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Abstract
Protein-protein interactions sequester enzymes close to their substrates. Protein kinase C (PKC) is
one example of a ubiquitous signaling molecule with effects that are dependent upon localization.
Short peptides derived from interaction sites between each PKC isozyme and its receptor for activated
C kinase act as highly specific inhibitors and have become available as selective drugs in basic
research and animal models of human diseases, such as myocardial infarction and hyperglycemia.
Whereas the earlier inhibitory peptides are highly specific, we believe that peptides targeting
additional interactions between PKC and selective substrates will generate even more selective tools
that regulate different functions of individual isozymes. Here, we discuss the methodologies and
applications for identifying selective regulators of PKC.

The evolution of rational drug design
The process of drug discovery has evolved from a series of serendipitous findings to a more
systematic search accompanied by rationally designed molecules. The evolution of this process
is best illustrated by the discovery of aspirin. The benefit of willow leaves in reducing pain
and inflammation was first described by the Babylonians nearly 4000 years ago and later
prescribed as a medication by Hippo-crates [1]. Two millennia later, salicylic acid was purified
to reduce side-effects associated with other components in the plant extract, and by the end of
the 19th century, this substance was sold by Bayer as acetylsalicylic acid under the name aspirin
[1]. The mechanism of action of aspirin and the targets of aspirin, the cyclo-oxygenase enzymes
(see Glossary), were discovered 80 years later [2], and the crystal structure of this enzyme was
solved as recently as 1994 [3,4]. The ability to use automated high-throughput screens of
thousands of molecules and the development of more advanced nuclear magnetic resonance
(NMR), X-ray crystallography and molecular dynamic simulation techniques resulted in more
systematic searches of new drugs and directed small molecule design based on three-
dimensional information of proteins bound with their ligands. These two seemingly
incongruent approaches (unbiased search vs rational design) are in fact complementary, leading
to the current approach to drug discovery.

Structural information on drug-protein interactions identifies binding pockets for small
molecules in the protein targets and provides measurements of the forces that govern the
binding of these small molecules to their protein. This has facilitated the rational design of
drugs that mimic or compete with these interactions. However, many crucial signaling events
in the cell occur in multiprotein complexes and involve multiple protein-protein interactions.
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Identification of drugs that interfere with these protein-protein interactions has proven difficult
because the interaction sites between two proteins constitute large, flat surfaces rather than
small hydrophobic pockets. Nevertheless, protein-protein interactions are crucial in signal
transduction [5-7], and inhibitors of such interactions are potentially useful drugs.

Glossary

β sandwich  
a motif composed of eight β strands creating two flat sheets connected with a
short helix ‘hinge’. The C2 domain can bind 2-3 calcium ions, thus increasing
interaction with negatively charged phospholipids (i.e. phosphatidylserine) in
membranes. Calcium and lipid binding is a common feature of C2 domains.

Cyclo-oxygenase enzymes 
a family of enzymes responsible for the conversion of arachidonic acid to
prostaglandins. They are the targets of non-steroidal anti-inflammatory
agents, which can reduce symptoms of inflammation and pain.

Diacylglycerol 
a second messenger signaling molecule, which anchors PKC to membranes,
resulting in its activation. It is generated from the phospholipase-C2-
dependent cleavage of phosphatidyl inositol bisphosphate and is mimicked
by phorbol esters, such as phorbol 12-myristate 13-acetate.

First-generation peptide regulators 
short peptides (6-10 amino acids) that either disrupt or enhance PKC isozyme
binding to their respective RACKs.

Second-generation peptide regulators 
short peptides that can regulate PKC subdomain interactions with target
substrates independent of RACK binding, therefore conferring even greater
specificity.

Isozymes  
homologous enzymes that are products of different genes or alternatively
spliced mRNA of the same gene and, thus, belong to the same family of
enzymes.

