 2001 Jun 1;276(22):19588-96. 

 

[46] Rybin VO, Guo J, Gertsberg Z, Elouardighi H, Steinberg SF. Protein kinase 

Cepsilon (PKCepsilon) and Src control PKCdelta activation loop phosphorylation in 

cardiomyocytes. J Biol Chem. 2007 Aug 10;282(32):23631-8.  

 

[47] Czerwinski R, Aulabaugh A, Greco RM, Olland S, Malakian K, Wolfrom S, Lin 

L, Kriz R, Stahl M, Huang Y, Liu L, Chaudhary D. Characterization of protein kinase 

C theta activation loop autophosphorylation and the kinase domain catalytic 

mechanism. Biochemistry. 2005 Jul 19;44(28):9563-73. 

 

[48] Maines MD, Miralem T, Lerner-Marmarosh N, Shen J, Gibbs PE. Human 

biliverdin reductase, a previously unknown activator of protein kinase C betaII. J Biol 

Chem. 2007 Mar 16;282(11):8110-22. 

 

[49] Gusarova GA, Dada LA, Kelly AM, Brodie C, Witters LA, Chandel NS, 

Sznajder JI. Alpha1-AMP-activated protein kinase regulates hypoxia-induced Na,K-



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 35 

ATPase endocytosis via direct phosphorylation of protein kinase C zeta. Mol Cell 

Biol. 2009 Jul;29(13):3455-64. 

 

[50] Hauge C, Antal TL, Hirschberg D, Doehn U, Thorup K, Idrissova L, Hansen K, 

Jensen ON, Jørgensen TJ, Biondi RM, Frödin M. Mechanism for activation of the 

growth factor-activated AGC kinases by turn motif phosphorylation. EMBO J. 2007 

May 2;26(9):2251-61. 

 

[51] Zhang J, Wang L, Schwartz J, Bond RW, Bishop WR. Phosphorylation of 

Thr642 is an early event in the processing of newly synthesized protein kinase C beta 

1 and is essential for its activation. J Biol Chem. 1994 Jul 29;269(30):19578-84. 

 

[52] Edwards AS, Faux MC, Scott JD, Newton AC. Carboxyl-terminal 

phosphorylation regulates the function and subcellular localization of protein kinase C 

betaII. J Biol Chem. 1999 Mar 5;274(10):6461-8. 

 

[53] Bornancin F, Parker PJ. Phosphorylation of threonine 638 critically controls the 

dephosphorylation and inactivation of protein kinase Calpha. Curr Biol. 1996 Sep 

1;6(9):1114-23. 

 

[54] Li W, Zhang J, Bottaro DP, Pierce JH. Identification of serine 643 of protein 

kinase C-delta as an important autophosphorylation site for its enzymatic activity. J 

Biol Chem. 1997 Sep 26;272(39):24550-5. 

 

[55] Stempka L, Schnölzer M, Radke S, Rincke G, Marks F, Gschwendt M. 

Requirements of protein kinase cdelta for catalytic function. Role of glutamic acid 

500 and autophosphorylation on serine 643. J Biol Chem. 1999 Mar 26;274(13):8886-

92. 

 

[56] Le Good JA, Brindley DN. Molecular mechanisms regulating protein kinase 

Czeta turnover and cellular transformation. Biochem J. 2004 Feb 15;378(Pt 1):83-92. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 36 

[57] Behn-Krappa A, Newton AC. The hydrophobic phosphorylation motif of 

conventional protein kinase C is regulated by autophosphorylation. Curr Biol. 1999 

Jul 15;9(14):728-37. 

 

[58] Cameron AJ, Escribano C, Saurin AT, Kostelecky B, Parker PJ. PKC maturation 

is promoted by nucleotide pocket occupation independently of intrinsic kinase 

activity. Nat Struct Mol Biol. 2009 Jun;16(6):624-30. 

 

[59] Ikenoue T, Inoki K, Yang Q, Zhou X, Guan KL. Essential function of TORC2 in 

PKC and Akt turn motif phosphorylation, maturation and signalling. EMBO J. 2008 

Jul 23;27(14):1919-31. 

