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Summary

The lipid second messenger diacylglycerol (DAG) controls
the rate, amplitude, duration, and location of protein kinase C
(PKC) activity in the cell. There are three classes of PKC iso-
zymes and, of these, the conventional and novel isozymes are
acutely controlled by DAG. The kinetics of DAG production
at various intracellular membranes, the intrinsic affinity of
specific isoforms for DAG-containing membranes, the coordi-
nated use of additional membrane-binding modules, the intra-
molecular regulation of DAG sensitivity, and the competition
from other DAG-responsive proteins together result in a
unique, context-dependent activation signature for each iso-
form. This review focuses on the spatiotemporal dynamics of
PKC activation and how it is controlled by lipid second
messengers. � 2008 IUBMB
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INTRODUCTION

Lipids control the structure, function, and localization of an

abundance of signaling proteins. Under unstimulated conditions,

the enrichment of specific lipids in distinct subcellular organ-

elles lays the framework for poising signaling proteins to effi-

ciently respond to second-messenger signaling. A generally

accepted model places phosphoinositide-4,5-bisphosphate (PIP2)

enrichment at the plasma membrane, phosphoinositide-4-phos-

phate at the Golgi, and phosphoinositide-3-phosphate at endo-

somes [reviewed in (1)]; recent reports have placed basal diac-

ylglycerol (DAG) enrichment at the Golgi (2–4) and phosphati-

dylserine (PS) enrichment at the cytoplasmic side of both the

plasma membrane and endosomes (5). Within this framework

of organization, cells have a variety of mechanisms to stimulate

and regulate production of relatively short-lived lipid second

messengers, which can promote activating conformations and

direct signaling proteins to new locations. Signaling proteins

simultaneously sense the cellular address of the appropriate

lipid ‘‘zip codes’’ and respond to stimulated production of spe-

cific lipid second messengers through one or more specialized

membrane-targeting domains. For example, modules such as

PKC conserved region 1 (C1) domains target proteins to DAG;

PKC conserved region 2 (C2) domains to specific phospholi-

pids; pleckstrin homology (PH), and Epsin N-terminal homol-

ogy (ENTH) domains to specific phosphoinositides; and Bin/

Amphiphysin/Rvs (BAR) domains to highly curved lipid struc-

tures (6, 7). Such lipid signaling modules control the spatiotem-

poral dynamics of one of the archetypal mediators of lipid sig-

naling, protein kinase C (PKC).

PKC

The PKC family of Ser/Thr kinases comprises 10 members

in the AGC kinase branch of the kinome (8). PKC was initially
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discovered as a lipid-independent proteolytic product by Nishi-

zuka and coworkers in 1977 (9). Subsequently, it was found

that the full-length enzyme is stimulated by the products down-

stream of phospholipase C (PLC)-catalyzed hydrolysis of PIP2,

DAG and Ca21 (10, 11); this milestone finding recently cele-

brated its 25th anniversary (12). Following on the heels of this

seminal discovery, the connection was made that PKC is the

long sought-after receptor for the tumor-promoting high-affinity

DAG analogs, phorbol esters (13), a finding which catapulted

the enzyme to the forefront of signaling research. All 10 mam-

malian PKC isoforms contain a highly conserved kinase core at

the carboxyl terminus and an amino-terminal autoinhibitory

pseudosubstrate peptide, but differ by, and are classified accord-

ing to, their divergent amino-terminal regulatory regions (Fig.

1). Conventional PKC (cPKC) isoforms (a, alternative splice

variants bI and bII, and c) contain a Ca21-sensitive C2 domain

and two tandem DAG-sensitive C1 domains; novel PKC

(nPKC) isoforms (d, y, e, and g) contain a Ca21-insensitive C2

domain and two tandem DAG-sensitive C1 domains; and atypi-

cal PKC (aPKC) isoforms (f and i(human)/k(mouse)) contain

a single C1 domain that is insensitive to DAG [reviewed in

(8, 14)].

PKC isoforms are processed by a series of ordered phospho-

rylation events to mature into the catalytically-competent spe-

cies [reviewed in (8)]. Maturation is initiated by phosphoryla-

tion at PKC’s activation loop threonine by the upstream kinase,

phosphoinositide-dependent kinase-1 (PDK-1), and then requires

mammalian target of rapamycin complex 2 (mTORC2) and its

own intrinsic kinase activity for phosphorylation/autophospho-

rylation at two carboxyl-terminal sites, the hydrophobic and

turn motifs [reviewed in (8, 15, 16)]. In most systems, the mat-

uration of cPKC and nPKC isoforms is constitutive, such that

monitoring the phosphorylation state of PKC is not indicative

of acute activation. Once catalytically competent, PKC resides

in an inactive state in the cytosol with the inhibitory peptide

lodged into its active site. For cPKC and nPKC isoforms, high-

affinity Ca21- and/or DAG-mediated membrane binding pro-

vides the energy required to expel the inhibitory peptide from

the active site and allow PKC to phosphorylate downstream

substrates. For aPKC isoforms, acute activation in response to

growth factor signaling has been demonstrated, but the exact

mechanism remains ambiguous (17); regulation by protein–

protein interactions may be more important (18).