Constraints (local and global) 
as applied here, constraints introduced within a peptide substantially reduce
the theoretically possible conformational states of a linear peptide and are
powerful tools for studying interactions in biological systems. Local
constraints can be enforced by using unnatural or natural amino acids, and
global constraints can be induced by cyclization of the peptide.

Molecular dynamic simulation 
computer simulation that enables modeling of the three-dimensional position
of atoms within a molecule to understand dynamic changes in their structure
and interactions.

Phospholipase C 
an enzyme that catalyzes the hydrolysis of phospholipids such as phosphatidyl
inositol bisphosphate to diacylglycerol and the remaining lipid head group,
inositol trisphosphate. Similar to PKC, phospholipase C contains a C2
domain, which enables its anchoring to different proteins.
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Phospholipase D 
an enzyme that catalyzes the hydrolysis of phosphatidylcholine to
phosphatidic acid that can be further converted to diacylglycerol. Similar to
PKC, phospholipase D contains a C2 domain, enabling its anchoring to
different proteins.

Pseudo RACKs 
regions on PKC that are homologous to the RACK protein. The pseudo-
RACK site in PKC binds to the RACK-binding site in an intramolecular
interaction, which stabilizes the isozyme in its inactive state. Peptides
corresponding to this sequence interfere with the intramolecular interaction
and, thus, activate PKC.

Phorbol 12-myristate 13-acetate 
a tumor promoter that mimics diacylglycerol binding to and activation of
PKC.

RACKs  
proteins in the cellular particulate fraction that bind activated PKC in a
saturable and specific manner but are themselves not substrates of PKC.

Synaptotagmin 
a protein involved in synaptic vesicle discharge. The protein has no catalytic
activity, but it contains two repeats of the C2 domain and, like PKC, these
domains enable its anchoring to membranes.

Box 1. Modes of PKC activation

PKC is a family of highly homologous kinases that differ in their activation requirements
and substrate specificities. The main mechanism of activation includes stimulation of G-
protein coupled receptors (GPCRs), leading to activation of phospholipase C (PLC). The
classical isozymes (α, βI, βII and γ) are activated by diacylglycerol (DAG), a lipid-derived
second messenger generated through the PLC-dependent hydrolysis of phosphatidyl
inositol bisphosphate (PIP2) and elevated cellular calcium, which is increased by inositol
trisphosphate, another PIP2 hydrolysis product. The novel isozymes (ε, δ, η and θ) are
insensitive to calcium because of the lack of crucial residues in their C2 domain, and the
atypical isozymes (ζ and λ/ι) are not sensitive to either DAG or calcium (Figure 1). GPCR-
independent mechanisms of activation include oxidation of key regulatory residues in PKC
[120], peroxide-mediated phosphorylation [121] and direct binding of steroid hormones to
the C2 domain [122]. Because of the ubiquitous nature of these isozymes and their wide
tissue distribution, the signaling pathways they are involved in are extensive.

Over the past 20 years, focus has been on identifying means to regulate the function of
individual members of the protein kinase C (PKC) family. This was a challenge because of the
presence of multiple isozymes, which have different activation requirements, within the PKC
family (Box 1). PKC isozymes have distinct regulatory and catalytic domains (Figure 1). The
C2 domain has been identified as a region within the regulatory domain of these enzymes that
mediates protein-protein interactions between individual PKC isozymes and their anchoring
proteins, receptors for activated C kinase (RACKs) (Figure 2). Using a rational approach, we
successfully generated short peptides derived from this C2 domain and other PKC domains
that bind to the specific RACKs and disrupt the anchoring and function of the corresponding
PKC isozymes (Figure 2a). These PKC-regulating peptides mimic the interaction site on PKC
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or its RACK, thereby stimulating or inhibiting the resulting signaling pathways in a highly
specific manner, which is necessary to generate effective therapeutic agents.