 

[60] Facchinetti V, Ouyang W, Wei H, Soto N, Lazorchak A, Gould C, Lowry C, 

Newton AC, Mao Y, Miao RQ, Sessa WC, Qin J, Zhang P, Su B, Jacinto E. The 

mammalian target of rapamycin complex 2 controls folding and stability of Akt and 

protein kinase C. EMBO J. 2008 Jul 23;27(14):1932-43. 

 

[61] Lee K, Gudapati P, Dragovic S, Spencer C, Joyce S, Killeen N, Magnuson MA, 

Boothby M. Mammalian Target of Rapamycin Protein Complex 2 Regulates 

Differentiation of Th1 and Th2 Cell Subsets via Distinct Signaling Pathways. 

Immunity. 2010 Jun 25;32(6):743-753. 

 

[62] Jacinto E, Lorberg A. TOR regulation of AGC kinases in yeast and mammals. 

Biochem J. 2008 Feb 15;410(1):19-37. Review. 

 

[63] Gysin S, Imber R. Replacement of Ser657 of protein kinase C-alpha by alanine 

leads to premature down regulation after phorbol-ester-induced translocation to the 

membrane. Eur J Biochem. 1996 Sep 15;240(3):747-50. 

 

[64] Gysin S, Imber R. Phorbol-ester-activated protein kinase C-alpha lacking 

phosphorylation at Ser657 is down-regulated by a mechanism involving 

dephosphorylation. Eur J Biochem. 1997 Oct 1;249(1):156-60. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 37 

[65] Bornancin F, Parker PJ. Phosphorylation of protein kinase C-alpha on serine 657 

controls the accumulation of active enzyme and contributes to its phosphatase-

resistant state. J Biol Chem. 1997 Feb 7;272(6):3544-9. 

 

[66] Parekh D, Ziegler W, Yonezawa K, Hara K, Parker PJ. Mammalian TOR 

controls one of two kinase pathways acting upon nPKCdelta and nPKCepsilon. J Biol 

Chem. 1999 Dec 3;274(49):34758-64. 

 

[67] Gao T, Newton AC. The turn motif is a phosphorylation switch that regulates the 

binding of Hsp70 to protein kinase C. J Biol Chem. 2002 Aug 30;277(35):31585-92.  

 

[68] Mashukova A, Oriolo AS, Wald FA, Casanova ML, Kröger C, Magin TM, 

Omary MB, Salas PJ. Rescue of atypical protein kinase C in epithelia by the 

cytoskeleton and Hsp70 family chaperones. J Cell Sci. 2009 Jul 15;122(Pt 14):2491-

503. 

 

[69] Edwards AS, Newton AC. Phosphorylation at conserved carboxyl-terminal 

hydrophobic motif regulates the catalytic and regulatory domains of protein kinase C. 

J Biol Chem. 1997 Jul 18;272(29):18382-90. 

 

[70] Karmacharya MB, Jang JI, Lee YJ, Lee YS, Soh JW. Mutation of the 

hydrophobic motif in a phosphorylation-deficient mutant renders protein kinase C 

delta more apoptotically active. Arch Biochem Biophys. 2010 Jan 15;493(2):242-8. 

 

[71] Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage 

H, Tempst P, Sabatini DM. Rictor, a novel binding partner of mTOR, defines a 

rapamycin-insensitive and raptor-independent pathway that regulates the 

cytoskeleton. Curr Biol. 2004 Jul 27;14(14):1296-302. 

 

[72] Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, 

Brown M, Fitzgerald KJ, Sabatini DM. Ablation in mice of the mTORC components 

raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO 

and PKCalpha, but not S6K1. Dev Cell. 2006 Dec;11(6):859-71. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 38 

[73] Ziegler WH, Parekh DB, Le Good JA, Whelan RD, Kelly JJ, Frech M, 

Hemmings BA, Parker PJ. Rapamycin-sensitive phosphorylation of PKC on a 

carboxy-terminal site by an atypical PKC complex. Curr Biol. 1999 May 

20;9(10):522-9. 

