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The coordinated and physiological behavior of living cells in an organism critically depends
on their ability to interact with surrounding cells and with the extracellular space. For this,
cells have to interpret incoming stimuli, correctly process the signals, and produce meaning-
ful responses. A major part of such signaling mechanisms is the translation of incoming
stimuli into intracellularly understandable signals, usually represented by second messen-
gers or second-messenger systems. Two key second messengers, namely the calcium ion
and signaling lipids, albeit extremely different in nature, play an important and often syner-
gistic role in such signaling cascades. In this report, we will shed some light on an entire
family of protein kinases, the protein kinases C, that are perfectly designed to exactly
decode these two second messengers in all of their properties and convey the signaling
content to downstream processes within the cell.

Once generated, second messengers relay
their information content in a plethora

of properties, including time, quantity (i.e.,
concentration), space (i.e., subcellular distribu-
tion), and interestingly into any combination of
these three characteristics. Nevertheless, such
information is meaningless for the cell unless
it has a toolkit of read-out systems that can
actually interpret such second-messenger prop-
erties and relate them further downstream into
complex signaling networks, or directly to effec-
tor systems. An important system is the family
of protein kinase Cs (PKCs) that can read-out
lipid signals alone, or combine the ability to
read-out simultaneous lipid and Ca2þ signals.
A common denominator of all PKCs is the
property to convey signals downstream by

phosphorylation of additional signaling part-
ners or effector proteins. We will briefly intro-
duce the PKC subfamilies with particular
emphasis on their signaling ability, discuss the
important sensing domains, and their proper-
ties, before concentrating on sensing details of
the subfamily of conventional PKCs and their
role in signal integration in greater depth.

THE PKC FAMILY

In a mammalian cell, members of the PKC
family represent �2% of the entire kinome
(Mellor and Parker 1998; Manning et al. 2002)
and display an almost ubiquitous expression
throughout the human body. The PKC family
comprises 10 family members that are grouped
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into three subfamilies based on their particu-
lar domain composition and arrangement (see
Fig. 1). Despite their widespread expression,
the assignment of particular isoforms to spe-
cific functions has been difficult because PKCs
display a signaling network of their own. The
activity of novel PKCs (nPKCs) is, for example,
modulated by the activity of atypical PKCs
(aPKCs) (Parekh et al. 2000). In recent years,
the application of knockout (KO) mouse mod-
els has proven seminal in unraveling some of the
functions that can now be assigned to a partic-
ular PKC isoform, for example (Leitges 2007).
However, results from KO approaches have
proven difficult to interpret. For example,
although the nPKC isoform, PKCd, is known
to be expressed ubiquitously, the KO mouse,
deficient of PKCd in all cells, showed no obvious
phenotype (Leitges et al. 2001; Miyamoto et al.
2002). Only extensive analysis revealed mild
phenotypes in specialized cell types, such as
cells from the bone marrow (Leitges et al.
2002). The extensive networking among PKC
members might thus render the interpretation
of such mouse models rather difficult.

Very often enzymes gain substrate specificity
via interaction of their activity domain (or
nearby domains) and particular substrates.
Unfortunately, for PKCs the situation appears
to be more complex because their kinase do-
main, despite smaller differences, appears to
be rather unspecific toward substrates (Kennelly
and Krebs 1991; Pearce et al. 2010). It is generally
believed that the PKC consensus phosphoryla-
tion sequence varies little between PKC iso-
forms. Large overlapping phosphorylation can
be found for the same target between different
families of AGC kinases (Zhang et al. 2006).
From these findings, the following question is
rather obvious: How do PKCs gain specificity
if the kinase domains’ contribution to specific
phosphorylation appears rather low? This
question becomes even more central when one
considers that the 10 PKC family members
share overlap in terms of substrate specificity,
but phosphorylate specific targets. Although
unique functions have been assigned to particu-
lar PKCs, this information does not illuminate
the mechanisms underlying their specificity.

An answer to the question of specificity can
partly be found in the regulatory domain(s) of
PKCs. Although, depending on the particular
isoform, the regulatory domain(s) bind lipids
and in some cases also Ca2þ ions, how exactly
PKCs achieve specificity is still rather unclear.
Among other domains, PKCs contain C1 do-
main(s) (C1a and C1b) that might contribute
specificity, but they bind lipids rather than
substrates. It should be noted here though,
that some evidence for putative direct C1–pro-
tein interaction was reported recently (Colon-
Gonzalez and Kazanietz 2006). In addition,
conventional PKCs (cPKCs) contain a Ca2þ-
binding C2 domain, but Ca2þ ions of course
do not serve as substrates. Thus, we suggest
that the lack of substrate specificity attributed
to the different PKC kinase domains is actually
an important feature for PKCs, because they
ought not to express specificity through classi-
cal enzyme–substrate interactions but rather
through the mechanism of targeting. This
means that PKCs follow the idea of local sig-
naling domains in an overwhelmingly dynamic
way. Typically, PKCs are only activated within
a local signaling domain where specific lipids
(such as DAGs) are produced to allow bind-
ing to C1 domain(s), or where Ca2þ signaling
occurs to trigger a complex choreography of
binding steps (see below, and for a recent review
see Rosse et al. 2010).