SPATIOTEMPORAL DYNAMICS OF PKC SIGNALING

Lipid Second Messengers Control the Dynamics
of PKC Signaling

The crux of PKC activation occurs at the level of lipid sec-

ond messenger production and turnover. For conventional iso-

zymes, the most common pathway for lipid second messenger

production involves a Gq-coupled receptor triggering PIP2 hy-

drolysis by PLCb isoforms. This produces DAG and IP3, which

transiently elevates intracellular Ca21. PLCd is acutely activated

downstream of Ca21 release, which may also contribute to PKC

signaling mediated by Gq [reviewed in (19, 20)]. PLCc and e
activated downstream of receptor tyrosine kinase and G12 sig-

naling, respectively, are potential activators of PKC; PLCe is a

particularly interesting potential activator of PKC since it con-

tains intrinsic feed-forward mechanisms to hydrolyze phosphoi-

nositides in a prolonged manner [reviewed in (20)]. Phosphati-

dic acid phosphatase (PAP) may also play a role in generating

basal DAG by dephosphorylating phosphatidic acid (PA) (2),

although it remains to be tested whether this pathway contrib-

utes to acute, receptor-mediated DAG production. Termination

of signaling occurs when receptors are internalized and

degraded to halt signaling to PLC, and DAG is converted into

PA by the action of DAG kinases [reviewed in (21)].

The effects of lipid second messenger production and turn-

over on signaling occur on a time scale that is amenable to live

cell imaging. Thus, many live cell imaging studies have moni-

tored the agonist-evoked membrane translocation of fluores-

cently tagged PKC isoforms (22). Additional studies using fluo-

rescence resonance energy transfer (FRET)-based reporters for

DAG production (Diacylglycerol Reporter, DAGR) and PKC

activity (C Kinase Activity Reporter, CKAR; Fig. 2) have

revealed that stimulated changes in second messenger levels

correlate with PKC activity. For example, plasma membrane-

targeted CKAR revealed phase-locked oscillations of Ca21 and

endogenous PKC activity in Hela cells upon stimulation of en-

dogenous histamine receptors (23, 24). Furthermore, organelle-

targeted versions of CKAR have unveiled the dynamics of sig-

naling at defined intracellular locations (25). Specifically, in

COS7 cells, UTP stimulation of endogenous P2Y receptors

results in an acute activation of endogenous PKC at the plasma

membrane, followed by sustained activity at the Golgi (Fig. 3).

The duration of PKC activity at the two locations is driven by

persistence in localized DAG production, as revealed in inde-

pendent experiments by plasma membrane- and Golgi-targeted

DAGR. These studies and others demonstrate that localized reg-

ulation of second messenger production and turnover largely

determine the extent of stimulated PKC signaling at a given cel-

lular location.

Ligand Affinity Tunes Cellular Outcome
of PKC Activation

Lipid binding modules of the same class often bind ligand

with different intrinsic affinities, which influences the cellular

concentration required to activate or localize a particular signal-

ing protein. Differential affinities of the C1 domains of novel

versus conventional PKC isoforms for DAG-containing mem-

branes serve as a case in point. Specifically, nPKC isoforms

bind DAG-containing membranes with two orders of magnitude

higher affinity than do cPKC isoforms (26). This higher intrin-

sic affinity of the C1 domain allows nPKC isoforms to be acti-

vated by cellular concentrations of DAG alone, whereas cPKC

783SPATIOTEMPORAL DYNAMICS OF LIPID SIGNALING



isoforms require both Ca21 (via C2) and DAG (via C1) to

achieve the high-affinity membrane binding necessary to expel

the inhibitory pseudosubstrate peptide from the active site (27).

Interestingly, a single amino acid substitution in the C1b do-

main (Tyr123 in human PKCb isoforms, Trp252 in human

PKCd) underlies the difference in DAG sensitivity between

cPKC and nPKC isoforms (3). Thus, the residue at this position

(which we refer to as position 22 in the C1b domain) serves as

a switch between low versus high-affinity DAG binding for the

C1b domains of PKC isoforms.

High-affinity DAG binding influences not only the selective

activation of nPKC isozymes, but also their cellular localization.