The role of PKC in endocrine signaling has been known for many years and has been reviewed
extensively. PKC is involved in prostaglandin synthesis in the corpus luteum [8], fuel
metabolism in pancreatic β cells [9], GLUT4 exocytosis [10], prolactin signaling [11], thyroid-
stimulating hormone signaling [12] and pituitary secretion of ACTH [13], in addition to
diabetic kidney disease [14], diabetic nephropathy [15] and thyroid dysfunction [16].
Therefore, PKC-regulating peptides might be useful for the treatment of different diseases,
including endocrine and metabolic disorders. In this review, we discuss the techniques that
were used to generate such peptide inhibitors of protein-protein interactions in PKC signaling
and propose an approach to identify the next generation of peptide inhibitors with potentially
greater selectivity to alter specific functions of individual PKC isozymes.

Mechanisms that govern selectivity of members of the PKC family
PKC is a family of homologous serine/threonine-related isozymes that are involved in many
signaling events in normal and disease states. There are three different sub-families of isozymes
within the PKC family that are further classified according to their mode of activation and
regulatory domain homology (see Box 1 and Figure 1). These include the classic PKCs α, βI,
βII and γ isozymes; the novel PKCs δ, ε, η, and θ isozymes; and the atypical PKCs ζ and ι/λ
isozymes. Many studies have demonstrated that individual PKC isozymes have unique and at
times, even opposing roles in the heart (reviewed in Refs [17,18]), brain (reviewed in Ref.
[19]), liver (reviewed in Ref. [20]), pancreas (reviewed in Ref. [9]), vasculature (reviewed in
Ref. [21]) and other organs, illustrating the need for isozyme-selective inhibitors and activators.

Elevations in the second messenger diacylglycerol lead to translocation and anchoring of the
activated isozymes to select subcellular compartments near specific cellular substrates [22,
23]. For example, βIIPKC is found in the cytosolic compartment in non-stimulated cells (e.g.
heart muscle cells in culture), and within seconds of cell stimulation, activated βIIPKC
translocates to the plasma membrane as well as to the perinucleus [24], where it binds RACK1
[25]. RACK1 anchors βIIPKC near the L-type calcium channels in these cells where the
activated βIIPKC phosphorylates and inhibits the channel [26,27]. (Note that regulation of L-
type calcium channels is crucial in a variety of other physiological responses, e.g. for insulin
release from pancreatic β-islet cells [28].) RACK1 binds βIIPKC via a region within the C2
domain [25] and an additional region in the V5 domain [29] (Figure 1). The RACK1 structure
is composed of seven ∼40-amino-acid repeats, called the tryptophan-aspartic acid (WD40)
motif, that are arranged in a propeller-blade-like structure (reviewed in Ref. [30]). This
structure enables it to bind different proteins simultaneously [31,32] and, thus, RACK1 acts
as a scaffold, bringing activated PKC into contact with its various substrates [31,33]. Although
only one additional RACK has been cloned (εRACK) [34], it is likely that RACKs of other
activated PKC isozymes are also scaffolds for multiple proteins [32].

Binding of activated PKCs to their RACKs provides access to a subset of substrates and,
therefore, is required for PKC function [35]. This finding led to our approach of generating
inhibitors of PKC signaling that selectively interfere with the binding of a specific PKC
isozyme with its RACK without affecting the binding and function of other isozymes. A series
of rational approaches enabled the identification of the interaction site of each cognate PKC
for its RACK. The technology for identifying peptide regulators of PKC isozymes has been
reviewed extensively elsewhere [21,36] and, therefore, is discussed here only briefly. Peptides
corresponding to these sites bind to and selectively inhibit each PKC isozyme from binding to
its RACK [36] (Figure 2a). Because PKC is a multidomain protein [37] and the interactions
between the domains are dynamic [38,39], there are multiple intramolecular protein-protein
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interactions within the enzyme that keep the enzyme in the inactive state. The first such
inhibitory intramolecular interaction was identified by Kemp and collaborators, who found
that the N terminus of the enzyme (in the regulatory domain; see Figure 1, orange domain)
contains a substrate-like sequence that binds the catalytic site in domain C4 when PKC is
inactive [40]. We, therefore, developed peptides that interfered with these intramolecular
interactions within PKC [36]. These short peptides induce activation and translocation of the
corresponding isozyme by mimicking the action of the RACK on the isozyme and, therefore,
are termed ‘pseudo RACKs’ (ΨRACK) [41].