ACTIVATION OF PKCs

To understand substrate-specific interactions,
we need to have a close look into the mecha-
nisms that lead to activation of PKCs. The steps
leading to activation can be divided into two
major episodes that are shared by almost all
PKC members: (1) maturation and priming
and (2) acute activation of the enzymatic activ-
ity. In this review, we will not focus on the first
episode(s), because a recent review by Alexan-
dra Newton has explained such steps in detail
(Newton 2010).

In brief, once the translation of the PKC
protein has been accomplished, highly ordered
steps of phosphorylations on the protein itself
are needed to gain activation competence. The
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Figure 1. Basic properties of protein kinases C. (A) The general domain structure of the three subfamilies of
the PKCs. The inset explains the symbols used. (B) After maturation and priming steps, activation of the
kinase activity involves sequential binding of Ca2þ to the C2 domain, translocation to the plasma membrane,
and binding of the C1a domain to DAG. (C) Interaction of the C1 domain with lipids of the plasma membrane
(left) is much more intimate than for the Ca2þ (blue spheres marked with an arrow) loaded C2 domain (right).
(C, Adapted from Hurley and Misra 2000; reprinted with permission from Annual Reviews, Inc. # 2000.)
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current understanding is that both maturation
and priming might be regulated by an entire
group of cofactors, including, but not restricted
to, partners stabilizing certain spatial arrange-
ments of the immature PKC protein, such as
chaperones (Gould et al. 2009). These stable
intermediates are essential for proper phos-
phorylation to occur. Additional necessary
phosphorylation steps involve the activity of
the kinase PDK-1 that specifically modifies
residues in the activation loop. These phos-
phorylation events serve a twofold function:
(1) stabilizing the structure of the kinase do-
main and (2) specific priming of the enzymatic
activity of the PKC molecule. Such PDK-1-
mediated modifications are characteristic for
all PKC family members. The particular impor-
tance of PDK-1 for PKC was shown by Balen-
dran and coworkers, who reported that PDK-1
knockdown down-regulates PKC levels most
likely by increased proteolysis of immature
PKCs (Balendran et al. 2000). Nevertheless, all
these maturation and priming steps only repre-
sent foreplay leading to the real action—the
induction of the kinase activity itself.

For all PKC family members, activation of
the kinase domain involves dissociation of an
autoinhibitory domain from the kinase activ-
ity center. These domains contain amino acid
sequences mimicking substrates for the kinase
domain, but lack the ability to be phosphory-
lated. Although for cPKCs this pseudosubstrate
is almost amino-terminal, for nPKCs and
aPKCs, it is buried deeper in the regulatory
part of the PKC molecule (see Fig. 1).

The members of the nPKC subfamily con-
tain C2 domains, but for these C2 domains
the required acidic Ca2þ-binding pocket is
absent, thus their Ca2þ-binding affinity is too
low to be relevant physiologically (reviewed in
Hurley and Misra 2000). Therefore, nPKCs
solely rely on lipid binding of their C1 domains.
Both C1 domains, C1a and C1b, display differ-
ent binding affinities for DAGs and/or phorbol
esters. The C1a domain is usually associated
with DAG binding, whereas the C1b domain
conveys phorbol ester binding (Colon-Gonzalez
and Kazanietz 2006). Interestingly, even among
nPKCs, differences between this distribution of

properties has been reported. Although the
C1 domains of PKC1 share an apparent equal
binding to DAG and phorbol esters, the C1a
domain of PKCd apparently prefers DAG to
phorbol esters (Stahelin et al. 2005a). In all
instances, binding of the C1 domain(s) to their
appropriate lipid partners releases the pseudo-
substrate from the kinase-binding pocket lead-
ing to kinase activation.

The aPKCs represent a borderline PKC
subfamily when considering the activation
mechanism. Activation of aPKCs is not medi-
ated by binding to DAG, phosphatidylserines,
or phorbol esters because their C1 domain is
altered (atypical C1 domain). Binding to these
classical PKC activators in this atypical C1
domain is suppressed threefold: (1) The C1
domains structure is de-formed into a “flat sur-
face” that is not able to penetrate into the lipid
layer necessary for hydrophobic interactions,
(2) the C1 domain cannot unzip to create the
necessary lipid-binding pocket, and (3) hydro-
philic amino acids disrupt the hydrophobicity
of the binding pocket (Mott et al. 1996; Zhou
et al. 2002). For a comparison between the
varieties of C1 domains, please refer to a recent
review (Colon-Gonzalez and Kazanietz 2006).
Nevertheless, recently, binding of the atypical
C1 domain to other lipid partners such as phos-
phatidic acid, ceramide, and PIP3 has been
implicated (Hirai and Chida 2003). Such inter-
action with the lipid releases autoinhibition,
but still requires activation steps in the form
of phosphorylation events at the PKC molecule
itself, where PDK-1 again appears to prime the
kinase and autophosphorylation finally results
in increased kinase activity (Hirai and Chida
2003). In addition to such lipid-dependent
phosphorylation of the atypical PKCs, direct
protein–protein interactions through their
PB1 domain can modulate their activity (see
Fig. 1) (Puls et al. 1997; Qiu et al. 2000).