As first shown with nPKCy in Jurkat T cells (2), reducing basal

DAG production by inhibiting either PLC or PAP blocked

localization of this isoform to the Golgi. Similarly, converting

the C1b domain of nPKCd to a low-affinity DAG binding do-

main (by mutating Trp22 to Tyr) blocked basal Golgi localiza-

tion of the isolated C1 domain as well as full-length protein in

COS7 cells. Conversely, changing Tyr22 to Trp in the C1b do-

main of cPKCb, converting it to a high-affinity DAG binding

domain, was sufficient to localize this conventional C1 domain

to the Golgi. Note that introduction of the same mutation into

the C1b domain of full-length cPKCbII did not target it to

Golgi, although it partially precluded the requirement of Ca21

for activation in vitro (3). This result suggests that determinants

outside the C1 domain (likely the C2 domain) govern cellular

targeting of cPKC isoforms. Also, while the Golgi is a major

site of nPKC activity (2, 26), it is entirely possible that stimu-

lated DAG production at other regions of the cell can temporar-

ily draw nPKC isoforms away from the Golgi [e.g., to the

plasma membrane (28)].

Figure 2. Reversible, genetically encoded, FRET-based reporters

for visualizing PKC activity (C Kinase Activity Reporter, CKAR)

and DAG accumulation (Diacylglycerol Reporter, DAGR). For

CKAR, phosphorylation of the PKC-specific substrate peptide

allows the forkhead-associated (FHA) domain to interact with it,

which decreases FRET between donor cyan fluorescent protein

(CFP) and acceptor yellow fluorescent protein (YFP) molecules.

For DAGR, the CFP donor is tethered to a membrane and the

YFP acceptor is linked to a DAG binding domain (DBD); FRET

increases with DAG production as the DBD translocates to the

membrane. Shown are plasma membrane-targeted versions of the

reporters, PM-CKAR and PM-DAGR.

Figure 1. Primary structure of protein kinase C (PKC) family members. All PKC isoforms contain an autoinhibitory pseudosub-

strate peptide (green) and a carboxy-terminal kinase core (blue). The kinase core contains three phosphorylation/autophosphoryla-

tion sites (pink) critical for maturation: the activation loop, turn motif, and hydrophobic motif (numbering shown for cPKCb,
nPKCd, and aPKCf; note that the hydrophobic motif site is a Glu in aPKC isoforms). PKC isoforms are grouped according to their

regulatory domains: cPKC isoforms contain two tandem DAG-sensitive C1 domains (orange) and a Ca21-sensitive C2 domain

(yellow); nPKC isoforms contain two tandem DAG-sensitive C1 domains and a novel, Ca21-insensitive C2 domain; and aPKC iso-

forms contain a PB-1 (phox and bem-1) protein–protein interaction module (red) and an atypical, DAG-insensitive C1 domain. The

C1 domains of all PKC isoforms interact with PS, and the C2 domains of cPKC isoforms interact nonspecifically with anionic

phospholipids, including PS. Critical features underlying responsiveness to second messengers are highlighted: Tyr (Y) at position

22 in the C1b domain of cPKC isoforms confers weak DAG responsiveness; Trp (W) at position 22 in the C1b domain of nPKC

isoforms confers strong DAG responsiveness; and a basic patch (11) in the C2 domain of cPKC isoforms (located distal to the

Ca21-dependent lipid binding site) specifically recognizes PIP2.
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Ca21-dependent interactions with anionic phospholipids via

the C2 domains of cPKC isoforms also occur with variable

affinities; however, these differences are fairly subtle. PKCa,
b, and c have similar intrinsic affinities for Ca21 (PKCa 5

PKCc [ PKCb), and their Ca21-dependent membrane affinities

(PKCb [ PKCa 5 PKCc) are also similar (both measurements

within a twofold difference) (29–31). Collectively, the differen-

ces in Ca21 affinity and Ca21-dependent membrane affinity do

not affect the on-rate of the isolated C2 domains in response to

stimulation of purinergic receptors in PC12 cells, but they

somehow affect the residence time at the membrane, with the

C2 domain from PKCa persisting longer at the membrane

(200 s) than that of PKCc (72 s) or b (48 s) (31). This effect

appears to be governed additionally by the anchoring of PIP2 at

a site in the C2 domain distal to the Ca21-dependent membrane

binding site, even though the presence of PIP2 in binding assays

does not dramatically augment the twofold range in binding

affinities amongst the C2 domains in vitro (31). Certainly, fur-

ther cellular consequences of these fine binding differences

remain to be determined. Nevertheless, in cells, lipid-dependent

membrane binding affinity has been proven to affect isoform-

specific PKC signaling both by setting the threshold for activa-

tion and determining localization.

