
The Life and Death of Protein Kinase C

Christine M. Gould and Alexandra C. Newton*

Department of Pharmacology, University of California at San Diego, La Jolla, CA 92093-0721

Summary

Protein kinase C (PKC) is a family of kinases that plays diverse roles in many cellular functions, 

notably proliferation, differentiation, and cell survival. PKC is processed by phosphorylation and 

regulated by cofactor binding and subcellular localization. Extensive detail is available on the 

molecular mechanisms that regulate the maturation, activation, and signaling of PKC. However, 

less information is available on how signaling is terminated both from a global perspective and 

isozyme-specific differences. To target PKC therapeutically, various ATP-competitive inhibitors 

have been developed, but this method has problems with specificity. One possible new approach to 

developing novel, specific therapeutics for PKC would be to target the signaling termination 

pathways of the enzyme. This review focuses on the new developments in understanding how PKC 

signaling is terminated and how current drug therapies as well as information obtained from the 

recent elucidation of various PKC structures and down-regulation pathways could be used to 

develop novel and specific therapeutics for PKC.

Protein kinase C structure

PKC, a member of the larger superfamily of Ser/Thr kinases, the AGC kinases, consists of 

10 isozymes divided into three subclasses based on their second messenger mode of 

regulation [1]: conventional (α, βI/βII, γ), novel (δ, ε, η, θ) and atypical (ι/λ, ζ),. 

Conventional PKCs respond to diacylglycerol and Ca2+; novel isozymes respond only to 

diacylglycerol; and atypical isozymes respond to neither. All PKC family members share a 

conserved domain architecture, consisting of a C-terminal kinase core and an N-terminal 

regulatory moiety (Fig. 1A) [2]. The regulatory moiety serves several functions: 1) it 

maintains the enzyme in an autoinhibited state in the absence of appropriate second 

messengers; 2) it targets the enzyme to specific cellular locations; and 3) it mediates protein-

protein interactions [2]. Specifically, these functions are achieved by a pseudosubstrate 

peptide sequence and two membrane-targeting modules, the C1 and C2 domains.

The pseudosubstrate of PKC lies N-terminal to the C1 domain. When PKC is inactive, this 

peptide sequence, resembling that of a substrate except for an Ala at the phospho-acceptor 

position, occupies the substrate-binding cavity of PKC [3]. In this closed, autoinhibited 

conformation, PKC is relatively resistant to proteolysis [4]. Upon activation of PKC, the 

pseudosubstrate is released from the kinase core, allowing the subsequent binding and 

phosphorylation of downstream substrates [5, 6]. The primary mechanism that drives release 
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of the pseudosubstrate is the engagement of the membrane-targeting modules of PKC, the 

C1 and C2 (in the case of conventional isozymes) domains, to membranes.

The energy to release the pseudosubstrate from the substrate-binding cavity of PKC is 

provided by the high-affinity binding of the C1 and C2 domains to membrane lipids [7, 8]. 

The C1 domain is a small, Cys-rich globular structure that is present in all PKC isozymes [9, 

10]. Both conventional and novel PKCs have a tandem C1 domain (C1A and C1B) that 

actively engage their ligands, diacylglycerol and their functional analogues, phorbol esters 

[11]. Atypical PKCs have a defective ligand binding pocket in their C1 domain and thus are 

unable to respond to either diacylglycerol or phorbol esters. When the C1 domain is bound 

to its ligand, a hydrophobic surface is created that allows for effective retention of the 

domain on membranes [12, 13] In addition to binding diacylglycerol and phorbol esters, the 

C1 domain also specifically binds the anionic phospholipid, phosphatidylserine [7]. In the 

case of conventional PKCs, the other membrane-targeting module, the C2 domain, also 

binds anionic phospholipids but in a Ca2+-dependent manner [7, 14]. Novel PKCs also 

contain a C2 domain but it lacks key residues required to bind Ca2+; it may play a role in 

protein:protein interactions [14]. Atypical PKCs lack a C2 domain entirely but have an 

additional N-terminal domain, a PB1 domain, which has been shown to serve an important 

role in mediating protein:protein interactions (Fig. 1A) [15].

The kinase core of PKCs and two AGC family members, protein kinase A (PKA) and 

protein kinase B (PKB)/Akt, are highly conserved with more than 40% sequence identity, 

primarily differing in the C-terminal tail. This tail is critical to the catalytic activity of the 

kinase because it contains important conserved regions that make key contacts with the 

kinase domain as first demonstrated in the hallmark structure of PKA [16]. Recent structural 

work has shown that the phosphorylated C-terminal tail of PKC (and other AGC kinases) 

positions a key regulatory helix, the C helix, for catalysis; it can also perform this stabilizing 

role in trans by binding the corresponding region in the upstream kinase phosphoinositide-

dependent kinase 1, thus optimally positioning its C helix (PDK1) [17]. Even more insight 

into the structural mechanism of how PKC is activated is available with the recent 

elucidation of crystal structures for several PKC isoforms (ι, θ, & βII) bound to ATP-

competitive inhibitors [18–20]. Like its relative PKA, the kinase domain of PKC is a bilobal 

structure with an N-terminal lobe that is primarily β-sheet and a C-terminal lobe that is 

primarily α helix; the ATP- and substrate-binding sites lie within a cleft between the two 

lobes (Fig. 1B) [21]. Unlike other PKC family members, PKC βII contains a novel α helix 

in the turn motif that associates with the N-terminal lobe of the kinase domain and may aid 

in stabilizing residues in the active site [20].

Signal propagation

In order for PKC to effectively transduce extracellular signals to downstream targets, PKC 

must be properly primed and positioned for optimal signaling. Perturbation of the 

phosphorylation state, conformation, or localization of PKC can disrupt these signaling 

events, leading to altered physiological states found in diseases such as cancer. These 

different levels of structural and spatial regulation of PKC allows for the design of more 

specific therapeutics.
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Regulation by phosphorylation

1. Processing phosphorylation—Before PKC can respond to lipid second messengers, 

the enzyme must first be properly processed by three ordered phosphorylations: activation 

loop phosphorylation, turn motif phosphorylation, and hydrophobic motif phosphorylation 

[22, 23]. The first step in the maturation process of PKC is phosphorylation of the activation 

loop (Thr500 in PKC βII) by the upstream kinase, PDK1 (Fig. 2) [24–26]. PDK1 is not only 

responsible for phosphorylation of PKC but also other AGC kinases such as Akt [27, 28]. 