 

[74] Gould CM, Kannan N, Taylor SS, Newton AC. The chaperones Hsp90 and 

Cdc37 mediate the maturation and stabilization of protein kinase C through a 

conserved PXXP motif in the C-terminal tail. J Biol Chem. 2009 Feb 20;284(8):4921-

35.  

 

[75] Lee JY, Hannun YA, Obeid LM. Functional dichotomy of protein kinase C 

(PKC) in tumor necrosis factor-alpha (TNF-alpha ) signal transduction in L929 cells. 

Translocation and inactivation of PKC by TNF-alpha. J Biol Chem. 2000 Sep 

22;275(38):29290-8. 

 

[76] Lee HW, Smith L, Pettit GR, Vinitsky A, Smith JB. Ubiquitination of protein 

kinase C-alpha and degradation by the proteasome. J Biol Chem. 1996 Aug 

30;271(35):20973-6. 

 

[77] Lu Z, Liu D, Hornia A, Devonish W, Pagano M, Foster DA. Activation of 

protein kinase C triggers its ubiquitination and degradation. Mol Cell Biol. 1998 

Feb;18(2):839-45. 

 

[78] Hansra G, Garcia-Paramio P, Prevostel C, Whelan RD, Bornancin F, Parker PJ. 

Multisite dephosphorylation and desensitization of conventional protein kinase C 

isotypes. Biochem J. 1999 Sep 1;342 ( Pt 2):337-44. 

 

[79] Hansra G, Bornancin F, Whelan R, Hemmings BA, Parker PJ. 12-O-

Tetradecanoylphorbol-13-acetate-induced dephosphorylation of protein kinase Calpha 

correlates with the presence of a membrane-associated protein phosphatase 2A 

heterotrimer. J Biol Chem. 1996 Dec 20;271(51):32785-8. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 39 

[80] Gatti A, Robinson PJ. Okadaic acid interferes with phorbol-ester-mediated down-

regulation of protein kinase C-alpha, C-delta and C-epsilon. Eur J Biochem. 1997 Oct 

1;249(1):92-7. 

 

[81] Gao T, Brognard J, Newton AC. The phosphatase PHLPP controls the cellular 

levels of protein kinase C. J Biol Chem. 2008 Mar 7;283(10):6300-11. 

 

[82] Leontieva OV, Black JD. Identification of two distinct pathways of protein 

kinase Calpha down-regulation in intestinal epithelial cells. J Biol Chem. 2004 Feb 

13;279(7):5788-801. 

 

[83] Young S, Parker PJ, Ullrich A, Stabel S. Down-regulation of protein kinase C is 

due to an increased rate of degradation. Biochem J. 1987 Jun 15;244(3):775-9. 

 

[84] Parker PJ, Parkinson SJ. AGC protein kinase phosphorylation and protein kinase 

C. Biochem Soc Trans. 2001 Nov;29(Pt 6):860-3. Review. 

 

[85] Gallegos LL, Newton AC. Spatiotemporal dynamics of lipid signaling: protein 

kinase C as a paradigm. IUBMB Life. 2008 Dec;60(12):782-9. Review. 

 

[86] Zhou J, Fariss RN, Zelenka PS. Synergy of epidermal growth factor and 12(S)-

hydroxyeicosatetraenoate on protein kinase C activation in lens epithelial cells. J Biol 

Chem. 2003 Feb 14;278(7):5388-98. 

 

[87] Wang XQ, Yan Q, Sun P, Liu JW, Go L, McDaniel SM, Paller AS. Suppression 

of epidermal growth factor receptor signaling by protein kinase C-alpha activation 

requires CD82, caveolin-1, and ganglioside. Cancer Res. 2007 Oct 15;67(20):9986-

95. 

 

[88] Osto E, Kouroedov A, Mocharla P, Akhmedov A, Besler C, Rohrer L, von 

Eckardstein A, Iliceto S, Volpe M, Lüscher TF, Cosentino F. Inhibition of protein 

kinase Cbeta prevents foam cell formation by reducing scavenger receptor A 

expression in human macrophages. Circulation. 2008 Nov 18;118(21):2174-82. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 40 

[89] Cheng N, He R, Tian J, Dinauer MC, Ye RD. A critical role of protein kinase C 

delta activation loop phosphorylation in formyl-methionyl-leucyl-phenylalanine-

induced phosphorylation of p47(phox) and rapid activation of nicotinamide adenine 

dinucleotide phosphate oxidase. J Immunol. 2007 Dec 1;179(11):7720-8. 