Coincident Selectivity for Multiple Ligands Within
the Same Domain Refines Localized PKC Responses

Lipid signaling domains may have selectivity for more than

one ligand. For example, while the C2 domains of cPKC isoforms

bind anionic phospholipids nonspecifically in the presence of

Ca21, the preferential recognition of PIP2 with a basic patch on

the C2 domain distal to the Ca21-dependent binding site (32)

directs cPKC isoforms to the PIP2-rich plasma membrane (33). In

an elegant series of experiments in which PIP2 production was

artificially and selectively increased at the plasma membrane by

an inducible Rapamycin-FK506-binding protein system, the resi-

dency time of cPKC isoforms at the plasma membrane was

increased even though generation of DAG was normal under

these conditions (34). It would be interesting to test whether PIP2
was the sole mediator of plasma membrane targeting by selec-

tively targeting PIP2 production to a different site (e.g., at the

Golgi) and determining if this is sufficient to bring cPKC iso-

Figure 3. Differential activation signatures of PKC at the plasma membrane and the Golgi, as read out using targeted FRET-based

reporters. In response to UTP, the early phase of PKC signaling at the plasma membrane is acutely coupled to Ca21 release, while

the duration of signaling is controlled by the rate of DAG turnover. Compared to the plasma membrane, PKC signaling at the

Golgi overlaps less with Ca21 levels and is sustained by prolonged DAG accumulation. These profiles of PKC signaling are con-

sistent with a role for Ca21-responsive cPKC isoforms at the plasma membrane and high-affinity DAG-binding nPKC isoforms at

the Golgi.
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forms to a nontraditional location. Additionally, it remains to be

tested whether the interaction with PIP2 serves solely as a mecha-

nism to refine targeting, or if it can provide a contribution toward

the high-affinity binding necessary to release the pseudosubstrate

peptide from the active site.

It is well established that the C1 domains of the DAG-re-

sponsive mammalian PKC isoforms also have selectivity for PS

over other anionic phospholipids (35). Although some studies

have suggested a role for PS in disrupting interactions between

the C1 and C2 domains to confer conformational flexibility and

greater accessibility to DAG (36), there is a stereo-specific

enhancement in DAG-dependent membrane binding to the iso-

lated C1b domain of PKCb by L-phosphatidyl serine, indicating

that the PS-responsive determinant for PKC activation is intrin-

sic to isolated C1 domains (35). Although it remains to be

tested whether acute or localized differences in PS influence

PKC activity on a cellular level, the recent generation of a spe-

cific fluorescent tool for visualizing cellular PS should greatly

assist in determining how cellular PKC activity is affected by

this lipid cofactor (5).

The Presence of Multiple Signaling Domains
in the Same Protein Enhances PKC Signaling

In the context of the full-length protein, the binding of lipid

second messengers to a domain can be enhanced by the presence

of other modules in the protein. The C1 domain, in full-length

cPKC isoforms, is assisted in its search for DAG by the Ca21-de-

pendent membrane binding of the C2 domain (27). The C2 do-

main pretargets the enzyme to the plasma membrane, allowing

the C1 domain to search in two dimensions for DAG. Although

the C2 domain of nPKCs is unresponsive to Ca21, it does assist

with protein–protein interactions that can further refine the local-

ization of DAG-dependent signaling. Specifically, the C2

domains of both cPKC and nPKC isoforms contain sequences

that interact with the receptor for activated C kinase (RACK)

family of protein scaffolds [reviewed in (37)]. Additionally, the

C2 domain of nPKCd (and possibly that of nPKCy) has the ability
to bind phospho-tyrosine, but the biological consequence of this

has yet to be determined (38). However, unlike cPKC isoforms,

engagement of the novel C2 domain is not required to provide

energy to release the pseudosubstrate peptide to acutely activate

nPKC isoforms; DAG-dependent membrane binding of the novel

C1 domain is sufficient for activation (26).

Other protein interaction modules exist in specific PKC iso-

forms. For example, cPKCa contains a postsynaptic density-95/

discs large/zonula occludens 1 (PDZ) ligand at its extreme car-

boxyl terminus (39). While cPKC homologs in some other

eukaryotes also encode a C-terminal PDZ ligand [e.g., the Dro-

sophila eye-PKC PDZ ligand binds the inactivation-no-after-

potential D (INAD) PDZ scaffold (40)], this feature is unique to

PKCa amongst mammalian cPKC isoforms. This PDZ ligand

binds protein interacting with C kinase 1 (PICK1), an interac-

tion that is critical for PKCa’s role in cerebellar long-term

depression (41). The inclusion of PKCa’s PDZ ligand in a pro-

teome-wide PDZ interaction screen uncovered an interaction

with, among other proteins, the membrane-associated guanylate

kinase (MAGUK) family of protein scaffolds (42); our prelimi-

nary data suggests a role for MAGUK protein scaffolds in

localizing PKC activity in Caco-2 cells (unpublished data).

Thus, in full-length PKC, other domains can assist and refine

the response of C1 domain to DAG.