When PKC is newly synthesized, it is loosely tethered at the membrane in a conformation in 

which the pseudosubstrate is out of the active site, thus adopting an open conformation with 

the activation loop site exposed [4]. This open conformation is favorable for docking of 

PDK1 to the C-terminal tail of PKC and subsequent phosphorylation of the activation loop 

(Fig. 2; first species of PKC on left). Phosphorylation at the activation loop is critical for the 

maturation of PKC in that it allows for autophosphorylation at the C-terminus, properly 

positions residues necessary for catalysis, and reveals access to the substrate binding site 

[29–31]. However, once the activation loop is phosphorylated, phosphate at this site 

becomes dispensable for activity [23]. Thus, activation loop phosphorylation is merely a 

primer for the subsequent C-terminal phosphorylations at the turn and hydrophobic motif. 

These phosphorylations serve to stabilize mature PKC; unphosphorylated or 

dephosphorylated species of PKC are rapidly degraded. Thus, in cells deficient in PDK1, 

PKC levels are grossly reduced, attesting to the instability of the non-phosphorylated form 

[32].

Once PDK1 phosphorylates PKC at the activation loop, the enzyme undergoes a rapid 

phosphorylation at the turn motif site (Thr641 in PKC βII, Fig. 2; 3rd species of PKC from 

left) [23]. This site is conserved in all AGC kinases. In PKA, this phosphorylation serves to 

anchor the C-terminus at the upper lobe of the kinase domain by forming contacts with 

adjacent residues [2]. In the PKC βII structure, this phosphorylation forms ionic contacts 

with basic residues (Lys374 and Arg415) on opposing β strands, thus differing from PKA 

[20]. Novel isoforms do not have this Arg. Unlike phosphorylation of the activation loop site 

which is dispensable for activity, phosphorylation of the turn motif is absolutely required to 

maintain catalytic competence of the enzyme. Dephosphorylation abolishes activity [33, 34]. 

Phosphate on the turn motif locks PKC in a thermally stable conformation that, in the closed 

(inactive) state, is relatively resistant to phosphatases [23] .

The final step in the maturation and processing of PKC is autophosphorylation at the C-

terminal hydrophobic motif, a Ser/Thr flanked by hydrophobic residues. This site is also 

conserved among AGC kinases. For PKC βII, this phosphorylation occurs through an 

intramolecular mechanism [22]. As discussed above, this phosphorylation aids in aligning 

the C helix for optimal catalytic activity; this site is absent in PKA [35]. Functionally, 

phosphorylation at the hydrophobic motif is not required; however, phosphorylation of this 

site affects the subcellular localization and stability of PKC [36]. In addition, the 

hydrophobic motif also provides a docking site for PDK1 [2].

Recent evidence suggests that the TORC2 complex (consisting of the mTOR kinase, rictor, 

mLST8, and Sin1) may be involved in regulation of the hydrophobic motif of PKC [37, 38]. 
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In cells that lack components of this complex (either rictor or mLST8) PKC α is not 

phosphorylated at the hydrophobic motif and consequently is less stable [37]. Whether the 

mTORC2 complex controls events leading to the intramolecular autophosphorylation of this 

site remains to be established.

For conventional PKCs, phosphorylation at the C-terminal turn and hydrophobic motif sites 

is constitutive. Novel PKCs differ from their conventional counterparts in that their C-

terminal phosphorylations are subject to modest regulation by outside stimuli; in addition, 

phosphorylation at this site for novel PKCs has been proposed to be catalyzed by a separate 

kinase [39]. In this regard, addition of phorbol esters or antigen-receptor stimulation of T 

cells results in an increase in hydrophobic motif phosphorylation of PKC θ that has been 

proposed to be independent of autophosphorylation [40]. The hydrophobic motif sites of 

both PKC δ and ε have been shown to be sensitive to rapamycin, an inhibitor the mTOR 

pathway [38]. Although kinase-dead mutants of novel isoforms are not phosphorylated at the 

hydrophobic motif, suggesting autophosphorylation, the possibility that these isoforms are 

controlled by a separate upstream kinase at this site remains to be unequivocally established 

[41].

2. Agonist-evoked autophosphorylation—In addition to the constitutive, processing 

autophosphorylations, PKC can autophosphorylate in response to agonist-evoked signaling. 

Novel autophosphorylation sites have been identified in PKC α, β, δ, η, and θ [42–45]. 

These additional autophosphorylation sites are isozyme-specific and mark activated PKC; a 

novel autophosphorylation site in the C2 domain of PKC α has been used as a dynamic 

marker in human cancer tissues [43]. In addition to marking activated PKC, these 

autophosphorylations regulate the cellular function of PKC. For example, 

autophosphorylation of PKC θ is required for T cell activation, proper localization, and 

cross-talk between other signaling pathways, such as with Akt [45]. In the invertebrate 

Aplysia, autophosphorylation of novel PKCs in the C2 domain is important for increased 

lipid binding and membrane translocation [46]. This role of autophosphorylation in the C2 

domain of novel PKCs may be conserved through vertebrates; PKC η also has 

autophosphorylation sites that are thought to be important for lipid-regulation [47]. 

Autophosphorylation of PKC can fine-tune the differences and functional roles of each 

isozyme and provide an additional layer of regulation.

3. Tyrosine phosphorylation—Conventional, novel, and atypical PKC isozymes are 

phosphorylated on Tyr [48]. This phosphorylation is emerging as an additional mechanism 

to fine tuning PKC activity and has been most studied with the novel isoform, PKC δ. PKC 

δ is phosphorylated at Tyr311 and Tyr332 in response to H2O2 [49]. The Src family of 

kinases can phosphorylate PKC δ as a means to potentiate its activity and regulate activation 

loop phosphorylation [50–52]. The EGF receptor can also phosphorylate PKC δ in response 

to H2O2 [53]. Functionally, these tyrosine phosphorylations in PKC δ aid in its ability to 

induce apoptosis in response to etoposide [54]. Tyrosine phosphorylation may also serve an 

additional role in localization of PKC. Treatment of cells with tyrosine phosphatase 

inhibitors reverses the membrane translocation of PKC βII in phorbol ester-treated cells 

[55].
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Regulation by lipid second messengers

The hallmark of PKC activation in cells is translocation to cellular membranes. Once PKC 

has been processed by phosphorylation, it is localized to the cytosol where it is inactive with 

the pseudosubstrate docked in the substrate binding cavity (Fig. 2; 3rd species of PKC from 

left) [4]. When extracellular signals cause hydrolysis of phosphatidylinositol-4,5-

bisphosphate, diacylglycerol is generated and Ca2+ is released from intracellular stores. 