The Dynasty of Conventional PKCs:
Decoding Ca2þ and Lipids

The cPKCs display the most complex and
dynamic activation patterns among all PKC
family members. Although maturation and
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priming of cPKCs follows a very similar scheme
as described above and reviewed in Newton
(2010), cPKCs reside in the cytosol during rest-
ing periods waiting to be triggered by rises in
intracellular Ca2þ concentration. In this sec-
tion, we will have a closer look at various aspects
of how cPKCs decode Ca2þ and lipid signals,
whereas the following section highlights feed-
back and cPKCs’ influence on Ca2þ signaling.

More than anywhere else in the web of
PKCs, the activation of cPKCs depends on its
distribution; “location, location, location” is
critical for specificity of action. As visualized
in a seminal report by Oancea and Meyer
(1998), cPKCs are positioned at the crossing
of two important cellular signaling routes:
receptor-mediated activation of PLCs (and
consequently production of DAG) and libera-
tion of Ca2þ from internal stores or influx
from the extracellular space.

To perform these tasks, cPKCs contain a
toolset of two domain structures (namely C1
and C2) that enable the molecules to sense
DAG/phorbol ester production and Ca2þ

increases, respectively (Newton and Johnson
1998). In this section, we summarize our cur-
rent knowledge about the complex interaction
between cPKCs and Ca2þ with particular
respect to how the Ca2þ signaling toolkit (Ber-
ridge et al. 2000) can be read-out by cPKCs and
referred downstream in the signaling cascade.

As already mentioned for the other PKC
subfamilies, we have to consider the particular
way cPKCs are activated to understand how
cPKCs are indeed able to interpret both Ca2þ

and DAG signals in living cells. Figure 1 gives
a summary of our current notion on the final
activation steps after maturation and priming
of the molecule itself. Under resting conditions
(i.e., basal Ca2þ concentration of �100 nM),
cPKCs distribute in the cytosol with basically
no membrane binding. It should be noted that
in the absence of Ca2þ membrane binding of
cPKCs does not occur, even when DAG is
present in the plasma membrane. There might
be two reasons for this: (1) Negative charges
in the Ca2þ-binding pocket might actually repel
the molecule from the plasma membrane; in
particular, when considering the large amount

of negatively charged head groups of phos-
pholipids in the inner leaflet of the plasma
membrane and (2) in the Ca2þ-free form, the
conformation of the C1/C2 tandem domain
might prevent the C1 domain(s) from encoun-
tering DAG in the plasma membrane (Stahelin
et al. 2005b).

Interaction Between C2 Domains
and Phospholipids

Although binding between DAG and the C1
domain(s) appears reasonably straightforward,
there are at least three different mechanisms
for the Ca2þ-dependent C2 membrane interac-
tion (see also Hurley and Misra 2000).

Conformational Changes Induced by Liga-
tion of Ca2þ: Binding of Ca2þ ions at the three
Ca2þ-binding regions (CBR1-3) induces a con-
formational change in the C2 domains in such
a way that phospholipid binding will become
possible. There are at least two lines of evidence
that support that notion. Growing crystals of C2
domains is only possible in the state where C2 is
occupied by a single Ca2þ; binding of the sec-
ond one renders the crystal unstable (Sutton
and Sprang 1998). Although the C2 domains
of PKCa and PKCg only bind 2 Ca2þ, PKCb
is able to bind 3 Ca2þ in a cooperative manner,
also suggesting major conformational changes
in the C2 domains during successive Ca2þ bind-
ing (Kohout et al. 2002). In some studies, such
changes extend well beyond the C2 domain,
giving rise to further conformational changes
in the C1 and pseudosubstrate domains (Bols-
over et al. 2003).

Bridging between C2 Domain and Phospho-
lipid in Plasma Membrane: In comparison to
the electrostatic role of Ca2þ detailed below,
the notion of Ca2þ bridging assumes that both
partners, the CBRs of the C2 and the head
groups of the phospholipids, coordinate the
arrangement of the bound Ca2þ ions (Dessen
et al. 1999; Verdaguer et al. 1999). Similar
Ca2þ bridging had been described for another
Ca2þ-sensing and membrane-binding protein
family, the annexins (Swairjo et al. 1995).

Electrostatic Interaction between Ca2þ-C2
and Plasma Membrane: As described above, the

Protein Kinase C: The “Masters” of Calcium and Lipid

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004556 5



binding pocket for Ca2þ, flanked by the CBRs,
presents the plasma membrane with an array of
negative charges that not only discourage mem-
brane phospholipid interactions, but almost
results in repelling actions between the C2
domain and phospholipids (Rizo and Südhof
1998; Ubach et al. 1998). Chelating Ca2þ ions
by the CBRs switches this behavior entirely,
because in the Ca2þ-bound form, the surface
charge has now changed from negative to posi-
tive and the Ca2þ-C2 domain now becomes
very much attracted to phospholipids. A seminal
study by Kohout and coworkers has shown the
enormous rapidity with which cPKCs associate
with membrane after a stepwise Ca2þ increase
(Kohout et al. 2002; Reither et al. 2006).