Lipid Binding Modules Can Be Selectively Revealed
in the Full-Length PKC

Although the presence of other domains in the full-length

protein can heighten and refine the response to lipid second

messengers, lipid binding domains can also be masked in the

context of the full-length protein. Although this is much more

of a paradigm for another C1 domain-containing protein, b-
chaemerin (43), it has been proposed that the C1 domains of

specific cPKC isoforms are masked under certain cellular condi-

tions. This phenomenon was first described for cPKCc, when

Oancea and Meyer showed that the isolated C1 domain translo-

cated to cellular membranes with exogenous DAG far more

quickly than did the full-length PKCc, while, in response to

Ca21, the isolated C2 domain translocated to membranes with

the same kinetics as the full-length protein (44). They postu-

lated that the region N-terminal to the C1 domain encompassing

the pseudosubstrate acts as a clamp to keep the C1 domain

inaccessible to DAG; the clamp is released when the C2 domain

engages membranes. For cPKCa, it was recently shown that

acidic residues in the C-terminal tail bind basic residues in the

C2 domain, and that this interaction maintains PKCa in a closed

conformation that masks the C1a domain; the C1a domain is

presumably revealed when the basic patch on the C2 domain

engages PIP2 in the membrane (45). This model is strengthened

by the evidence that, while mutation of residues in either

charged region to Ala residues sensitizes the enzyme to exoge-

nous DAG, swapping the residues in the basic and acidic

patches restores DAG insensitivity. For PKCa, another inter-

domain interaction between the C1 and C2 domains has been

demonstrated (36, 46) and is thought to regulate accessibility of

the C1 domain to DAG. Ultimately, C1 domain masking

appears to occur by isoform-specific mechanisms, or not at all

in the case of cPKCbII (35), and it is still unclear whether

inter-domain interactions affect cPKC isoforms on a cellular

level. Nevertheless, the ability of cPKC isoforms to selectively

hide their C1 domains could have cellular consequences. One

possible outcome is that this orders the response to Ca21 and

DAG, such that the C2 domain must respond to Ca21 before

the C1 domain can sense DAG. This effect would allow the C2

domain selectivity to more efficiently govern the localization of

the cPKC response: since the C2 domain prefers the PIP2-rich

plasma membrane (33), ordering the response could help over-

ride the slight basal preference of the tandem C1 domains for

internal membranes (unpublished data).
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Although the mechanism of domain masking in cPKC iso-

forms may be isozyme-specific, there appears to be a consensus

that the C2 domain of nPKC isoforms is an autoinhibitory mod-

ule that impedes DAG-dependent membrane binding. Both

nPKCe and nPKCd respond faster to C1 ligands when the C2

domain is physically removed (26, 47). In cells, unmasking the

C1 domain of nPKCe (and the Aplysia homolog, Apl nPKCII)

appears to depend upon phosphatidic acid (PA) (48, 49). Specif-

ically, blocking the formation of PA desensitizes nPKCe to re-

ceptor-mediated translocation (49). Recently, it was shown that

PA binds the C1b domain of Apl nPKCII to both relieve sup-

pression from the C2 domain and synergize with DAG to

recruit Apl nPKCII to cellular membranes, an effect mediated

by a single Arg residue at position 273 in the full-length Apl

nPKCII (50). Because this critical determinant is conserved in

the C1b domain of mammalian nPKCe, the mechanism is likely

conserved. Thus, the PKC family provides examples of how

interdomain interactions in the context of a full-length protein

can restrain the response of isolated domains and provide a fur-

ther element of regulation in cells.

Competition from Other Proteins for the Same Ligand
Results in Context-Dependent PKC Responses

Another factor that can govern signaling on a cellular level

is the expression of several different proteins in a cell that are

responsive to a common ligand. It is possible that the expres-

sion of a protein with affinity for a particular ligand will out-

compete proteins responding to the same ligand in the same

cell. This effect has been demonstrated for PKC isoforms dur-

ing receptor-mediated stimulation. That is, while nPKC iso-

forms bind DAG with higher affinity than do cPKC isoforms,

nPKCe is prevented from translocation to plasma membrane in

response to DAG by the faster, Ca21-assisted response of

cPKCa in histamine-stimulated HEK cells (28). However,

when Ca21 is chelated, nPKCe can now respond at the plasma

Figure 4. Examples of PKC regulation at the cellular level in response to lipid second messenger signaling. (1) Localized kinetics

of DAG production determine PKC activity at the plasma membrane and Golgi. (2) High affinity for DAG-containing membranes

via the C1 domain localizes nPKC to the Golgi. (3) Ca21-dependent binding to anionic phospholipids with coincident selectivity

for PIP2 via the C2 domain localizes cPKC to the plasma membrane. (4) The C2 domain of cPKC helps its C1 domain find DAG.

(5) The C2 domain of nPKC masks its C1 domain and reduces its ability to sense DAG. (6) In some cases, competition between

PKC isoforms for limited DAG defines cell type-dependent responses.

787SPATIOTEMPORAL DYNAMICS OF LIPID SIGNALING



membrane. Furthermore, when exogenous DAG is added to the

same cells, nPKCe alone translocates to the plasma membrane;

but, upon photolysis of caged Ca21, cPKCa displaces nPKCe.
Titration of cPKCa expression showed a concentration-depend-

ent suppression of nPKCe translocation in response to receptor-

mediated stimulation, further supporting the idea of competition

between the two isoforms for DAG-dependent membrane bind-

ing. In addition to competing with each other, isoforms in the

PKC family also have competition from the growing list of pro-

teins that contain a C1 domain and respond to cellular DAG,

including protein kinase D, RasGRP, b-chaemerin, and Munc13

[reviewed in (51)]. Although the importance of this competition

for the same ligand remains to be fully investigated, it is inter-

esting to speculate that the unique protein expression profile of

different cell types could lead to the ability of a protein to

respond to DAG production at a given location in one cell type,

but be out-competed and respond differently in another cell

type.