These second messengers, Ca2+ and diacylglycerol, initiate the membrane translocation and 

activation of PKC (Fig. 2; 4th species of PKC from left). In the case of conventional PKCs, 

Ca2+ binds the C2 domain and pretargets PKC to the membrane [23]. This initial binding to 

the membrane is of too low affinity to activate PKC; instead it allows the C1 domain to more 

effectively find its membrane-embedded ligand, diacylglycerol [56]. The coordinated 

engagement of both the C1 and C2 domain on membranes provides the energy to release the 

autoinhibitory pseudosubstrate [6]. Now in an open conformation, PKC can bind its 

substrates and initiate downstream signaling events (Fig. 2; 4th species of PKC from left). 

Note that the potent analogues of diacylglycerol, phorbol esters, cause translocation and 

activation of PKC in the absence of Ca2+ because the affinity of the C1 domain for phorbol 

ester-containing membranes is two orders of magnitude higher than that for diacylglycerol-

containing membranes; thus, the binding energy of phorbol esters to the C1 domain of PKC 

is sufficiently high to allow pseudosubstrate removal [23].

Novel PKCs do not have a Ca2+-binding C2 domain and thus lack the membrane-

pretargeting mechanism. Therefore, the novel isoforms compensate by having a C1 domain 

that binds diacylglycerol-containing membranes with an order of magnitude higher affinity 

than the C1 domain of conventional PKCs. Thus, whereas the C2 domain of the 

conventional isozyme PKC βII is the major determinant in driving membrane binding, it is 

the C1B domain of the novel isozyme PKC δ that is the major determinant for membrane 

binding [57]. The differential affinity of conventional vs novel C1 domains for 

diacylglycerol-containing membranes is tuned by a single residue on the C1B domain: when 

present as Trp, as it is in novel PKCs, it confers high-affinity membrane binding and when 

present as a Tyr, as it is in conventional PKCs, it confers low-affinity membrane binding 

[58].

Atypical PKCs respond to neither diacylglycerol nor calcium. The only mode of regulation 

that has been well-studied is phosphorylation by PDK1 [25, 26]. Some studies have shown 

that insulin and phosphatidylinositol-3,4,5-trisphosphate (PIP3) can increase PKC ζ activity 

through PDK1-dependent phosphorylation of the activation loop and autophosphorylation 

[59, 60]. Thus, unlike their other PKC counterparts, regulation of atypical PKCs depends on 

agonist stimulation.

Regulation by scaffolding proteins

Specificity in PKC signaling is achieved by proper spatial localization [61]. Targeted kinase 

activity reporters have shown that PKC signals in all regions of the cell: plasma membrane, 

nucleus, Golgi apparatus, mitochondria, and cytosol [62]. One must assume that in order for 

PKC to signal in these distinct cellular compartments, precise targeting mechanisms must be 

in place. One such mechanism is targeting by scaffolding proteins. Scaffolding proteins 
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position PKC near its activators and substrates or at a particular cellular compartment, which 

allow for isozyme-specific signaling. PKC mediates protein:protein interactions through its 

regulatory C1 and C2 domains as well as through the C-terminal tail. In some cases, PKC 

binding proteins interact with a particular conformation (unphosphorylated, phosphorylated 

but inactive, phosphorylated and active) of PKC, adding an additional layer of complexity to 

the regulation by scaffolding proteins [23]. This form of regulation is unique in that 

therapeutics can be developed in order to disrupt or enhance PKC signaling in various 

regions of the cell.

When PKC is activated, it translocates from the cytosol to the plasma membrane (or other 

cellular membranes). This localization of activated PKC isozymes is achieved by 

protein:protein interactions between PKC and specific anchoring proteins. The proteins 

responsible for binding to activated PKC and thus regulating its activity are RACKS 

(receptors for activated C-kinase); this interaction is mediated by the C2 domain (reviewed 

in [63]). Different PKC isozymes bind to specific RACKs to target them to their proper 

location for cellular function. Mutation of the RACK binding site alters PKC activation in 

cells [63]. RACKS not only bind PKC but also other signaling molecules such as PLCγ, Src, 

and integrins [64]. By serving as adaptors for other proteins, RACKS facilitate signaling by 

bringing enzymes in close proximity with their substrates or their activators. Understanding 

how the interaction between PKC and RACK is mediated has been informative in the design 

of activators and inhibitors of PKC that have therapeutic potential in cardiac disease (which 

will be discussed later).

Another important protein:protein interaction module is the C1 domain. A yeast two-hybrid 

screen using the N-terminal region of PKC βII as bait has identified some novel binding 

partners for PKC. PKC βII localizes to the centrosome, an organelle involved in spindle 

formation and cytokinesis, via the interaction of its C1A domain with pericentrin, a 

scaffolding protein. If this interaction is disrupted, PKC βII is released from the centrosome 

and cell division is inhibited [65]. Another protein that interacts with the C1A domain of 

PKC βII is a novel E3 ligase, RINCK (RING finger protein that interacts with C kinase). 

Overexpression of RINCK results in ubiquitination and degradation of PKC [66]. By 

binding the C1 domain of PKC, these various proteins can alter the subcellular localization 

and activity of PKC.

One of the most promising regions for development of isozyme-specific therapeutics is the 

C-terminal tail of PKC. For example, PKC α has been shown to play a role in synaptic 

plasticity by regulating the trafficking of cellular receptors that underlie the processes of 

memory and learning [67–69]. PKC α can induce cerebellar long-term synaptic depression 

(LTD) through protein interactions mediated by its type I PDZ (PSD-95, dishevelled, ZO1) 

ligand, QSAV, at its C-terminus [67]. Deletion of this motif results in prevention of LTD and 

insertion of this motif into another conventional isoform that lacks the PDZ motif can induce 

LTD [67]. PKC α has been shown to interact with PICK1, another PDZ-containing protein, 

through its PDZ ligand in order to facilitate this process; thus, the PDZ ligand of PKC 

positions it with other signaling proteins in order to regulate important cellular functions 

[70].
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Signal termination

Extensive studies have detailed the molecular mechanisms of the maturation and activation 

of PKC (reviewed in [2, 23]). We also now know more about where PKC signals in the cell 

and what are the downstream targets of PKC signaling. What is less understood are the 

molecular mechanisms that dictate the signal termination and “down-regulation” of PKC. It 

is in this part of PKC’s life cycle where there is a great opportunity for targeting specific 

PKC isoforms and designing novel therapeutics to regulate specific PKC signaling 

pathways.