Seeing Is Believing: Imaging cPKC
Dynamics in Living Cells

The advent of sophisticated imaging techniques
together with the approach of fusing cPKCs
with fluorescent proteins (FPs) allowed the
direct visualization and analysis of cPKC
dynamics in living cells (Meyer and Oancea
2000; see also Fig. 2A). Here, the group around
Tobias Meyer has performed groundbreaking
work in not only demonstrating rapid cPKC
membrane translocation, but also characterizing
such behavior in detail using mutational ap-
proaches (Oancea and Meyer 1998). Applying
line-scan analysis of cPKC translocation together
with line-scan FRAPapproaches, Michael Schae-
fer and coworkers showed that rapid transloca-
tion of cPKCs to the plasma membrane does
not necessarily require specific transport proc-
esses or specific receptors at the plasma mem-
brane, free diffusion was sufficient to explain
the observed translocation kinetics (Schaefer
et al. 2001). We recently demonstrated that
Ca2þ-dependent membrane association also
occurs in mutated PKCa with a dysfunctional
DAG-binding domain (Reither et al. 2006). By
rendering the C1 domain DAG insensitive, we
were able to show that Ca2þ association to the
C2 domain is both sufficient and necessary for
rapid membrane association (Reither et al. 2006).

Most of the studies reporting cPKC dy-
namics in living cells concentrate on analyzing

global changes of the cPKC distribution (e.g.,
Oancea and Meyer 1998; for more details see
Violin and Newton 2003). But if cPKCs are
indeed versatile decoding machines for Ca2þ

then the question arises as to whether they are
able to sense the entire Ca2þ signaling toolkit,
from the global, homogeneous Ca2þ signals,
to the rapidly propagating Ca2þ wave, and
finally spatially restricted Ca2þ signals, includ-
ing elementary Ca2þ transients, such as Ca2þ

puffs (Bootman et al. 1997a,b; Lipp et al.
1997; Koizumi et al. 1999).

First indications for cPKCs’ ability to trans-
locate to the plasma membrane in a spatially
restricted manner was provided by Tobias
Meyers group (Codazzi et al. 2001) in a study
using PKCg fusion proteins with FP tags.
They analyzed translocation behavior of PKCg
in astrocytes using total internal reflection
microscopy (TIRF) to restrict fluorescence
detection to the basal plasma membrane
(Fig. 2A). In the same report, the authors
showed that similarly restricted translocations
could also be found when expressing C2-FP
constructs alone, suggesting that they were
looking at the effects of local Ca2þ signals
(Fig. 2Ab) (Codazzi et al. 2001). Nevertheless,
their very low temporal resolution (around 6 s
per image) together with the lack of a simulta-
neous Ca2þ recording prevented a direct link
between these two events.

Recently, we were able for the first time to
provide compelling evidence that PKCa was
able to decode Ca2þ signals generated by various
stimulation strengths. Threshold stimulation
of nonexcitable cells with Ca2þ-mobilizing
agonists leads to a breakdown of the global
signal into spatially restricted Ca2þ transients
(Bootman et al. 1997b; Berridge et al. 2000).
Figure 2B depicts such data, indicating that
threshold stimulation (5 mM ATP) resulted in a
spatially restricted Ca2þ signal (Fig. 2Bc, lower
row, left) whereas supra-threshold stimulation
caused global Ca2þ increases (Fig. 2Bc, lower
row, right). Importantly, translocation of the
PKCa fusion protein very closely resembled the
spatiotemporal properties of the underlying
Ca2þ transients (Fig. 2Bc, upper row). Such
data suggested that activation (i.e., membrane
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association) and deactivation (i.e., membrane
dissociation) might actually be extremely
dynamic and short lived, a notion we will dis-
cuss below in greater detail.

We and others have reported on the break-
down of global Ca2þ transients into elementary
Ca2þ signals, referred to as Ca2þ sparks and
Ca2þ puffs for ryanodine receptor and InsP3

receptor signals, respectively (reviewed in Lipp

and Niggli 1996; Berridge et al. 1999). It is
well acknowledged that such elementary Ca2þ

transients serve as building blocks for more
complex Ca2þ transients, including Ca2þ waves
but whether these spatially and temporally
restricted signals may have a local signaling
role on their own is still unclear. For a univer-
sally applied Ca2þ read-out system, cPKCs
should thus also be able to sense these Ca2þ
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Figure 2. Spatially restricted cPKC translocations are driven by localized Ca2þ signals. (A) Astrocytes were
imaged by TIRF microscopy and stimulated by 100 mM glutamate. Spatially restricted plasma membrane accu-
mulation of GFP-PKCg (a) and GFP-C2 (b) can be observed. Scale bar, 5 mm. (Adapted from Codazzi et al.
2001; reprinted with permission from Elsevier # 2001.) (B) HEK cells expressing PKCa-DsRed2 were loaded
with fluo4 and stimulated with threshold (5 mM ATP) and suprathreshold (25 mM ATP) agonist concentrations.
Spatially restricted Ca2þ signals (Bc, lower row, 5 mM) resulted in localized PKC translocation to the plasma
membrane (Bc, upper row, 5 mM) while global Ca2þ (Bc, lower row, 25 mM) induced global translocation (Bc,
upper row, 25 mM). Numbers in Bb correspond to regions of interest in Ba. (Adapted from Reither et al. 2006;
reprinted with permission from The Rockefeller University Press # 2006.)
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transients and translate them into highly local-
ized translocation events. By using rapid 2D
confocal imaging of PKCa-FP-expressing cells
and threshold stimulations, we were able to
show elementary Ca2þ release-mediated local
translocation events (LTEs) (see Fig. 3) (Reither
et al. 2006). Thus, a possible signaling role can
be directly assigned to elementary Ca2þ release
sites close to the plasma membrane (�1.5 mm):
they might serve as a tool for cells to induce
spatially restricted signaling cascades by local
recruitment of cPKCs and ensuing downstream
events. Such versatility in reading-out of local
Ca2þ signals has as of yet only directly been
shown for cPKCs, although similar abilities
have been suggested for another very important
Ca2þ read-out sensor: calmodulin (Deisseroth
et al. 1998; Wheeler et al. 2008).