CONCLUSIONS

The spatiotemporal dynamics of PKC signaling are chroni-

cally and acutely controlled by lipid binding to their membrane-

targeting modules, the C1 and C2 domains. Differences in

intrinsic affinities and selectivities of these two membrane-tar-

geting modules control the rate, magnitude, duration, and local-

ization of signaling by PKC isozymes (see Fig. 4). In general,

cPKC isoforms respond rapidly at the plasma membrane with

the same kinetics as Ca21 formation, driven by rapid recruit-

ment via the C2 domain to the PIP2-rich plasma membrane,

which in turn allows efficient binding of the membrane-embed-

ded ligand DAG via the C1 domain; nPKC isoforms respond

more slowly at Golgi, driven by direct recruitment via their C1

domain to Golgi-bound DAG. Conventional PKC activity termi-

nates more rapidly because of faster turnover of DAG at the

plasma membrane, whereas nPKC activity is sustained because

of prolonged DAG accumulation at the Golgi. Fine tuning of

these responses by protein scaffold interactions, allosteric mech-

anisms, and competition with other proteins for common lipid

second messengers gives a unique, cell type-dependent activa-

tion signature to each isozyme.

REFERENCES
1. Di Paolo, G. and De Camilli, P. (2006) Phosphoinositides in cell regula-

tion and membrane dynamics. Nature 443, 651–657.

2. Carrasco, S. and Merida, I. (2004) Diacylglycerol-dependent binding

recruits PKCtheta and RasGRP1 C1 domains to specific subcellular

localizations in living T lymphocytes. Mol. Biol. Cell. 15, 2932–2942.
3. Dries, D. R., Gallegos, L. L., and Newton, A. C. (2007) A single resi-

due in the C1 domain sensitizes novel protein kinase C isoforms to cel-

lular diacylglycerol production. J Biol Chem 282, 826–830.

4. Villani, M., Subathra, M., Im, Y. B., Choi, Y., Signorelli, P., Del Poeta,

M., and Luberto, C. (2008) Sphingomyelin synthases regulate production

of diacylglycerol at the golgi. Biochem. J. (in press) [Epub ahead of print.]

5. Yeung, T., Gilbert, G. E., Shi, J., Silvius, J., Kapus, A., and Grinstein,

S. (2008) Membrane phosphatidylserine regulates surface charge and

protein localization. Science 319, 210–213.

6. Hurley, J. H. and Misra, S. (2000) Signaling and subcellular targeting

by membrane-binding domains. Annu. Rev. Biophys. Biomol. Struct. 29,

49–79.

7. Hurley, J. H. (2006) Membrane binding domains. Biochim. Biophys. Acta.

1761, 805–811.

8. Newton, A. C. (2003) Regulation of the ABC kinases by phosphoryla-

tion: protein kinase C as a paradigm. Biochem. J. 370, 361–371.

9. Inoue, M., Kishimoto, A., Takai, Y., and Nishizuka, Y. (1977) Studies

on a cyclic nucleotide-independent protein kinase and its proenzyme in

mammalian tissues. II. Proenzyme and its activation by calcium-depend-

ent protease from rat brain. J. Biol. Chem. 252, 7610–7616.

10. Takai, Y., Kishimoto, A., Kikkawa, U., Mori, T., and Nishizuka, Y.

(1979) Unsaturated diacylglycerol as a possible messenger for the acti-

vation of calcium-activated, phospholipid-dependent protein kinase sys-

tem. Biochem. Biophys. Res. Commun. 91, 1218–1224.

11. Creba, J. A., Downes, C. P., Hawkins, P. T., Brewster, G., Michell, R.

H., and Kirk, C. J. (1983) Rapid breakdown of phosphatidylinositol 4-

phosphate and phosphatidylinositol 4,5-bisphosphate in rat hepatocytes

stimulated by vasopressin and other Ca21-mobilizing hormones.

Biochem. J. 212, 733–747.
12. Newton, A. C. (2004) Diacylglycerol’s affair with protein kinase C

turns 25. Trends Pharmacol. Sci. 25, 175–177.

13. Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, U., and

Nishizuka, Y. (1982) Direct activation of calcium-activated, phospho-

lipid-dependent protein kinase by tumor-promoting phorbol esters.

J. Biol. Chem. 257, 7847–7851.

14. Sossin, W. S. (2007) Isoform specificity of protein kinase Cs in synaptic

plasticity. Learn. Mem. 14, 236–246.