Reverse translocation

PKC’s translocation to the membrane is a regulated process controlled by the generation of 

lipid second messengers and the subsequent allosteric activation of PKC by binding these 

cofactors. Just as translocation to the membrane initiates activation, translocation from the 

membrane initiates the termination process, and event which is also regulated. Acute 

activation of PKC by activation of Gq-protein coupled receptors results in translocation to 

the membrane that is rapidly reversed; stimulation by phorbol esters prolongs interaction 

with the membrane [71]. This reversal of PKC translocation under physiological agonist 

stimulation is coincident with desensitization of those receptors [71]. Interestingly, PKC can 

still translocate to the membrane in response to phorbol esters after receptor stimulation 

indicating that acute activation of PKC is not enough to induce desensitization of PKC itself 

[71]. Further studies investigating the molecular mechanism of this reverse translocation 

show that the C1 and C2 domains drive the membrane translocation and the catalytic activity 

of PKC is required for this process; it has been proposed that PKC must maintain its priming 

autophosphorylations at the C-terminus in order to disengage from the membrane [72, 73]. 

In phorbol ester-treated cells, tyrosine phosphorylation may also serve a role in facilitating 

the reverse translocation process [55]. Thus, PKC is responsible for regulating its own 

dynamic membrane trafficking with autophosphorylation serving as a priming step to initiate 

the signal termination process.

Removal of second messengers

Signaling pathways that activate phospholipase C (PLC) enzymes result in hydrolysis of 

phosphatidylinositol-4,5-bisphosphate (PIP2), giving the products diacylglycerol and 

inositol-1,4,5-trisphosphate (IP3). When IP3 binds to receptors on the intracellular stores, 

Ca2+ is released. PKC is activated by binding of these second messengers, diacylglycerol 

and Ca2+, to its regulatory modules, C1 and C2 domains, respectively.

Increasing the intracellular concentrations of Ca2+ and diacylglycerol activates PKC; 

conversely, decreasing these ligands to basal levels inactivates PKC. PKC is acutely 

regulated by the presence of its activating cofactors [23]. Studies using a membrane-tethered 

FRET-based activity reporter CKAR (C kinase activity reporter) show that PKC substrate 

phosphorylation oscillates with spiking levels of Ca2+, reflecting activation of conventional 

PKC isoforms [74]. This correlation of increasing substrate phosphorylation (CKAR) with 

increasing Ca2+ levels can be independent of diacylglycerol as seen in HeLa cells or 

coincident with diacylglycerol oscillations as seen in MDCK cells [74]. These temporal 
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dynamics in PKC signaling reflect a tight coupling between PKC activation and the 

influence of PKC and phosphatases on substrate phosphorylation. Indeed, targeting CKARs 

to various regions of the cell (plasma membrane, Golgi, cytosol, etc.) reveal a biphasic 

nature of PKC activity in response to agonist-induced signaling. Studies using these various 

reporters have shown that PKC has an early peak in activity followed by a late, sustained 

plateau [62]. These differential activity profiles track with second messenger responses: 

Ca2+ is responsible for the early peak in activity at the plasma membrane while 

diacylglycerol is responsible for the second, sustained phase at Golgi [62]. The levels of 

diacylglycerol vary at these different regions in the cell (plasma membrane, Golgi), possibly 

reflecting differences in activity of different PLC isoforms [75].

One way to deplete levels of diacylglycerol in the cell is through metabolism by 

diacylglycerol kinases (DGKs). DGK phosphorylates diacylglycerol, converting it into 

phosphatidic acid [76]. Thus, DGKs, by removing the activating cofactor, serve an opposing 

role to PKCs in signaling pathways. In DGKδ knockout mice, there are increased levels of 

diacylglycerol and subsequently increased PKC activity that leads to aberrant 

phosphorylation of downstream targets [77]. In cardiac remodeling pathways, DGK inhibits 

activation of Gq-coupled signaling that leads to the activation of PKC [78]. DGKs and PKCs 

can also physically interact, which allows for spatio-temporal control of localized 

diacylglycerol in the cell. PKC has been shown to catalyze an activating phosphorylation of 

DGK γ leading to a negative feedback mechanism [79]. Conversely, phosphorylation of 

DGK ζ by PKC is inhibitory [80]. Activation of PKC can also cause translocation of DGK 

to where PKC is localized initiating another method of negative feedback [81]. Thus, the 

location of PKCs and DGKs are precisely controlled in order to allow for rapid and efficient 

signaling by diacylglycerol. When diacylglycerol is produced, PKC is activated and that 

signal is terminated by the action of DGKs.

Activation-induced down-regulation

Twenty-five years ago, Nishizuka and coworkers reported that protein kinase C was the 

receptor for the potent tumor promoting phorbol esters; it was later shown that phorbol 

esters trigger the rapid redistribution of PKC from the cytosol to the membrane fraction of 

cells, the hallmark of PKC activation [82–84]. Blumberg and coworkers showed that phorbol 

esters, such as phorbol-12,13-dibutyrate (PDBu) and phorbol 12-myristate 13-acetate 

(PMA), elicit their actions by binding to the C1 domain, specifically competing with 

diacylglycerol [85–87]. Conventional and novel PKCs could therefore bind to phorbol esters 

while atypical PKCs remain immune to their effects. Thus, PKC became known as the 

“receptor” for the tumor-promoting phorbol esters [88].

Chronic activation of PKC that occurs with treatment of cells with phorbol esters and 

bryostatins (another C1 domain binding compound) leads to the loss in activity and 

disappearance of PKC protein: ultimately, the down-regulation of PKC. The mechanism by 

which phorbol esters down-regulate PKC was first shown to be via an increased rate in 

proteolysis (degradation) [89]. Although phorbol esters are the classical reagent used in 

down-regulation studies, they are not physiologically relevant agonists. The challenge in this 

field has been to demonstrate that natural agonists (such as hormones and growth factors) 
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can initiate the down-regulation response. Studies have shown that the neuropeptide 

bombesin, platelet-derived growth factor (PDGF), or exogenous diacylglycerol can initiate 

the down-regulation of PKC isoforms in Swiss 3T3 fibroblasts [90]. In gonadotrope cell 

lines, gonadotropin-releasing hormone (GnRH) can activate several PKC isozymes via a 

PLC-mediated pathway and initiate their down-regulation [91]. Indeed, the detailed 

molecular mechanism of how phorbol esters and other agonists promote the down-regulation 

of PKC still remains elusive. However, the factors that are important for the signal 

propagation of PKC (activity, conformation, phosphorylation state, localization) also 

contribute to the regulation of the signal termination of PKC.

In order for PKC to be down-regulated, PKC must have its intrinsic catalytic activity. 