Terminating cPKC Signaling

Equally important to initiating cPKC signaling
by rises in intracellular Ca2þ is the termination
of such potent signaling molecules. For this, it

would be beneficial to be able to follow cPKC
phosphorylation in living cells.

Two such approaches have been established
so far, referred to as CKAR (Violin et al. 2003;
Gallegos et al. 2006) and KCP (Schleifenbaum
et al. 2004; Brumbaugh et al. 2006). Both have
used the fluorescence resonance energy transfer
(FRET) approach with different phosphoryla-
tion sensors. Roger Tsien and Alexandra New-
ton have incorporated a construct comprised
of a consensus sequence and a specific binding
domain recognizing the phosphorylated PKC
consensus sequence (Violin et al. 2003). Alter-
natively, Carsten Schultz’s group have used
conformational bending based on multiple
phosphorylations in a kind of “hinge” region
of the sensor (Schleifenbaum et al. 2004). In
both cases, PKC-dependent phosphorylation
of the sensor results in a conformational rear-
rangement of CFP and YFP at both ends of the
sensors and thus changing the FRET ratio that
can be measured.

In the original report using the CKAR
probe, the investigators were able to show that
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oscillations in Ca2þ are directly translated into
oscillations of substrate phosphorylation
(Violin et al. 2003); a novel and important find-
ing. When analyzing their results in greater
detail, especially the temporal relationship
between Ca2þ increases and phosphorylation
to switch on and off, they found a time delay
between these two events of only 10 s, which
was not far off the temporal resolution of their
recording. From these findings, one has to
conclude that the switching of the cPKCs from
off to on, and vice versa, is almost instantane-
ous, even considering that the phosphoryla-
tion probe only senses the steady-state between
phosphorylation events (via PKCs) and de-
phosphorylation by phosphatases. But how are
cPKC switched off?

In biochemical studies using cPKC-C2 do-
mains and analyzing their membrane associ-
ation and dissociation kinetics, Newton’s and
Kohout’s groups have found very fast kinetics
for both processs (Nalefski and Newton 2001;
Kohout et al. 2002). Although the kon rate for
membrane association was �1010 M21sec21,
membrane dissociation koff was still very fast
(�150 sec21) (Nalefski and Newton 2001).
Because the Ca2þ dissociation was in the same
order of magnitude (Kohout et al. 2002), Ca2þ

unbinding and membrane dissociation are
quasi-simultaneous. But, cPKCs also interact
with the plasma membrane through C1
domain(s) that are believed to display much
slower kinetics for membrane interactions. A
recent biochemical study has indeed shown
that the isolated C1 domain of PKCb exhibits
much slower kinetics. Here kon and koff were
measured to be 109 M21sec21 and 0.1 sec21,
respectively (Dries and Newton 2008). It has
to be mentioned here that Dries and Newton
found two distinct, kinetically different mem-
brane-binding modes of C1 domains: a weak
but fast binding/unbinding to phosphatidylser-
ine and a high affinity but slow interaction with
DAG/PMA (Dries and Newton 2008).

Thus, up to now we can draw the follow-
ing picture (cf. Fig. 1): Membrane association
in cPKCs appears to be solely driven by
C2-mediated initial membrane contacts with
anionic phospholipids, whereas retention of

the cPKC at the membrane is dominated
by DAG–C1 interactions that apparently not
only provide the energy for pseudosubstrate
dissociation and kinase activation but also
massively increase the likelihood of kinase–
substrate interactions by restricting the “search
dimensions” from the 3D cytosol to the flat
inner surface of the plasma membrane (i.e.,
2D) (Kholodenko et al. 2000).

Although all those findings describe basic
biochemical properties of cPKCs, the question
arises whether any of such properties are
reflected in the behavior of cPKCs in the liv-
ing cell? For this, again, imaging techniques
have provided compelling evidence for the
notion put forward above. Flash photolysis
of caged-Ca2þ compounds in living cells while
simultaneously monitoring Ca2þ and PKCa
translocation has supported the extremely fast
membrane association of the kinase (Reither
et al. 2006). Substantial membrane accumula-
tion could be monitored less than 250 msec
after photolytic Ca2þ increase.