PKC-regulating peptides have been used in different models of human diseases. For example,
we found that activators of εPKC and inhibitors of δPKC diminish injury associated with
myocardial infarction [42-44], diminish graft coronary artery disease associated with cardiac
transplantation [45] and increase the number of surviving β-islet cells for pancreatic cell
transplantation [46]. Other isozyme-specific peptide inhibitors designed to prevent cardiac
hypertrophy [29] have also shown therapeutic potential in animal models of diabetes [46,47],
pain [48,49], ischemic brain injury [50,51] and cancer [52]. Furthermore, these peptides have
helped elucidate the roles of PKC isozymes in glucose-signaling pathways in pancreatic β cells
[53].

Inhibiting protein-protein interactions; emerging rules for rational drug
design

Protein-protein interactions are central to all cellular processes, from cellular proliferation to
programmed cell death, rendering them a large and important class of targets for drug
development. Understanding the mechanisms by which proteins interact enables the
development of molecules to modulate these interactions. The first model for ligand-protein
interactions was suggested in 1894 by Emil Fisher, who proposed that the intimate contact
between two interacting molecules is analogous to a lock and key fit whereby the interaction
is only possible if the two molecules have a similar geometric configuration [54] (Figure 3a).
This model laid the groundwork for understanding protein substrate interactions but did not
take into account the highly dynamic nature of these interactions. Later models addressed this
discrepancy, proposing that protein substrate interactions were not as rigid as once thought.
The ‘induced fit’ model proposed by Daniel E. Koshland, Jr. [55,56] postulated that a local
change occurs in the conformation of an enzyme caused by binding of its substrate (Figure 3b).
Another model suggested that the conformational complementarity in which both ligand and
enzyme exist is an ensemble of conformational equilibria; therefore, binding itself shifts this
equilibria to the stabilized bound conformation [57] (Figure 3c).

Disruption of protein-protein interactions is the target of rational drug design. However,
protein-protein interactions constitute large surface interfaces of approximately 750-1500 Å
in each partner, and structural studies of protein-protein pairs have not shown many small
binding pockets that enable the fitting of small-molecule inhibitors [58]. Rather, the selective
interaction is probably the sum of many low-affinity interactions between these large
interfaces. Furthermore, interactions between two large surfaces involve a considerable degree
of flexibility and adaptive conformational changes. Therefore, generating an inhibitor of
protein-protein interaction poses a challenge. Many of the successful regulators of protein-
protein interactions are peptides that have been designed to mimic the structure of one surface
of the interacting proteins. Such regulating peptides serve as decoys for one of the proteins,
preventing the binding of that protein to the target protein. These flexible, naturally selected
peptides can interact with the many interaction sites within the binding domain of a protein
much better than rigid small molecules, thereby increasing efficacy and diminishing non-
specific interactions.
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In the past 20 years, rational approaches have been used to develop peptides that regulate the
function of PKCs, starting with the first peptide, which was a cataly-tic-site-binding peptide
derived from the pseudosubstrate site in PKC [40]. The subsequent development of peptides
that disrupt protein-protein interactions between PKC and its RACK revealed a set of rules
that can facilitate rational approaches to identify peptide regulators of other protein-protein
interactions. These rules are described briefly here, and references of the studies that used these
approaches are provided. First, enzymes can interact with multiple unrelated proteins.
Sequences shared by these non-related proteins might represent at least part of the binding site
for that enzyme. Therefore, peptides corresponding to these sequences might interfere with
these interactions, thereby affecting the function of the enzyme [59,60]. Second, non-related
enzymes might contain homologous domains that serve a similar yet unique function. For
example, the C2 domains mediate anchoring of phospholipases C, D, synaptotagmin and PKC
to different anchoring proteins [25,61,62]. Non-homologous sequences within these
homologous domains in each enzyme are likely to represent the unique interaction site for the
corresponding partner proteins. Therefore, peptides corresponding to these short unique
sequences can specifically interfere with the function of the enzyme from which they were
derived [25,63]. Third, peptide regulators of protein-protein interactions can be generated by
identifying evolutionarily conserved sequences (e.g. conserved sequences between εPKCs
from the evolutionarily distant sea snail Aplisia Californica and rat) [64]. Peptides derived
from these conserved sequences might be selective regulators of protein-protein interactions
[64]. Fourth, it is possible to identify sequences that are involved in dynamic and regulatable
intramolecular interactions (i.e. auto-regulatory sites). Intramolecular interactions within a
variety of enzymes between the catalytic domain and the regulatory domain maintain the
enzyme in an inactive state. Peptides mimicking these intramolecular interactions can disrupt
the inhibitory action of the regulatory domain and, thus, activate the enzyme [65,66].