Mutation of the ATP binding site in PKC renders it insensitive to phorbol ester-mediated 

degradation [92]. However such kinase-inactive constructs of PKC still translocate to the 

membrane in response to phorbol ester treatment indicating that the membrane translocation 

of PKC is independent of its activity [92]. This finding that catalytically-inactive PKC 

constructs are not sensitive to phorbol ester-dependent down-regulation was the first clue 

that autophosphorylation of PKC might be a prerequisite for the initiation of the down-

regulation pathway. However, there was initial conflict over whether this was the mechanism 

because other studies had shown that a kinase-dead PKC could down-regulate through the 

activity of other endogenous PKCs (transphosphorylation) [93–95]. Indeed, isozyme 

differences exist in down-regulation profiles. Studies performed in Schizosaccharomyces 
pombe indicated that kinase activity was required for specific isozymes (PKC δ) but those 

that could not down-regulate themselves (PKC ε) could be affected by trans PKC activity 

[96]. However, later studies using PKC inhibitors confirmed the hypothesis that the catalytic 

activity of PKC was required for its down-regulation [91, 97]. What remains unclear is 

whether the increased proteolysis observed with phorbol ester activation of PKC is a 

consequence of a conformational change, a secondary effect of autophosphorylation, or 

whether a specific protease is activated.

When PKC is activated by its lipid cofactors, phosphatidylserine and diacylglycerol, PKC 

translocates to the membrane and the autoinhibitory pseudosubstrate is pulled out of the 

active site, leaving PKC in an open conformation [4, 5]. In the case of diacylglycerol, this 

response is transient as diacylglycerol is rapidly metabolized [98]. Conversely, with the 

higher affinity binding of phorbol esters, translocation of PKC to the membrane is 

prolonged, leaving PKC in an open conformation and susceptible to the activity of proteases. 

Not only does activation of PKC expose the pseudosubstrate, which can be cleaved, but also 

the proteolytically-labile hinge region between the regulatory and catalytic domains. The 

Ca2+-dependent neutral proteases (m-calpain and μ-calpain) can cleave PKC in this hinge; 

however, mutation of the calpain cleavage sites failed to alter the down-regulation in 

response to phorbol esters indicating that these proteases were not involved in the process 

[99]. Later studies using calpain protease inhibitors failed to inhibit down-regulation 

confirming that they were not primarily responsible for the degradation [91]. Therefore, 

having PKC in an open conformation is important for mediating activation-induced down-

regulation but not by the action of calpain proteases.
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Dephosphorylation

As mentioned earlier, activation of PKC by its lipid cofactors allosterically alters the 

conformation of PKC by removing the pseudosubstrate out of the substrate-binding cavity. 

Not only is activated PKC susceptible to cleavage by proteases but it also has a markedly 

increased sensitivity to dephosphorylation by phosphatases. Phosphorylation of PKC is 

critical for maintenance of catalytic competence. Dephosphorylation of the three processing 

sites (activation loop, turn motif, hydrophobic motif) of PKC inactivates the kinase. Studies 

show that chronic activation of PKC results in a fully dephosphorylated, inactive kinase, 

which precedes its degradation [97, 100, 101]. This dephosphorylated form accumulates in a 

cytoskeletal, detergent-insoluble fraction of cells. This mechanism is the classical model of 

PKC down-regulation. Thus, discovery of the phosphatases that might control 

dephosphorylation of PKC under agonist-evoked activation would be important for 

understanding how PKC is desensitized. Upon activation, PKC translocates to the membrane 

compartment. The heterotrimeric type 2A phosphatase (PP2A) is localized to the membrane 

and dephosphorylates PKC upon stimulation with phorbol esters [102]. Addition of okadaic 

acid, a PP2A phosphatase inhibitor, slows this process and potentially protects PKC from 

down-regulation [102].

The newly-discovered protein phosphatase 2C (PP2C) family of phosphatases, the PHLPP 

family (for PH domain Leucine-rich repeat Protein Phosphatase), has recently been shown to 

regulate the phosphorylation state, and thus levels, of PKC [103, 104]. There are three 

isoforms of PHLPP: the alternatively spliced PHLPP1α/β and PHLPP2. PHLPP was first 

characterized as the phosphatase responsible for dephosphorylating the hydrophobic motif 

of Akt [105]. Since hydrophobic motif phosphorylation is primarily responsible for Akt’s 

intrinsic catalyticactivity, dephosphorylation by PHLPP ultimately inactivates the kinase 

[105, 106]. In addition, depletion of PHLPP by siRNA increases the level and duration of 

agonist-evoked Akt signaling, causing apoptosis and decreased cell proliferation [105, 107]. 

In contrast, phosphorylation of the hydrophobic motif in PKC primarily controls the stability 

of PKC. Overexpression of PHLPP leads to dephosphorylation of PKC at the hydrophobic 

motif which ultimately shunts it to the detergent-insoluble fraction of cells for degradation 

(Fig. 2; species of PKC on bottom right) [104]. Conversely, depletion of PHLPP results in an 

up-regulation of PKC levels. Thus, PHLPP plays an important role in the regulation of PKC 

levels and stability.

Rescue by heat shock proteins

Once PKC has been activated by membrane binding, it is in an open conformation rendering 

it more sensitive to phosphatases, proteolysis, and ultimately, degradation. However, 

dephosphorylated PKC can be rescued with the help of heat shock proteins. When PKC is 

dephosphorylated at the turn motif (one of the three processing sites), Hsp70 can bind and 

stabilize it, allowing it to re-phosphorylate and enter back into the pool of signaling PKC 

(Fig. 2) [108]. Disruption of this interaction causes PKC to accumulate in the detergent-

insoluble fraction of cells, targeting it for down-regulation [108]. Specifically, an invariant 

Leu that precedes the turn motif phosphorylation site is responsible for mediating the 

interaction between Hsp70 and PKC; mutation of this site subsequently increases the 

dephosphorylation and ubiquitination of PKC [109]. Thus, Hsp70 prolongs the lifetime of 
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PKC. Specifically, Hsp70 binds the dephosphorylated form of PKC; this differs from other 

binding partners such as PDK1 which binds to the C-terminus of newly synthesized PKC 

that has never been phosphorylated [108, 110]. Thus, the C-terminus of PKC serves an 

important role in modulating the signaling lifetime of PKC by mediating important 

protein:protein interactions. Through regulation of the phosphorylation state of the C-

terminus, PKC can interact with specific binding partners to target it to different signaling 

pathways.