[90] Kilpatrick LE, Sun S, Li H, Vary TC, Korchak HM. Regulation of TNF-induced 

oxygen radical production in human neutrophils: role of delta-PKC. J Leukoc Biol. 

2010 Jan;87(1):153-64. Epub 2009 Oct 2. 

[91] Freeley M, Volkov Y, Kelleher D, Long A. Stimulus-induced phosphorylation of 

PKC theta at the C-terminal hydrophobic-motif in human T lymphocytes. Biochem 

Biophys Res Commun. 2005 

[92] Castrillo A, Través PG, Martín-Sanz P, Parkinson S, Parker PJ, Boscá L. 

Potentiation of protein kinase C zeta activity by 15-deoxy-delta(12,14)-prostaglandin 

J(2) induces an imbalance between mitogen-activated protein kinases and NF-kappa B 

that promotes apoptosis in macrophages. Mol Cell Biol. 2003 Feb;23(4):1196-208. 

[93] Takahashi M, Mukai H, Oishi K, Isagawa T, Ono Y. Association of immature 

hypophosphorylated protein kinase cepsilon with an anchoring protein CG-NAP. J 

Biol Chem. 2000 Nov 3;275(44):34592-6. 

 

[94] Matthews SA, Cantrell DA. New insights into the regulation and function of 

serine/threonine kinases in T lymphocytes. Immunol Rev. 2009 Mar;228(1):241-52. 

Review. 

 

[95] Ng T, Squire A, Hansra G, Bornancin F, Prevostel C, Hanby A, Harris W, Barnes 

D, Schmidt S, Mellor H, Bastiaens PI, Parker PJ. Imaging protein kinase Calpha 

activation in cells. Science. 1999 Mar 26;283(5410):2085-9. 

 

[96] Durgan J, Michael N, Totty N, Parker PJ. Novel phosphorylation site markers of 

protein kinase C delta activation. FEBS Lett. 2007 Jul 24;581(18):3377-81. 

 

[97] Thuille N, Heit I, Fresser F, Krumböck N, Bauer B, Leuthaeusser S, Dammeier 

S, Graham C, Copeland TD, Shaw S, Baier G. Critical role of novel Thr-219 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 41 

autophosphorylation for the cellular function of PKCtheta in T lymphocytes. EMBO 

J. 2005 Nov 16;24(22):3869-80.  

 

[98] Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, Mann M. 

Global, in vivo, and site-specific phosphorylation dynamics in signaling networks. 

Cell. 2006 Nov 3;127(3):635-48. 

 

[99] Trost M, English L, Lemieux S, Courcelles M, Desjardins M, Thibault P. The 

phagosomal proteome in interferon-gamma-activated macrophages. Immunity. 2009 

Jan 16;30(1):143-54. 

 

[100] Sharma K, Kumar C, Kéri G, Breitkopf SB, Oppermann FS, Daub H. 

Quantitative analysis of kinase-proximal signaling in lipopolysaccharide-induced 

innate immune response. J Proteome Res. 2010 May 7;9(5):2539-49. 

 

[101] Mayya V, Lundgren DH, Hwang SI, Rezaul K, Wu L, Eng JK, Rodionov V, 

Han DK. Quantitative phosphoproteomic analysis of T cell receptor signaling reveals 

system-wide modulation of protein-protein interactions. Sci Signal. 2009 Aug 

18;2(84):ra46. 

 

[102] Daub H, Olsen JV, Bairlein M, Gnad F, Oppermann FS, Körner R, Greff Z, 

Kéri G, Stemmann O, Mann M. Kinase-selective enrichment enables quantitative 

phosphoproteomics of the kinome across the cell cycle. Mol Cell. 2008 Aug 

8;31(3):438-48. 

 

[103] Dephoure N, Zhou C, Villén J, Beausoleil SA, Bakalarski CE, Elledge SJ, Gygi 

SP. A quantitative atlas of mitotic phosphorylation. Proc Natl Acad Sci U S A. 2008 

Aug 5;105(31):10762-7. 