Second-generation regulators of PKC function
The PKC peptides that specifically regulate the binding of each PKC isozyme to its RACK
(first-generation peptide regulators, described previously) represent the use of a rational design
of peptide regulators of protein-protein interactions [36]. One example of where such design
has been useful is the C2 domain of PKC, which mediates the interaction of PKC with its
RACK [25,61,64,67-69,27,70,71] (Figure 4a). In a recent study, a series of short peptides was
derived from regions that span the length of the C2 domain of εPKC [68] (Figure 4b). The
biological activities of the peptides were tested in four assays: activation or inhibition of
translocation in primary skeletal muscle cells; activation or inhibition of MARCKS
phosphorylation, a known PKC substrate involved in actin crosslinking using both wild-type
and εPKC-knockout cells; increase or decrease of infarct size in a model of myocardial
infarction (εPKC activation decreases infarct size [72]); and effect on PKC translocation in
vivo [68]. Some were found to be selective for only εPKC, whereas other peptides affected
several PKC isozymes. Furthermore, some peptides exerted inhibitory activity, whereas others
activated εPKC [68].

In addition to PKC, the C2 domain is found in over 60 proteins [73], and NMR and crystal
structures of a variety of these C2 domains show a similar fold of a β sandwich made of four
antiparallel β strands [69,73-77]. Examination of the structure of the C2 domain from εPKC
revealed that peptides derived from this domain that exert similar biological activities are
clustered into distinct regions within the domain [68] (Figure 4a). We hypothesize that these
regions in the C2 domain represent discrete protein-protein interaction surfaces within εPKC
(between the C2 and other domains of the enzyme) and/or between εPKC and other partner
proteins and, thus, might represent different functionalities of individual PKC isozymes. This
indicates that in addition to isozyme-specific regulators, it might be possible to generate
inhibitors and activators of PKC signaling that selectively interfere with a subset of protein-
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protein interactions for each isozyme and, thereby, might confer an even higher degree of
specificity.