15. Cameron, A. J., De Rycker, M., Calleja, V., Alcor, D., Kjaer, S., Koste-

lecky, B., Saurin, A., Faisal, A., Laguerre, M., Hemmings, B. A.,

McDonald, N., Larijani, B. and Parker, P. J. (2007) Protein kinases,

from B to C. Biochem. Soc. Trans. 35, 1013–1017.

16. Jacinto, E. and Lorberg, A. (2008) TOR regulation of AGC kinases in

yeast and mammals. Biochem. J. 410, 19–37.

17. Neri, L. M., Martelli, A. M., Borgatti, P., Colamussi, M. L., Marchisio,

M., and Capitani, S. (1999) Increase in nuclear phosphatidylinositol 3-

kinase activity and phosphatidylinositol (3,4,5) trisphosphate synthesis

precede PKC-zeta translocation to the nucleus of NGF-treated PC12

cells. Faseb J. 13, 2299–2310.

18. Suzuki, A., Akimoto, K. and Ohno, S. (2003) Protein kinase C lambda/

iota (PKClambda/iota): a PKC isotype essential for the development of

multicellular organisms. J. Biochem. 133, 9–16.
19. Drin, G. and Scarlata, S. (2007) Stimulation of phospholipase Cbeta by

membrane interactions, interdomain movement, and G protein bind-

ing—how many ways can you activate an enzyme? Cell. Signal. 19,

1383–1392.

20. Rhee, S. G. (2001) Regulation of phosphoinositide-specific phospholi-

pase C. Annu. Rev. Biochem. 70, 281–312.

21. Merida, I., Avila-Flores, A., and Merino, E. (2008) Diacylglycerol ki-

nases: at the hub of cell signalling. Biochem. J. 409, 1–18.

22. Sakai, N., Sasaki, K., Ikegaki, N., Shirai, Y., Ono, Y., and Saito, N.

(1997) Direct visualization of the translocation of the gamma-subspecies

of protein kinase C in living cells using fusion proteins with green fluo-

rescent protein. J. Cell. Biol. 139, 1465–1476.

23. Violin, J. D., Zhang, J., Tsien, R. Y., and Newton, A. C. (2003) A ge-

netically encoded fluorescent reporter reveals oscillatory phosphoryla-

tion by protein kinase C. J. Cell. Biol. 161, 899–909.
24. Violin, J. D. and Newton, A. C. (2003) Pathway illuminated: visualizing

protein kinase C signaling. IUBMB Life 55, 653–660.

25. Gallegos, L. L., Kunkel, M. T., and Newton, A. C. (2006) Targeting

protein kinase C activity reporter to discrete intracellular regions reveals

788 GALLEGOS AND NEWTON



spatiotemporal differences in agonist-dependent signaling. J. Biol.
Chem. 281, 30947–30956.

26. Giorgione, J. R., Lin, J. H., McCammon, J. A., and Newton, A. C.

(2006) Increased membrane affinity of the C1 domain of protein kinase

Cdelta compensates for the lack of involvement of its C2 domain in

membrane recruitment. J. Biol. Chem. 281, 1660–1669.

27. Newton, A. C. (2001) Protein kinase C: structural and spatial regulation

by phosphorylation, cofactors, and macromolecular interactions. Chem.
Rev. 101, 2353–2364.

28. Lenz, J. C., Reusch, H. P., Albrecht, N., Schultz, G., and Schaefer, M.

(2002) Ca21-controlled competitive diacylglycerol binding of protein

kinase C isoenzymes in living cells. J. Cell. Biol. 159, 291–302.
29. Kohout, S. C., Corbalan-Garcia, S., Torrecillas, A., Gomez-Fernandez,

J. C., and Falke, J. J. (2002) C2 domains of protein kinase C isoforms

alpha, beta, and gamma: activation parameters and calcium stoichiome-

tries of the membrane-bound state. Biochemistry 41, 11411–11424.

30. Keranen, L. M. and Newton, A. C. (1997) Ca21 differentially regulates

conventional protein kinase Cs’ membrane interaction and activation.

J. Biol. Chem. 272, 25959–25967.
31. Guerrero-Valero, M., Marin-Vicente, C., Gomez-Fernandez, J. C., and

Corbalan-Garcia, S. (2007) The C2 domains of classical PKCs are spe-

cific PtdIns(4,5)P2-sensing domains with different affinities for mem-

brane binding. J. Mol. Biol. 371, 608–621.
32. Corbalan-Garcia, S., Garcia-Garcia, J., Rodriguez-Alfaro, J. A., and

Gomez-Fernandez, J. C. (2003) A new phosphatidylinositol 4,5-bisphos-

phate-binding site located in the C2 domain of protein kinase Calpha.