When considering the kinetics of DAG pro-
duction measured during agonist stimulation,
which has been reported to show no, or only
mild, oscillations (Codazzi et al. 2001; Bartlett
et al. 2005), DAG production is rather unlikely
to cause phosphorylation cycles of cPKCs as
reported previously (Violin et al. 2003). As
suggested earlier, such oscillations coincide
with Ca2þ oscillations, which in turn should
also be responsible for switching off kinase
activity. But what exactly is the rate-limiting
step for returning kinase activity to basal levels?
Ca2þ levels alone cannot be the sole driving
force behind that, because during stimulation
with a Ca2þ-mobilizing agonist, DAG is also
being produced. It appears feasible to assume
that despite rapid decreases in Ca2þ at the
plasma membrane, it will be DAG-C1 dissocia-
tion that will dominate membrane dissociation
and eventually switching off the kinase activity.
By analyzing membrane-dissociation kinetics
in living cells, we have provided recent evidence
that the C1–membrane interaction (presum-
ably via DAG) is a major determinant of this
process (Reither et al. 2006). Similar to stop-
flow analysis in a spectrometer we have used
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photolysis of a caged-Ca2þ buffer (diazo-2) to
decrease Ca2þ in a quasi-stepwise manner. In liv-
ing cells, we were able to identify that membrane
dissociation of PKCawas indeed slow and char-
acterized by a bi-exponential kinetic. When we
rendered the C1a domain DAG insensitive, the
same experimental approach revealed fast mem-
brane dissociation described by a single, rapid
exponential decay of membrane fluorescence
(Reither et al. 2006). The resulting speed of
membrane dissociation was increased by more
than an order of magnitude, providing compel-
ling evidence for our notion put forward above.
The fact that, in the wild-type PKCa, membrane
dissociation was bi-exponential also strongly
suggests that even during normal cellular stimu-
lation there are two pools of membrane-bound
cPKCs: (1) a loosely bound population, where
binding is only mediated by weaker PKC–
anionic phospholipid interaction mediated by
Ca2þ-C2 and C1a domains, and (2) a tightly
bound cPKC population, which interact via
C1a-DAG binding and most likely represent
the activated kinase population.

It is therefore feasible to assume that activa-
tion and inactivation of cPKCs are primarily
driven by the DAG-C1a-binding kinetics, which
appear rate limiting in both processes (Nalefski
and Newton 2001; Dries and Newton 2008), but
that the C2–membrane interaction is the major
determinant for the localization of cPKCs to the
plasma membrane. Thus, the spatiotemporal
properties of the underlying Ca2þ signals deter-
mine the strength, timing, and localization of
membrane association of cPKCs, but the
strength of the agonist-mediated DAG produc-
tion appears to be the determinant for the
strength of cPKC activation. In this respect,
the answer to the question of whether cPKC
translocation driven by elementary Ca2þ signals
(LTEs) does indeed signal downstream is still
unknown and will only be answered when we
have phosphorylation sensors available with a
signal-to-noise ratio that allows sensing their
FRET changes in cellular microdomains.

Up to now we have only discussed one part
of the Ca2þ–cPKC interaction, namely how
Ca2þ influences cPKC activity, but we have to
consider a dialog between Ca2þ and cPKCs

because in return cPKCs’ activity can also mod-
ulate Ca2þ signaling, which will be the topic of
the following section.

CONVENTIONAL PKCs AND BEYOND:
cPKCs AND THEIR REGULATORY
INFLUENCE ON Ca2þ HANDLING

In this section, we focus on the immediate
functional feedback with respect to the modula-
tion of Ca2þ regulators. The long-term effects of
cPKC-dependent regulation of gene expression
will not be considered here. In a Ca2þ centric
view of cellular signaling, we would like to
distinguish direct regulators of Ca2þ such as
Ca2þ channels as positive modules together
with the counteracting pumps from second
level regulators (regulator of regulators). In the
following, the effect of cPKCs on the first- and
second-level regulators will be discussed.

First Level of Regulation

At the first level of regulation, we consider RyRs,
InsP3Rs, and other Ca2þ channels as main pos-
itive regulators, whereas SERCA, PMCA, and
NCX are main effectors of Ca2þ clearance
(Uhlen and Fritz 2010). Consistent with the
fact that cPKCs main “operation” field is the
plasma membrane; most of the known effectors
are membrane associated or in the vicinity of it.

cPKC–PMCA

The plasma membrane ATPase (PMCA) has a
PKCg phosphorylation site at its carboxyl
terminus that interferes with the inhibitory
binding of calmodulin (Wang et al. 1991). In
addition, PKCa is relevant for the up-regulation
of PMCA activity (Penniston and Enyedi 1998).