Within the same cells, individual PKC isozymes are found at multiple subcellular sites [5,
78-81]. For example, in cardiac myocytes, activated εPKC is found on cross-striated structures,
on the plasma membrane and at the intercalated discs [24,81]. Therefore, it can be hypothesized
that different protein substrates and downstream effectors would be found in each of these
subcellular locations. Furthermore, although RACKs anchor the activated PKCs at these
subcellular sites, additional unique protein-protein interactions between PKC and its substrates
might provide further anchoring and specificity at these subcellular sites (e.g. a myofilament-
binding site in the C2 domain [82], a Golgi-binding site [34], an intra-sarcoplasmic reticulum
calsequestrin-binding site [83], a neurocytoskeletal elements-binding site [84] and a unique
actin-binding site within the C1 domain of εPKC [85] were identified). These unique
interactions enable different signaling events that are dependent upon the region of the
individual PKC isozyme that is available for binding. Thus, we hypothesize that regulators of
each interaction should interfere with only one of the functions that are mediated by that
isozyme. Such second-generation peptides will not only regulate specific PKC isozymes (i.e.
εPKC vs δPKC) but also block or induce a subset of subcellular and substrate-specific PKC
interactions (e.g. permit εPKC phosphorylation of substrate 1 but block εPKC phosphorylation
of substrate 2) (Figure 2b). Furthermore, although there is limited sequence homology between
the C2 domains of different PKC isozymes, because of the structural homology between the
isozymes, we suggest that peptides derived from similar regions within the C2 domain of other
isozymes will interfere with the function of the isozyme of interest. These second-generation
peptides can be used to determine the role of each particular isozyme at its sub-cellular location
and, accordingly, which of these should be regulated to obtain optimal protection from tissue
injury and which should be left unaltered to limit undesired side-effects of intervention.

Challenges in using peptides as drugs
Peptides are not considered useful drugs because of their limited bioavailability, their inability
to cross biological membranes, their short half-life and their multiple conformations, only a
few of which are capable of interacting with the target. Recent efforts in multiple laboratories
have addressed these potential limitations. First, the biological activity of peptide regulators
of protein-protein interactions can be increased by modifying the natural peptides to restrict
their conformation via local or global modifications. Methods to induce local constraints
include incorporation of D-configuration amino acids, N-alkylated amino acids and non-
natural amino acids [86]. Incorporation of global constraints can be done through cyclization
of the peptide [87]. Peptide resistance to degradation by proteases and peptidases can be
increased by blocking their free N- and C-termini [88] and by using constraints to restrict the
peptide conformation [89-91]. Finally, several methods have been developed to enable peptide
penetration across cell membranes, including addition of arginine-rich peptides that can carry
the peptides by micropinocytosis [92,93]. The feasibility of restricting the peptides’
conformation has been demonstrated with several naturally occurring peptides, including
substance P [94,95], somatostatin [96], pheromone-biosynthesis-activating neuropeptide [97]
and gonadotropin-releasing hormone [98], resulting in the development of receptor-selective
and metabolically stable peptides. Two properties of the natural protein must be preserved in
these modified peptides: the conformation that enables optimal binding to the target protein,
and a certain degree of conformational flexibility to enable induced fit of the peptide to its
target [99].

An early example of a peptide regulator that had limited success in the clinic for treating HIV
is Enfuvirtide. Enfuvirtide was rationally designed to bind to viral proteins to prevent fusion
of the capsid with the plasma membrane [100,101] and was shown to be effective at reducing
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viral load, while having a favorable toxicity profile [102]. Recent studies using peptides and
peptide mimetics other than PKC-regulating peptides have demonstrated their potential
therapeutic applications in chronic diseases such as cardiovascular diseases [103,104], cancer
[105], sepsis [106], diabetes mellitus (a highly prevalent chronic disease) [107], chronic
hepatitis C viral infection [108] and others. In addition, regulating peptides might be used to
block not only protein-protein interactions but also other interactions, such as protein-nucleic-
acid and protein-peptide interactions [109-111]. We suggest that the advantages (which include
selectivity, bioavailability, low molecular weight, low production cost, stability and lack of
antigenicity) of peptide regulators make them useful drugs.