 

[104] Olsen JV, Vermeulen M, Santamaria A, Kumar C, Miller ML, Jensen LJ, Gnad 

F, Cox J, Jensen TS, Nigg EA, Brunak S, Mann M. Quantitative phosphoproteomics 

reveals widespread full phosphorylation site occupancy during mitosis. Sci Signal. 

2010 Jan 12;3(104):ra3. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 42 

[105] Pan C, Olsen JV, Daub H, Mann M. Global effects of kinase inhibitors on 

signaling networks revealed by quantitative phosphoproteomics. Mol Cell Proteomics. 

2009 Dec;8(12):2796-808 

 

[106] Nagano K, Shinkawa T, Mutoh H, Kondoh O, Morimoto S, Inomata N, 

Ashihara M, Ishii N, Aoki Y, Haramura M. Phosphoproteomic analysis of distinct 

tumor cell lines in response to nocodazole treatment. Proteomics. 2009 

May;9(10):2861-74. 

 

[107] Anilkumar N, Parsons M, Monk R, Ng T, Adams JC. Interaction of fascin and 

protein kinase Calpha: a novel intersection in cell adhesion and motility. EMBO J. 

2003 Oct 15;22(20):5390-402. 

 

[108] Kawakami Y, Kitaura J, Yao L, McHenry RW, Kawakami Y, Newton AC, 

Kang S, Kato RM, Leitges M, Rawlings DJ, Kawakami T. A Ras activation pathway 

dependent on Syk phosphorylation of protein kinase C. Proc Natl Acad Sci U S A. 

2003 Aug 5;100(16):9470-5. 

 

[109] Jackson DN, Foster DA. The enigmatic protein kinase Cdelta: complex roles in 

cell proliferation and survival. FASEB J. 2004 Apr;18(6):627-36. Review. 

 

[110] Steinberg SF. Distinctive activation mechanisms and functions for protein 

kinase Cdelta. Biochem J. 2004 Dec 15;384(Pt 3):449-59. Review. 

 

[111] Gomel R, Xiang C, Finniss S, Lee HK, Lu W, Okhrimenko H, Brodie C. The 

localization of protein kinase Cdelta in different subcellular sites affects its 

proapoptotic and antiapoptotic functions and the activation of distinct downstream 

signaling pathways. Mol Cancer Res. 2007 Jun;5(6):627-39. 

 

[112] Okhrimenko H, Lu W, Xiang C, Ju D, Blumberg PM, Gomel R, Kazimirsky G, 

Brodie C. Roles of tyrosine phosphorylation and cleavage of protein kinase Cdelta in 

its protective effect against tumor necrosis factor-related apoptosis inducing ligand-

induced apoptosis. J Biol Chem. 2005 Jun 24;280(25):23643-52. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 43 

[113] Lu W, Lee HK, Xiang C, Finniss S, Brodie C. The phosphorylation of tyrosine 

332 is necessary for the caspase 3-dependent cleavage of PKCdelta and the regulation 

of cell apoptosis. Cell Signal. 2007 Oct;19(10):2165-73. 

 

[114] Kaul S, Anantharam V, Yang Y, Choi CJ, Kanthasamy A, Kanthasamy AG. 

Tyrosine phosphorylation regulates the proteolytic activation of protein kinase Cdelta 

in dopaminergic neuronal cells. J Biol Chem. 2005 Aug 5;280(31):28721-30. 

 

[115] Konishi H, Yamauchi E, Taniguchi H, Yamamoto T, Matsuzaki H, Takemura 

Y, Ohmae K, Kikkawa U, Nishizuka Y. Phosphorylation sites of protein kinase C 

delta in H2O2-treated cells and its activation by tyrosine kinase in vitro. Proc Natl 

Acad Sci U S A. 2001 Jun 5;98(12):6587-92. 

 

[116] Kajimoto T, Shirai Y, Sakai N, Yamamoto T, Matsuzaki H, Kikkawa U, Saito 

N. Ceramide-induced apoptosis by translocation, phosphorylation, and activation of 

protein kinase Cdelta in the Golgi complex. J Biol Chem. 2004 Mar 

26;279(13):12668-76. 