Degradation / down-regulation pathways

1. Degradation by proteasomal pathways—A ubiquitous mechanism for protein 

degradation in the cell is the ubiquitin-proteasome system (UPS) (reviewed in [111]). By 

labeling proteins with a “tag” (ubiquitin), they are targeted to a multi-enzymatic complex, 

the proteasome, where they are proteolyzed and degraded [112]. Ubiquitin is an 8.5 kDa 

polypeptide that is conjugated to proteins which serves as a molecular marker for 

degradation. Degradation by the proteasome involves a two successive steps: 1) priming the 

protein for degradation by addition of ubiquitin and 2) proteolysis of the protein via the 

proteasome machinery [112]. In the first step, ubiquitin is activated and conjugated to the 

protein by the action of the three enzymes: 1) E1, ubiquitin-activating enzyme, 2) E2, 

ubiquitin-conjugating enzyme and 3) E3, ubiquitin ligase [112]. These enzymes work in 

concert to add the molecular tag that will target them to the proteasome for degradation. The 

second step is the actual degradation of the tagged protein by the proteasome to produce 

smaller peptides and free ubiquitin [112]. Typically, ubiquitin is conjugated to proteins in the 

long chains which serve not only to target them to the proteasome, as described above, but 

also can also lead to other cellular functions [111]. Many cellular proteins utilize the UPS 

for degradation.

PKC was first shown to be degraded by the ubiquitin-proteasome pathway with treatment of 

bryostatins; like phorbol esters, they are also strong activators of PKC and lead to the rapid 

dephosphorylation and down-regulation of PKC [101, 113]. Treatment of cells with 

bryostatin results in an accumulation of higher molecular weight species that are labeled 

with ubiquitin antibody, an accumulation that is inhibited by proteasome inhibitors [113]. 

Later studies in human fibroblasts indicated that the UPS system is primarily responsible for 

degradation of PKC α and PKC ε isozymes upon treatment of bryostatin and PMA; addition 

of proteasome inhibitors inhibited down-regulation whereas inhibitors of calpain proteases, 

lysosomal enzymes, and vesicle trafficking had no effect [114].

What targets PKC to be degraded by the proteasome? Debate currently exists as to whether 

or not the phosphorylation state of PKC dictates whether it will be ubiquitinated. Several 

studies have suggested that dephosphorylation of the three priming sites of PKC (activation 

loop, turn motif, hydrophobic motif) and inactivation precedes the degradation of the 

enzyme [97, 113, 114]. However, this phenomenon may be isozyme- and cell-type specific. 

Although the conventional isoforms PKC α and PKC β and the novel isoform PKC ε have 

been shown to be dephosphorylated prior to degradation, the novel isoform PKC δ is hyper-

phosphorylated in response to PMA-induced degradation and phosphatase inhibitors such as 

calyculin A promote its down-regulation [97, 114, 115]. In studies using a rat intestinal 
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epithelial cell line, fully phosphorylated, active PKC is ubiquitinated at the plasma 

membrane and degraded by the proteasome in response to PMA; phosphatase inhibitors 

accelerate this process [116]. Differences in cell-type, localization, type and duration of 

stimuli all could account for the differences in down-regulation mechanisms. However, 

fewer studies have shown ubiquitination of the fully phosphorylated enzyme [117]. 

Additionally, other phosphorylations could play a role in targeting PKC for degradation. All 

PKC isozymes contain PEST sequences which are proline, glutamate, serine, and threonine 

residues that are thought to predispose a protein for degradation [114, 118]. Phosphorylation 

at these sequences in proteins such as Iκα and cyclins triggers ubiquitination and 

degradation by the proteasome [118]. Certainly phosphorylation of PEST sequences could 

serve as a common mechanism for targeting proteins for degradation.

In summary, activation of PKC triggers its own down-regulation. Not only does chronic 

activation that occurs with phorbol esters promotes the ubiquitination and degradation of 

PKC, but also natural agonists such as diacylglycerol, bombesin, and hormones all induce 

ubiquitination of PKC [90, 91, 119]. Down-regulation that occurs via the ubiquitin-

proteasome pathway requires the catalytic activity of PKC; addition of kinase inhibitors 

inhibit this process and a kinase-dead PKC cannot be degraded [119, 120]. Essentially, PKC 

initiates its own suicide mechanism.

Since PKC is ubiquitinated and degraded, now the question arises as to what molecular 

machinery is responsible for this process. The prime target would be to identify the E3 ligase 

that tags PKC with ubiquitin. Several E3 ligases have been identified that are responsible for 

ubiquitination of PKC. As mentioned earlier, RINCK is an E3 ligase that ubiquitinates PKC 

[66]. However, RINCK is the not the E3 ligase responsible for the activation-induced down-

regulation pathways [66]. RINCK controls the amplitude of the PKC signal by regulating the 

basal levels of PKC in the cell; depletion of RINCK with siRNA increases PKC protein 

levels by a mechanisms independent of the activation or phosphorylation state of PKC [66]. 

Recently, an ubiquitin complex called LUBAC (linear ubiquitin assembly complex) 

comprised of HOIL-1, an E3 ligase, and a binding protein, HOIP, was shown to bind and 

ubiquitinate activated PKC α and βII [121]. The von Hippel-Lindau tumor suppressor 

protein (pVHL), another E3 ligase, targets atypical PKCs; pVHL ubiquitinates activated 

PKC λ [122]. As there are ten isozymes of PKCs with a wide range of function, it is 

certainly possible that there could be a specific E3 ligase for not only each PKC, but perhaps 

in particular cellular functions and processes. Understanding the mechanisms that recruit E3 

ligases to target PKCs for degradation would provide another means of therapeutic 

regulation of PKC.

2. Down-regulation by internalization / trafficking pathways—The down-

regulation of PKC is not passive process; activation of PKC is the first step in triggering this 

mechanism and a catalytically-active enzyme is required. Studies have shown that the 

phorbol ester-induced down-regulation of PKC correlates with an increase in endocytic, 

membrane transport processes [96, 123, 124]. The desensitization of receptors occurs 

through internalization and targeting to endosomes [125]. Active PKC is associated with 

membranes and thus it is highly possible that PKC is involved with this increased membrane 

trafficking. Here, localization and scaffolding proteins can dictate the fate of PKC. Now the 
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question arises: how does PKC disengage from the membrane and begin the desensitization 

process?

Upon stimulation with PMA, PKC accumulates at a perinuclear compartment [97, 124]. This 

perinuclear accumulation is a temperature-sensitive process, suggesting that vesicular 

trafficking is involved [97]. Decreasing the temperature also inhibits the dephosphorylation 

of PKC upon PMA stimulation suggesting that the dephosphorylation step coincides with 

membrane trafficking events [97]. Indeed, the down-regulation of PKC shares similar 

characteristics to receptor desensitization processes. Upon stimulation with phorbol esters, 

PKC trafficks to an endosomal compartment as an active kinase and then is subsequently 

transported to a perinuclear region where it is dephosphorylated and degraded [123]. This 

trafficking is mediated by a caveolae-dependent process [123]. Interestingly, it has been 

shown that phorbol ester treatment disrupts caveolae; however, most likely in the time frame 

of treatment, the caveolae are internalized as part of this membrane trafficking event [123, 

126]. A similar mechanism of internalization and dephosphorylation of PKC has been 

shown in rat intestinal epithelial cells upon bryostatin treatment [116].