The targets of regulatory peptides are often ubiquitously expressed throughout the body.
Therefore, tissue specificity is another challenge when using peptides as therapeutic agents.
Many peptides are rendered cell permeable (through linking with cell-permeable peptides such
as TAT [46-56]); once they reach the systemic circulation, the possibility of off-target effects
increases greatly. Two ways to diminish this are through localized delivery and through
controlled activation. Upon entry of TAT-conjugated peptides into the cell, the linking disulfide
bonds are cleaved and the peptide cargo might be trapped [112]. Therefore, when peptides are
delivered locally to the desired site of action, most of the therapeutic agent will be taken up
into the cell, decreasing the concentration available for other non-target tissues. The delivery
of light-activatable peptides also represents a way to deliver peptides in a controlled manner.
By shining light directly onto the therapeutic target, peptides that contain a linked chemical
group (i.e. azobenzene) that is susceptible to light-mediated chemical changes will become
activated in that area only and not in other non-illuminated tissues [113].

Concluding remarks
Inhibiting protein-protein interactions using small molecules is a challenge because these sites
constitute many low-affinity interactions spread on a large surface on each of the protein
partners. This review highlights several simple approaches in which short peptides derived
from these interacting surfaces were used to interfere selectively and effectively with individual
PKC isozymes and other proteins or with intramolecular inhibitory interactions. These
rationally designed peptides are 6-10 amino acids long and derived from one of the interacting
domains and thereby act as mimetics to block the association of two proteins or two domains.
Although these peptides represent only part of the interaction surface, they were found to be
highly selective and effective and, thus, useful agents for basic research, as well as potential
drugs for human diseases. One of these peptides, a selective inhibitor of δPKC, has been tested
in patients with acute myocardial infarction in phase IIa clinical trials, showing promise as a
novel therapeutic for diminishing the associated injury to the heart [114]. This mechanism
proceeds through the peptide inhibiting the following: δPKC-mediated increases in the
apoptotic response [115], inactivation of pyruvate dehydrogenase (through direct
phosphorylation and inhibition of the inactivating kinase [116]), improvements in ATP
regeneration [43] and diminished cAbl-dependent endoplasmic-reticulum-induced apoptosis
[117]. The role of PKC in these metabolism-associated fundamental processes indicates that
regulation of PKC will be a therapeutic target for other endocrinology-related disorders.
Indeed, the peptide inhibitor of δPKC (δV1-1) and activator of εPKC (ΨεRACK) diminished
respective hyperglycemic and streptazotocininduced apoptotic signaling and oxidative stress
[47,118], decreased insulin release from islet β cells [53] and increased survival of isolated
islet β cells [46]. Additionally, studies show that glucose stimulation of islet β cells causes
subcellular translocation of many of the PKC isozymes, indicating many regulatory points in
insulin secretion pathways for the isozyme-specific peptides [53,119].