[117] Kim JE, White FM. Quantitative analysis of phosphotyrosine signaling 

networks triggered by CD3 and CD28 costimulation in Jurkat cells. J Immunol. 2006 

Mar 1;176(5):2833-43. 

[118] Cao L, Yu K, Banh C, Nguyen V, Ritz A, Raphael BJ, Kawakami Y, Kawakami 

T, Salomon AR. Quantitative time-resolved phosphoproteomic analysis of mast cell 

signaling. J Immunol. 2007 Nov 1;179(9):5864-76. 

 

[119] Hall KJ, Jones ML, Poole AW. Coincident regulation of PKCdelta in human 

platelets by phosphorylation of Tyr311 and Tyr565 and phospholipase C signalling. 

Biochem J. 2007 Sep 15;406(3):501-9. 

 

[120] Nakashima H, Frank GD, Shirai H, Hinoki A, Higuchi S, Ohtsu H, Eguchi K, 

Sanjay A, Reyland ME, Dempsey PJ, Inagami T, Eguchi S. Novel role of protein 

kinase C-delta Tyr 311 phosphorylation in vascular smooth muscle cell hypertrophy 

by angiotensin II. Hypertension. 2008 Feb;51(2):232-8 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 44 

 

[121] Xue ZH, Zhao CQ, Chua GL, Tan SW, Tang XY, Wong SC, Tan SM. Integrin 

alphaMbeta2 clustering triggers phosphorylation and activation of protein kinase C 

delta that regulates transcription factor Foxp1 expression in monocytes. J Immunol. 

2010 Apr 1;184(7):3697-709. 

 

[122] Murugappan S, Chari R, Palli VM, Jin J, Kunapuli SP. Differential regulation of 

threonine and tyrosine phosphorylations on protein kinase Cdelta by G-protein-

mediated pathways in platelets. Biochem J. 2009 Jan 1;417(1):113-20. 

 

[123] Rybin VO, Guo J, Harleton E, Feinmark SJ, Steinberg SF. Regulatory 

autophosphorylation sites on protein kinase C-delta at threonine-141 and threonine-

295. Biochemistry. 2009 Jun 2;48(21):4642-51. 

 

[124] Saurin AT, Durgan J, Cameron AJ, Faisal A, Marber MS, Parker PJ. The 

regulated assembly of a PKCepsilon complex controls the completion of cytokinesis. 

Nat Cell Biol. 2008 Aug;10(8):891-901. 

 

[125] Faisal A, Saurin A, Gregory B, Foxwell B, Parker PJ. The scaffold MyD88 acts 

to couple protein kinase Cepsilon to Toll-like receptors. J Biol Chem. 2008 Jul 

4;283(27):18591-600. 

 

[126] Marsland BJ, Kopf M. T-cell fate and function: PKC-theta and beyond. Trends 

Immunol. 2008 Apr;29(4):179-85.  

 

[127] Liu Y, Witte S, Liu YC, Doyle M, Elly C, Altman A. Regulation of protein 

kinase Ctheta function during T cell activation by Lck-mediated tyrosine 

phosphorylation. J Biol Chem. 2000 Feb 4;275(5):3603-9. 

 

[128] Melowic HR, Stahelin RV, Blatner NR, Tian W, Hayashi K, Altman A, Cho W. 

Mechanism of diacylglycerol-induced membrane targeting and activation of protein 

kinase Ctheta. J Biol Chem. 2007 Jul 20;282(29):21467-76. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 45 

[129] White WO, Seibenhener ML, Wooten MW. Phosphorylation of tyrosine 256 

facilitates nuclear import of atypical protein kinase C. J Cell Biochem. 2002;85(1):42-

53. 

 

[130] Fields AP, Regala RP. Protein kinase C iota: human oncogene, prognostic 

marker and therapeutic target. Pharmacol Res. 2007 Jun;55(6):487-97. Epub 2007 

May 5. Review. 