Other studies have characterized PKC’s activation-induced translocation to this perinuclear/

juxtanuclear compartment as a subset of recycling endosomes that colocalize with the 

centrosome [127]. Here, under long-term stimulation with phorbol esters, PKC remains as a 

fully active kinase that is not degraded; PKC colocalizes with markers of recycling 

endosomes and not cellular compartments involved in degradation such as the proteasome 

and lysosome [127]. Instead, PKC is actively involved in the sequestration of proteins such 

as transferrin, a marker for membrane recycling, to this juxtanuclear, centrosomal 

compartment (independent of the Golgi), deemed the “pericentrion,” and inhibitors of 

clathrin-dependent endocytosis can prevent this process [127, 128]. Interestingly, the 

caveolae-dependent, clathrin-independent trafficking of PKC as seen with other studies can 

occur through this clathrin-dependent process and thus reconcile the differences seen 

between these two pathways [123, 128, 129]. However, these membrane trafficking/

recycling events are observed following 60 minutes of phorbol ester treatment; it is certainly 

possible that the degradative events for PKC occur beyond that time frame either in that 

pericentrion compartment or somewhere else in the cell. The temporal and spatial dynamics 

of PKC down-regulation still remain to be fully elucidated.

PKC in disease

PKC isozymes are involved in a wide variety of cellular processes. Since PKC isozymes are 

so diverse in their function, disruption of PKC signaling can have multiple cellular effects. 

Diseases that are affected by aberrant PKC signaling pathways include metabolic disorders 

such as diabetes, cardiovascular and pulmonary disorders, central nervous system 

dysfunction, and neuronal degeneration [130]. PKC undergoes a series of processing 

phosphorylations that controls its stability and ultimately sets the amplitude for agonist-

induced signaling in the cell. Dysregulation of PKC that alters the protein levels in the cell 

affect the magnitude and duration of downstream signaling; these altered levels of PKC are 

associated with a variety of pathologies, most notably cancer [131–133]. Indeed, 
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identification of PKC as the receptor for the tumor-promoting phorbol esters provided the 

first substantial link that this enzyme may be involved in carcinogenesis [131].

The role of PKC in cancer has been reviewed quite extensively over the past few years [130–

133]. Almost all of the ten isozymes have been implicated in some form of cancer. The 

expression levels of PKCs as well as the specific cellular pathways that are affected (i.e. 

proliferation, apoptosis, angiogenesis) vary based on specific isozyme and tissue type. 

However, the genetic factors that control PKC’s role in cancer are less well understood.

Advances have been made towards discovering the genes involved in carcinogenesis. With 

the availability of the entire human genome sequence, it is now possible to identify genes 

important in pathological pathways. Recently, 210 human cancer genomes were sequenced, 

specifically looking at the 518 kinases, in order to identify putative “passenger” and “driver” 

mutations that might predispose one to cancer [134]. The study identified mutations 

predicted to be driver mutations based on the following: if a kinase possesses a higher ratio 

of nonsynonymous mutations compared to synonymous mutations, and this frequency is 

greater than the frequency expected by chance, then the given kinase is likely to possess a 

driver mutation, which is hypothesized to play a role in the process of tumorigenesis. Driver 

mutations can confer a growth advantage to the cell, inhibit apoptosis, inhibit migration, and 

essentially prevent the cell from being able to regulate properly; passenger mutations do not 

and are therefore not selected [134]. Out of the 518 kinases in the human genome, 

approximately 120 kinases carry at least one putative driver mutation, PKC included [134]. 

In fact, of the 10 PKC isozymes, the conventional isozymes PKC α and PKC β had the 

highest probability of carrying driver mutations; these data are consistent with proposed 

roles of conventional PKCs in cancer [132–134]. For these two isozymes, mutations were 

identified in both the regulatory and kinase domains [134]. Additionally, mutations have 

been characterized in the C1B domain and C-terminus of PKC γ which contribute to the 

development of spinocerebellar ataxia [135]. Understanding how these mutations alter PKC 

function, stability, and localization could be key in designing therapeutics to target PKCs 

involved in various cancers and diseases.

PKC as a drug target

Since disruption of PKC regulation has been implicated in tumorigenesis and drug 

resistance, PKC has become a prime candidate for the design of therapeutics, specifically as 

cancer therapies [132, 133, 136]. However, the involvement of PKC isozymes in cancer is 

very complex due to the number of different PKC isozymes and the various roles they play 

in different cancer types. PKC isozymes can directly oppose each other in function: PKC δ 
is typically a pro-apoptotic and anti-proliferative whereas PKC ε is anti-apoptotic and 

proliferative [131]. Within individual isozymes, differences can vary based on the cancer 

type: PKC βII is up-regulated in B-cell lymphomas and colon cancer and down-regulated in 

bladder cancer; similarly, PKC ε is up-regulated in breast cancer and down-regulated in 

colon cancer [131]. Thus, designing specific therapeutics for specific PKC isozymes is of 

great importance to prevent unwanted side effects (i.e., down-regulating PKC δ if trying to 

specifically target PKC ε). PKC drugs have been targeted against two regions of the kinase: 

the catalytic domain and the regulatory domain.
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Catalytic domain

Currently there are a number of PKC inhibitors undergoing clinical trials. Two of these 

inhibitors, enzastaurin (LY-317615) and ruboxistaurin (Arxxant, LY-333531), which are 

specific for PKC β, are ATP-binding competitive inhibitors and are in Phase III of clinical 

trials for cancer drugs [132]. Enzastaurin has shown promise in the treatment of colon and 

lung cancers, which have increased levels of PKC β, by inducing apoptosis, reducing 

proliferation, and suppressing angiogenesis, primarily mediated through the Akt/PI3K and 

VEGF (vascular endothelial growth factor) pathways [137, 138]. Ruboxistaurin has been 

developed as a treatment for diabetic retinopathy, which has hyperactivated PKC β [139, 

140].

With the recent elucidation of various crystal structures of the catalytic domain of PKC, 

optimization of PKC inhibitors targeting the catalytic domain can be achieved. For example, 

the PKC θ structure has been used in structure-based design of inhibitors to target PKC θ in 

the treatment of asthma and autoimmune diseases [141]. The goal would be to use the 

structure to design specific inhibitors to test in cell-based assays and ultimately take to 

clinical trials. The catalytic domain of various isozymes could be compared and then tuned 

for selectivity for that specific isozyme [141].