cPKC–TRPs

As already highlighted in a previous contribu-
tion of this series (Gees et al. 2010), Ca2þ entry
via TRPs is tightly regulated by cPKCs. A com-
prehensive overview of further regulatory ac-
tion was provided recently (Venkatachalam
and Montell 2007). Don Gill’s group showed a
down-regulation of the TRPC family by PKC-
dependent phosphorylation of the channel
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protein itself (Venkatachalam et al. 2003). Sev-
eral members of the TRPVs are up-regulated
by cPKCs. Nevertheless, one has to consider
that the situation is more complex because the
activity of TRPCs and TRPVs is also modulated
by PLC-dependent hydrolysis of PIP2. Because
PLCs are regulated by PKCs (see below), this
relationship displays yet another level of
PKC-dependent regulation of TRPs. The other
subfamilies of TRP channels seem to only
weakly depend on PKC activity, concluding
that within the superfamily of TRPs the main
effect of cPKC activity might be transduced by
TRPC and TRPV.

cPKC–NCX

Naþ/Ca2þ exchangers together with SERCA
pumps have the main negative effect on the cyto-
solic Ca2þ concentration (Berridge 2009). There
is strong experimental evidence for NCX’s activ-
ity, up-regulation by cPKC-dependent phos-
phorylation (Schulze et al. 2003). cPKCs seem
to be integrated in a regulatory complex of vari-
ous enzymes, such as additional kinases and
phosphatases (Ruknudin et al. 2007).

Second Level of Regulation

Beside these direct regulators, there are several
protein families, which are regulated by cPKCs
and have a mediate effect on Ca2þ handling.
This second level of regulation also integrates
more PKC-independent actions. Therefore,
the direct effect of cPKCs is often difficult to
separate, especially because the various protein
families are in a continuous dynamic state of
intimate interaction. This renders predictions
rather difficult. Nevertheless, cPKCs can be
recognized as a signaling hub translating the
increase in cytosolic Ca2þ in activity changes
of a plethora of substrate proteins. Here we
want to highlight the ubiquitously involved
proteins that feed back Ca2þ-dependent PKC
activity onto Ca2þ handling (see Fig. 4).

cPKC–PLC

PLCs, especially the members of the b subfam-
ily, are known to be phosphorylated by PKCa
(Strassheim and Williams 2000; Xu et al.
2004). The phosphorylation of PLCb1 at S887
has an inhibitory effect. Regulatory effects of

TRP channels NCX

PLCPP 1/2 and CaN

2nd level of
regulation

DGK PLD NHE AC

cPKC

PMCA

Ca2+

1st level of
regulation

Figure 4. The activity of cPKCs is not only modulated by Ca2þ but in turn affects the activity of a plethora of
control mechanisms that influence intracellular Ca2þ handling. Green arrows indicate positive effects, whereas
the red color is indicative of negative effects.
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PKCa on other isoforms such as PLCd1, even
though it might not be a direct effect, are
reported as negative (Fujii et al. 2009). The reg-
ulation of PLCs interferes with signaling events
dependent on PIP2, DAG, and IP3.

cPKC–PLD

The regulation of phospholipases D (PLD) by
cPKCs opens another branch to the signaling
effects of phosphatidic acid (PA). Several lines
of evidence for a stimulatory effect of PKCa
on PLDs have been reported (Hornia et al.
1999; Han et al. 2002; Chen and Exton 2004;
Lee et al. 2009).

cPKC–DGK

Interestingly, there is a second route to influence
PA signaling via diacylglycerol kinases (DGK).
For DGKd and DGKz down-regulation by
PKCa was reported (Luo et al. 2003; Imai
et al. 2004).

cPKC–AC

The family of adenylate cyclases (AC) consists of
nine membrane located isoforms. The effect of
PKCs on ACs has already been well described
by Halls and Cooper within this series of reviews
(Halls and Cooper 2011). Despite the fact that
not all of the ACs are up-regulated by cPKC
phosphorylation, we would still consider a
positive effect on the generation of cAMP as
the main outcome. Experimental evidence for
direct activation by PKCa was found for AC2
and AC5 (Kawabe et al. 1994; Zimmermann
and Taussig 1996). The cPKC-driven increase
of cAMP levels brings in a whole subnetwork
of Ca2þ regulating events downstream from
protein kinases A (Reiken et al. 2003; Schulze
et al. 2003) and small GTPases via guanine
exchange factor EPAC (Schmidt et al. 2001;
Pereira et al. 2007).

cPKC–NHE

Another global effect by changing the intra-
cellular pH on signaling could be mediated
by the cPKC-dependent up-regulation of the

sodium/proton exchangers (NHE). Even though
there is only sparse evidence for a direct phos-
phorylation, supportive evidence has been pre-
sented for PKCb-dependent up-regulation via
another interactor (Takahashi et al. 1999; Itoh
et al. 2005). The positive effect is also supported
by experiments using cPKC-specific inhibitors
to down-regulate NHEs (Pederson et al. 2002).

cPKC–Protein Phosphatases

Kinase activity is counteracted by phosphatases
(see above). Interestingly, kinases and phospha-
tases inhibit each other resulting in a stabilizing
competition (Srivastava et al. 2002; duBell and
Rogers 2004). The effect of cPKCs is mediated
by phosphorylation and activation of the inhib-
itory subunits of CPI-17 (Kolosova et al. 2004;
Zemlickova et al. 2004). In addition, there is
a report suggesting a competing effect of in-
hibitory PKA phosphorylation I-1 (Braz et al.
2004). Furthermore, evidence has been pre-
sented for down-regulation of calcineurin
(Tung 1986; Hashimoto and Soderling 1989).
We consider a transient down-regulation by
cPKC activity because protein phosphatases
remove their own inhibitory phosphates result-
ing in a positive feedback loop for global phos-
phatase activity. This will influence the whole
kinase-phosphatase balance even though we
assume that there might be different outcomes
at confined local complex assemblies.