 

[131] Perander M, Bjorkoy G, Johansen T. Nuclear import and export signals enable 

rapid nucleocytoplasmic shuttling of the atypical protein kinase C lambda. J Biol 

Chem. 2001 Apr 20;276(16):13015-24 

 

[132] Wood CD, Kelly AP, Matthews SA, Cantrell DA. Phosphoinositide-dependent 

protein kinase-1 (PDK1)-independent activation of the protein kinase C substrate, 

protein kinase D. FEBS Lett. 2007 Jul 24;581(18):3494-8. 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 46 

Table 1: The effect of mutation of A-loop, TM and HM phosphorylation on the 

catalytic activity of PKC isoforms is summarised.  

 

Figure 1: Structure of PKC subfamilies. Shown are the conventional, novel and 

atypical PKC subfamilies and their corresponding domains in the regulatory domain 

and C-terminal domain. PS = pseudosubstrate site. P:P = Protein:Protein interaction 

domain.  

 

Figure 2: Prevailing model and new model of PKC phosphorylation. Prevailing 

model of PKC phosphorylation: Shortly after synthesis, PKC is phosphorylated at the 

A-loop by PDK-1 at the plasma membrane. PDK-1 disassociates from PKC, which is 

then followed by phosphorylation at the TM and HM sites via mTORC1/mTORC2-

dependent pathways or autophosphorylation. These phosphorylations allow PKC to 

adopt a stable and ‘closed’ enzyme conformation in which the pseudosubstrate 

occupies the substrate-binding site and the enzyme predominantly localises to the 

cytosol. The enzyme is now in an inactive but signalling-competent state that is ready 

to be activated by lipid second messengers such as DAG. Phosphorylation is therefore 

constitutive and a priming event that enables catalytic activation in response to 

cellular signalling. New model of PKC phosphorylation: PKC remains in the cytosol 

in a non/hypo-phosphorylation state after synthesis. The conformation of this protein 

(i.e. open or closed conformation) is unknown at present. Cellular stimulation results 

in the recruitment of PKC to the plasma membrane, and this is followed by 

phosphorylation at one or more sites such as the A-loop. Phosphorylation of these 

sites on PKC permits the enzyme to catalyse substrate phosphorylation.  
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Figure 3: New phosphorylation sites identified on PKC isoforms. Phosphorylation 

sites that have been described for individual isoforms are shown as circles with the 

phosphorylated PKC isoform indicated. Numbering according to human PKC amino 

acid sequences is used throughout. Other PKC isoforms that have a serine, threonine 

or tyrosine residue in the corresponding position as the phosphorylated residue are 

also indicated in smaller font below the phosphorylated residue. *indicates that 

although this site is also present on the indicated isoform, phosphorylation on this 

isoform has not been reported. Underlined PKC isoforms indicate 

autophosphorylation sites.  
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Isoform A-loop TM HM 

 

PKC  

 

 

Required for activity 

[23] 

 

Not required for activity 

[53] 

Required for activity 

[63] 

Not required for activity 

[65] 

 

 

PKC I 

 

 

Not reported 

 

Required for activity 

[51] 

 

Not reported 

 

 

PKC II 

 

 

Required for activity 

[24] 

 

 

 

Required for activity 

[52] 

 

Not required for activity 

[69] 

 

PKC  

 

 

Not reported 

 

 

Not reported 

 

Not reported 

 

PKC  

 

Not required for activity 

[30,31,13] 

 

Required for activity 

[54] 

Not required for activity 

[55] 

 

Negatively regulates 

activity 

[70] 

 

 

 PKC  

 

 

Not reported 

 

Not reported 

 

Not reported 

 

PKC  

 

 

Required for activity 

[31] 

 

Not required for activity 

[31] 

 

Required for activity 

[31] 

 

PKC  

 

 

Not reported 

 

Not reported 

 

Not reported 

 

PKC  

 

Required for activity 

[33,34] 

Required for activity 

[50] 

Not required for activity 

[56] 

 

Not present in PKC  

 

 PKC  

 

 

Required for activity 

[131] 

 

Not reported 

 

Not present in PKC  

 

 

 

Table 1: The effect of mutation of A-loop, TM and HM phosphorylation on the 

catalytic activity of PKC isoforms is summarised. The references are indicated in 

brackets. 
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