Because protein-protein interactions provide novel sets of targets to regulate signal
transduction in disease states, there is increased effort in identifying regulators that interfere
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with these interactions. These targets are traditionally regarded as hard to regulate because of
the attempts to use small molecules - the more traditional approach of drug discovery. Several
studies show that peptides can be used effectively in vivo and are well tolerated. We found that
in chronic treatments with different PKC peptide regulators, there was no apparent toxicity,
there was no apparent activation of compensatory pathways, they did not elicit an immune
response and there was no tolerance to the effect of the peptides [112]. Although traditionally,
peptides have not been commonly used as drugs, the increased interest of the pharmaceutical
industry in peptides that act on surface receptors is encouraging and indicates that the use of
peptides to target intracellular signaling events will follow. We believe that because natural
short peptides derived from the interaction sites of important signaling proteins can be
rationally designed (thus saving tremendous amounts of time, effort and cost), we will see such
peptides developed as drugs for treating human diseases.
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Figure 1.
PKC isozymes and domains. PKC isozymes are classified based upon their activation
requirements, which are the result of differences in domains within the regulatory region. (a)
The classical isozymes (α, βI, βII and γ) bind calcium at the C2 domain, increasing the affinity
of the C1 domain for diacylglycerol (DAG). (b) The novel isozymes (ε, δ, η and θ) are not
sensitive to calcium but can be activated by binding DAG. (c) The atypical isozymes (ζ and
λ/ι) lack a C2 domain and a functional C1 domain and, therefore, are not sensitive to either
calcium or DAG. The catalytic domains are highly conserved throughout all of the PKC
isozymes, and individual isozymes contain pseudosubstrate (orange) domains, which in the
absence of stimuli maintain the isozyme in an inactive conformation.
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Figure 2.
Mechanisms of peptide inhibition of PKC function. (a) Short peptides corresponding to a region
within the C2 domain that mediates the binding of PKC to its anchoring protein, receptor for
activated C kinase (RACK), act as competitive inhibitors; they bind to RACK, thereby
preventing its binding to PKC. These first-generation peptides specifically block anchoring of
PKC to its RACK and, therefore, the activity of all the functions that are mediated by that PKC
isozyme at each of its subcellular locations. (b) Second-generation PKC-regulating peptides
can be derived from regions within the C2 domain or other domains in PKC. Each of these
peptides inhibits the binding of the kinase to a specific substrate at a particular subcellular
location. These second-generation peptides are expected to interfere with binding of PKC to
an individual substrate and, thus, block the function related to phosphorylation of that substrate
(e.g. S1), without affecting PKC translocation, binding to its RACK or phosphorylation of
another substrate (e.g. S2).
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Figure 3.
Three proposed models for describing protein-protein interactions. (a) The ‘lock and key’
model proposed by Emil Fisher in 1894 states that ligand-protein interactions are only possible
if the enzyme and substrate have a similar geometric configuration. Amino acid residues on
the enzyme will tightly interact with residues in the substrate [55]. (b) The ‘induced fit’ model
postulated by Daniel E. Koshland, Jr. in 1958 suggests that local conformational changes in
the enzyme accommodate binding of a substrate that makes it catalytically active [56]. (c) The
‘conformational complementarity’ model postulates that both the enzyme and ligand exist in
an ensemble of conformational equilibria and the binding shifts these equilibria to the stabilized
bound conformation [57].
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Figure 4.
Interaction cultures in the C2 domain of εPKC. (a) Space-filled surface mapping of the C2
domain of εPKC. The peptides derived from this domain and their activities are mapped back
to the C2 domain of εPKC; they are colored in blue to represent PKC activators (not selective
for εPKC), green to represent εPKC-selective activators, yellow to represent inconclusive
results about their selectivity or red to represent εPKC inhibitors. εPKC-selective activators
are peptides that cause phosphorylation of MARCKS in WT cells but not in εKO-cells and
protect cardiac tissue from ischemia and reperfusion damage. Three of the four PKC-inhibiting
peptides cluster to one area on the surface of the C2 domain (red regions). However, the
selectivity of these inhibitory peptides for εPKC has not yet been determined. (b) Multiple
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sequence alignment of the C2 domain of five PKC isozymes identifies potential new peptides
with similar biological activities derived from other isozymes. The alignment is based on
structure (β strands are aligned) and sequence. Sequences corresponding to peptides with
different biological activities are colored (red to represent inhibitors, green to represent
selective activators or blue to represent isozyme non-selective activators). Peptides (indicated
in color) from other isozymes are as follows: βPKC agonist ΨβRACK (SVEIWD) activates
all the classical PKC isozymes [25], and βPKC antagonists βC2-4 (SLNPEWNET) and βC2-2
(MDPNGLSDPYVKL) are inhibitors of all the classical PKC isozymes [25]; δPKC agonist
(δΨRACK, MRAAEDPM) and antagonist (δV1-1, SFNSYELGSL) are selective for δPKC
[70], ηPKC agonist (ηΨRACK, HETPLGYD) and antagonist (ηV-2, EAVGLQPT) [67].
Sequence alignment of C2 domains of several PKC isozymes predicts regions from which
potential peptide regulators (selective and nonselective) for other PKC isozymes can be
generated (color, boxed areas). Reproduced, with permission, from Ref. [68].
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