J. Biol. Chem. 278, 4972–4980.

33. Evans, J. H., Murray, D., Leslie, C. C., and Falke, J. J. (2006) Specific trans-

location of protein kinase Calpha to the plasma membrane requires both

Ca21 and PIP2 recognition by its C2 domain.Mol. Biol. Cell. 17, 56–66.
34. Marin-Vicente, C., Nicolas, F. E., Gomez-Fernandez, J. C., and Corba-

lan-Garcia, S. (2008) The PtdIns(4,5)P2 ligand itself influences the

localization of PKCalpha in the plasma membrane of intact living cells.

J. Mol. Biol. 377, 1038–1052.
35. Johnson, J. E., Giorgione, J., and Newton, A. C. (2000) The C1 and C2

domains of protein kinase C are independent membrane targeting mod-

ules, with specificity for phosphatidylserine conferred by the C1 do-

main. Biochemistry 39, 11360–11369.

36. Stahelin, R. V., Wang, J., Blatner, N. R., Rafter, J. D., Murray, D., and

Cho, W. (2005) The origin of C1A-C2 interdomain interactions in pro-

tein kinase Calpha. J. Biol. Chem. 280, 36452–36463.
37. Schechtman, D. and Mochly-Rosen, D. (2001) Adaptor proteins in pro-

tein kinase C-mediated signal transduction. Oncogene 20, 6339–6347.

38. Benes, C. H., Wu, N., Elia, A. E., Dharia, T., Cantley, L. C., and Solt-

off, S. P. (2005) The C2 domain of PKCdelta is a phosphotyrosine

binding domain. Cell 121, 271–280.

39. Staudinger, J., Lu, J., and Olson, E. N. (1997) Specific interaction of

the PDZ domain protein PICK1 with the COOH terminus of protein ki-

nase C-alpha. J. Biol. Chem. 272, 32019–32024.

40. Adamski, F. M., Zhu, M. Y., Bahiraei, F., and Shieh, B. H. (1998)

Interaction of eye protein kinase C and INAD in Drosophila. Localiza-

tion of binding domains and electrophysiological characterization of a

loss of association in transgenic flies. J. Biol. Chem. 273, 17713–17719.

41. Leitges, M., Kovac, J., Plomann, M., and Linden, D. J. (2004) A unique

PDZ ligand in PKCalpha confers induction of cerebellar long-term syn-

aptic depression. Neuron 44, 585–594.

42. Stiffler, M. A., Chen, J. R., Grantcharova, V. P., Lei, Y., Fuchs, D.,

Allen, J. E., Zaslavskaia, L. A., and MacBeath, G. (2007) PDZ domain

binding selectivity is optimized across the mouse proteome. Science

317, 364–369.

43. Hall, C., Lim, L., and Leung, T. (2005) C1, see them all. Trends Bio-
chem. Sci. 30, 169–171.

44. Oancea, E. and Meyer, T. (1998) Protein kinase C as a molecular

machine for decoding calcium and diacylglycerol signals. Cell 95, 307–

318.

45. Stensman, H. and Larsson, C. (2007) Identification of acidic amino acid

residues in the protein kinase C alpha V5 domain that contribute to its

insensitivity to diacylglycerol. J. Biol. Chem. 282, 28627–28638.

46. Slater, S. J., Seiz, J. L., Cook, A. C., Buzas, C. J., Malinowski, S. A.,

Kershner, J. L., Stagliano, B. A., and Stubbs, C. D. (2002) Regulation

of PKC alpha activity by C1–C2 domain interactions. J. Biol. Chem.

277, 15277–15285.

47. Stahelin, R. V., Digman, M. A., Medkova, M., Ananthanarayanan, B.,

Melowic, H. R., Rafter, J. D., and Cho, W. (2005) Diacylglycerol-

induced membrane targeting and activation of protein kinase Cepsilon:

mechanistic differences between protein kinases Cdelta and Cepsilon.

J. Biol. Chem. 280, 19784–19793.

48. Pepio, A. M. and Sossin, W. S. (1998) The C2 domain of the Ca(21)-

independent protein kinase C Apl II inhibits phorbol ester binding to

the C1 domain in a phosphatidic acid-sensitive manner. Biochemistry
37, 1256–1263.

49. Jose Lopez-Andreo, M., Gomez-Fernandez, J. C., and Corbalan-Garcia, S.

(2003) The simultaneous production of phosphatidic acid and diacylglyc-

erol is essential for the translocation of protein kinase Cepsilon to the

plasma membrane in RBL-2H3 cells.Mol. Biol. Cell. 14, 4885–4895.

50. Farah, C. A., Nagakura, I., Weatherill, D., Fan, X., and Sossin, W. S.

(2008) A physiological role for phosphatidic acid in the translocation of

the novel protein kinase C Apl Ii in aplysia neurons. Mol. Cell. Biol.

28, 4719–4733.

51. Toker, A. (2005) The biology and biochemistry of diacylglycerol signal-

ling. Meeting on molecular advances in diacylglycerol signalling.

EMBO Rep. 6, 310–314.

789SPATIOTEMPORAL DYNAMICS OF LIPID SIGNALING