Taking all these feedback loops between
cPKCs and global Ca2þ handling together ap-
pears to suggest, that cPKCs do impose mainly
negative effect via different immediate and
mediate regulatory branches. This is already sup-
ported by data from different groups (Young
et al. 2002; Venkatachalam et al. 2003; Fon-
tainhas et al. 2005; Sakwe et al. 2005).

INTEGRATION OF IMMEDIATE AND
INTERMEDIATE cPKC-Ca2þ HANDLING
REGULATORY LOOPS

As suggested already in an earlier contribution
to this series (Dupont et al. 2010), theoretical
models help to provide insights into the regula-
tory mechanisms of signaling networks. To test
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the effect of cPKCs on Ca2þ handling in detail
and under the condition of a larger set of
Ca2þ regulating entities we used the commer-
cially available model DynaCellNet1.0 (www.
deplecto.de). This model comprises 45 nodes
downstream from G protein coupled receptors
that are interconnected by 305 functional rela-
tions. The advantage of this modeling approach
is that—despite the fact that models reduce
complexity—it provides a system still with the
characteristics of a complex system. The mod-
eled Ca2þ transients are calculated in depend-
ence of the changing states of the 44 other
nodes. DynaCellNet1.0 provides semiquan-
titative predictions and is mainly a tool to test
and generate hypotheses. To investigate the
full range of cPKC-dependent regulation we

arbitrarily fixed the cPKC activity at different
levels, from very low (0) to massive (140).
This setup will not directly be transferable into
experiments, because fixing levels of enzyme
activity is not possible, but it provides an over-
view of different states of cPKC activity beyond
knockdown and overexpression.

The calculated Ca2þ responses (Fig. 5) result
from a stimulation of ATP sensitive puriner-
gic receptors (Wettschureck and Offermanns
2005). Beside others, all of the above discussed
protein families are integrated. The response
under “free-running, physiological” condi-
tions, with no restrictions on cPKCs activity, is
shown as control (Fig. 5A–D, black graphs).
Despite a slight increase in peak amplitude
the main effect of a reduction of cPKC activity

StimulusA B

C D

100 s

40
 a

.u
.

Fix0
Fix20
Control

Fix40
Fix60
Control

Fix120
Fix140
Control

Fix80
Fix100
Control

Figure 5. Modeled Ca2þ transients at different cPKC activity levels. The Ca2þ transient under control condition
(A–D; black graph) was calculated with no restrictions on cPKC activity as a result of stimulation of purinergic
receptors after 200 sec with ATP. (A) At low levels (fix0 and fix20) of cPKC activity the primary peak is increased
in amplitude and Ca2þ removal is slowed down and less noisy. (B) Ca2þ transients modeled with medium cPKC
activity levels (fix40 and fix60) are not distinguishable from control conditions. (C) At high levels of cPKC activ-
ity (fix80 and fix100) Ca2þ removal is accelerated resulting in a reduced duration and amplitude of the initial
transient (fix100). (D) Extremely high levels (fix120 and fix140) of cPKC activity result in a decreased primary
peak and an increase of noise in the tail of the transient most likely corresponding to additional Ca2þ

oscillations.
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levels is an attenuated clearance of cytosolic
Ca2þ (Fig. 5A). A similar effect was observed
by Ulianich and coworkers (2006). As expected
further activation of cPKCs result into an accel-
erated clearance and a decrease in peak ampli-
tude. Compared to published data, the effect
is not very pronounced (Young et al. 2002; Ven-
katachalam et al. 2003; Sakwe et al. 2005), but
the results shown in these reports are based on
phorbol ester treatments, which might not
exclusively be a result of PKC activity and/or
will result in “unphysiological” activity levels
and phosphorylation events (Kazanietz 2002).
When we model a phorbol ester treatment
the model shows a much more pronounced
decrease in the amplitude of the Ca2þ transient.
An interesting aspect of cPKC regulation is
highlighted by the model at extremely high lev-
els of cPKC activity (Fig. 5D). Apart from a
massive down-regulation by the first level of
regulation, the positive intermediate effects
from the second level of regulation become
more prominent. The increase of oscillatory
behavior results from an “echo” of high cPKC
activity in the system. The straightforward
notion would be to assume a stimulating effect
via cAMP-PKA-EPAC together with a reincrease
in protein phosphatase activity via PLD and PA.

CONCLUSIONS

In the context of cellular Ca2þ signaling, cPKCs
have the role of an important modulator, act-
ing on the fine-tuning of Ca2þ responses. The
question whether the “echo” plays a role might
become relevant under patho-physiological
conditions were either cPKC expression is up-
regulated or one of the alternative routes
(cAMP-PKA-EPAC or PLD-PA) has a pro-
nounced effect because of changes in the
composition of the different regulatory feed-
back loops.
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