Regulatory domain

Naturally-occurring agonists of PKC such as bryostatin have been also tested in clinical 

trials but have shown less success [132]. These compounds bind to the C1 domain and result 

in the acute activation of conventional and novel PKCs, similarly to phorbol esters; however, 

unlike phorbol esters, bryostatins have shown anti-tumor effects such as inhibiting cell 

growth and promoting apoptosis by differential regulation of PKC isozymes [132, 136]. As 

mentioned earlier, bryostatin inhibits PKC activity by down-regulating the enzyme through 

the ubiquitin-proteasome pathway [113, 114, 136, 142]. However, since bryostatin does 

target several PKC isozymes, it is hard to measure the anticancer effects.

The C2 domain is critical for determining the subcellular localization of PKC [63]. Peptides 

have been derived from the C2 domain to serve as isozyme-specific activators and inhibitors 

by regulating PKC’s interaction with its RACK [63]. In PKC ε, for example, short peptides 

have been developed from its C2 domain that confer cardiac protective effects against 

ischemic injury [143]. These peptides are being investigated as potential leads to treat 

various cardiac conditions and have entered clinical trials [144]. The benefit of this type of 

rational drug design is that it allows more selectivity and specificity for PKC isozymes since 

greater variation exists among the isozymes in their C2 domain. Indeed, targeting 

protein:protein interaction modules is becoming a more plausible way to target specific PKC 

isozymes. PKC ι-mediated oncogenic signaling pathways can be altered by disrupting PKC 

ι’s interaction with PAR6, mediated through its PB1 domain [145]. Since PKC ι mediates 

its oncogenic effects through its PB1 domain, disrupting that interaction has shown promise 

in treating lung cancer, where PKC ι signals through its complex with PAR6 [145].

Finally, another potential region that can be used to develop specific PKC therapeutics is the 

C-terminal tail of PKC, which is quite variable among the isoforms. As mentioned earlier, 
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PKC α and PKC ζ have unique PDZ ligands at their C-termini to mediate important 

protein:protein interactions; these can be disrupted with therapeutics to modulate PKC’s 

activity and their downstream signaling effects. Additionally, the C-terminal tail is important 

for mediating intramolecular interactions between the C2 domain and catalytic core, thus 

indicating that it would be a prime target for designing isozyme-specific drugs [63].

Targeting protein regulators of PKC activity

Another possibility for the development of therapeutics to target PKC would be to look at 

upstream regulators of PKC activity, i.e., phosphatases, E3 ligases. Specifically, the focus 

should look at the various down-regulation pathways of PKCs which seem to differ among 

the isozymes. The PHLPP phosphatase, which directly dephosphorylates PKC and regulates 

its cellular levels, is down-regulated in colon cancers which have high levels of PKCs [103]. 

Perhaps designing drugs to target PHLPP in colon cancer would be a better way to regulate 

PKC’s effects in this type of cancer. Additionally, the E3 ligase RINCK lies on a 

chromosomal position that is frequently deleted in non-small cell lung carcinoma, which 

also has high levels of PKCs [63, 146]. Since the PKC isozymes share a highly conserved 

catalytic core, other avenues for designing novel and specific PKC therapeutics must be 

considered. Targeting subcellular localization and binding partners, which vary among the 

isozymes, is a likely candidate.

Conclusion

The PKC family represents a gold-mine for the development of novel, specific therapeutics. 

However, the existence of multiple highly-related isozymes with conserved catalytic and 

substrate-recognition mechanisms has proven a challenge for the development of specific 

inhibitors. Our increasing understanding of the spatio-temporal dynamics of signaling by 

these family members holds promise for the design of novel therapeutics that will disrupt the 

localization and hence function of specific isoforms.
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Fig. (1). 
Domain composition of PKC family members. A, The primary structure of the three classes 

of PKC isozymes: conventional, novel, and atypical. The regulatory moiety contains the 

cofactor-binding modules: the pseudosubstrate (green); the C1A and C1B domains (orange) 

that bind phosphatidylserine for all PKCs and diacylglycerol/phorbol esters for conventional 

and novel PKCs; the C2 domain (yellow) that binds anionic lipids and Ca2+ for conventional 

PKCs; and a PB1 domain (blue) that serves as a protein:protein interaction module for 

atypical PKCs. The requirements for cofactor binding are shown to the right: PS, 

phosphatidylserine; DG, diacylglycerol; and Ca2+. The catalytic moiety contains the 

conserved kinase domain (cyan) with the activation loop phosphorylation site (pink circle) 

and a C-terminal tail that contains two conserved phosphorylation sites: the turn motif and 

the hydrophobic motif (pink circles; note that for atypical PKCs a glutamate occupies the 

hydrophobic motif). The numbering of the phosphorylation sites is representative of the 

PKC isozyme underlined to the left. B, Ribbon diagrams of the C1B domain of PKC δ 
(orange) with bound phorbol (purple), the C2 domain of PKC βII (yellow) with bound Ca2+ 

(pink), and the kinase domain of phosphorylated PKC βII (blue) with phosphate at the three 
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conserved phosphorylation sites: activation loop (pink), turn motif (orange) and hydrophobic 

motif (green) [12, 20, 147]. (Adapted from [2, 23])

Gould and Newton Page 23

Curr Drug Targets. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. (2). 
Model showing the life cycle of PKC. When PKC is newly synthesized, the enzyme is 

loosely tethered at the membrane in an open conformation with the pseudosubstrate (green) 

released from the substrate-binding cavity (rectangular indent in cyan circle), and the C-

terminus is exposed to allow the upstream kinase, PDK-1, to bind (far left). PDK1 

phosphorylates the activation loop and is released from the C-terminus. Once the C-terminus 

is free, PKC can autophosphorylate at the C-terminal phosphorylation sites by an 

intramolecular mechanism. Once PKC has been processed by phosphorylation, it is released 

into the cytosol and maintained in an inactive conformation with the pseudosubstrate lodged 

into the substrate-binding cavity (middle of the diagram). Signals that cause lipid hydrolysis 

and generate the second messengers, Ca2+ and diacylglycerol, cause the translocation of 

PKC from the cytosol to the membrane. Binding of Ca2+ and diacylglycerol to the C1 

(orange) and C2 (yellow) domains, respectively, provides the energy to release the 

pseudosubstrate from the active site and allow downstream signaling. In this open, active 

conformation, PKC is susceptible to dephosphorylation by phosphatases such as PHLPP 

(red circle) and then targeted for ubiquitination and degradation. However, the molecular 

chaperone Hsp70 (yellow circle) can bind the dephosphorylated turn motif and stabilize 

PKC; this allows it to re-phosphorylate and re-enter the pool of competent, signaling 

enzyme.
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