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Novel Peptide-Based Inhibitors of Protein 
Kinases
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Abstract Protein kinases are a class of enzymes that modulate the function and 
activity of other proteins through phosphorylation. Protein kinases regulate many 
aspects of cellular metabolism including signal transduction, transcription, transla-
tion, cell-cycle progression, and biosynthesis. Owing to their profound influence 
over such critical cellular processes, mutations or aberrant expression of protein 
kinases can have major implications on cell health and viability. Indeed, dysfunc-
tional protein kinase activity has been linked to such pathological conditions as 
neurodegeneration, inflammation, autoimmunity, and cancer. Despite their thera-
peutic importance, our ability to target discrete protein kinases using small- 
molecule- based inhibitors has been hindered due to high degrees of structural 
similarity among protein kinase active sites. Recently, peptides have emerged as 
powerful, yet selective, modulators of protein kinase activity by virtue of their abil-
ity to mimic highly specific substrate-interaction domains of protein kinases. This 
chapter provides an overview of the development and application of novel peptide- 
based protein kinase inhibitors. The goal here is to highlight how the various bind-
ing modes of peptide-based kinase inhibitors and efforts to enhance their binding 
affinities have contributed to the understanding of the complex nature of protein 
kinase–substrate interactions. Furthermore, the therapeutic relevance of peptide- 
based kinase inhibitors is explored, focusing on the advantages and limitations of 
such molecules as they are applied in the treatment of kinase-mediated disease.

Keywords Protein kinase · Peptide · Protein kinase inhibitor · Peptide-based 
therapeutic · Protein kinase substrate · Peptide-based kinase inhibitor · Protein 
kinase interaction domain · Protein-protein interactions

J. M. Holub (*) 
Department of Chemistry and Biochemistry, Ohio University, Athens, OH, USA 

Molecular and Cellular Biology Program, Ohio University, Athens, OH, USA 

Edison Biotechnology Institute, Ohio University, Athens, OH, USA
e-mail: holub@ohio.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48283-1_8&domain=pdf
https://doi.org/10.1007/978-3-030-48283-1_8#ESM
mailto:holub@ohio.edu


170

 Introduction

Protein kinases are a major class of regulatory enzymes that catalyze the transfer of 
phosphate groups from nucleotides to other proteins. This process, known as phos-
phorylation, results in significant physicochemical changes to the protein being 
phosphorylated and can be used as a means to regulate the functional activity of the 
modified protein. The human protein kinase superfamily is composed of over 500 
genes, which constitutes roughly 2% of the entire human genome [1]. It has also 
been estimated that up to 30% of all human proteins are regulated through some 
kinase activity [2]. Protein kinases are involved in many aspects of cellular metabo-
lism, controlling elements of transcription, translation, sensory responses, signal 
transduction, cell-cycle progression, differentiation, and cell death. Given their role 
as key regulators of cellular processes, it is perhaps not surprising that dysregulated 
kinase activity is associated with disease pathogenesis. In fact, aberrant kinase func-
tion can result in pathological conditions including diabetes, inflammation, neuro-
degeneration, and cancer [3–6]. As a consequence, protein kinases are now widely 
considered to be important targets for therapeutic intervention. Approximately 175 
protein kinases are definitively linked to human disease; however, only a small sub-
set of these kinases have been successfully targeted using inhibitor-based therapies 
[7]. This has prompted many drug discovery programs to aggressively pursue novel 
protein kinases, and it is now projected that members of the human protein kinase 
superfamily account for nearly 35% of all new targets screened by the global phar-
maceutical industry.

Contemporary strategies for inhibiting protein kinase activity fall into three gen-
eral categories: (1) using small molecules to compete for the nucleotide-binding site 
of the protein kinase [8], (2) clearing the kinase through antibody-mediated deacti-
vation [9], and (3) inhibiting kinase-substrate interactions using molecules that 
mimic protein interaction domains [10]. For many years, it was widely accepted that 
targeting the nucleotide-binding site of a protein kinase with a small-molecule- 
based inhibitor was the most effective way to inhibit kinase activity. Indeed, the vast 
majority of protein kinase inhibitors currently available are small molecules that 
have been designed to compete with ATP for the nucleotide-binding pocket. 
However, high degrees of structural similarity among protein kinase catalytic 
domains have made targeting specific kinases with small-molecule-based ATP ana-
logs a major challenge. On top of that, only a small subset of protein kinases associ-
ated with human disease are currently viewed as highly sought-after targets [11]. It 
has also been reported that patients treated with small-molecule-based kinase inhib-
itors can develop resistance to such drugs due to high mutation rates within the 
ATP-binding pocket of the target kinase [12]. Collectively, these issues have 
impeded our ability to treat kinase-related diseases using small-molecule-based 
therapies, and there is now considerable effort focused on developing highly selec-
tive and pharmacologically potent inhibitors of protein kinases that are capable of 
circumventing such resistance mechanisms.

J. M. Holub



171

One alternative strategy to small-molecule-based kinase inhibition has been to 
develop antibodies against protein kinases [9, 13, 14]. The primary objective here is 
to use antibodies to target and clear aberrant or dysfunctional protein kinases from 
the biological environment using a stimulated immune response. Antibodies are 
able to achieve an extremely high level of selectivity against specific biomolecular 
targets; however, there are significant technical and physiological drawbacks that 
hinder antibody-based approaches to drug development. For example, the large- 
scale production of therapeutic antibodies is often costly, and recombinant expres-
sion of antibodies can result in end-product heterogeneity [15]. In addition, 
full-length antibodies are relatively large biomolecules (~150,000 Da) that are not 
cell permeable, which effectively limits their application to targeting serum proteins 
or proteins that contain extracellular domains. Unfortunately, many protein kinases 
associated with human disease are intracellular proteins that lack extracellular 
domains and are unable to be targeted using antibody-based therapeutics.

Over the past 30 years, researchers have been developing synthetic peptides as a 
means to inhibit protein kinase activity. The rationale in this approach is that protein 
kinases can be inhibited by physically disrupting the protein-protein interactions 
that are required for successful kinase function. Due to their biomimetic nature and 
synthetic tractability, peptides are able to display large, solvent-exposed epitopes 
that can be engineered to target wide, shallow binding grooves on biomolecular 
surfaces. This notion is contrary to small molecules that generally target deep- 
binding pockets within enzymes or receptors. As a result, synthetic peptides have 
been used to inhibit biomolecular interactions that have proven difficult or impos-
sible to target using small molecules [16]. In addition to their sequence specificity, 
peptide scaffolds can be engineered to fold into structures that mimic the architec-
tures of protein-interaction domains [17, 18]. In this context, peptides that structur-
ally mimic the interaction domain of protein kinase substrates can, in theory, be 
designed to inhibit virtually any protein kinase-substrate interaction. Furthermore, 
modular synthetic strategies used to generate peptides in situ allow for exquisite 
control over the final primary sequence. Using rational design, peptide-based 
mimetics of protein kinase substrates can be developed to include the phosphoryla-
tion site and the flanking amino acid residues that facilitate highly specific substrate 
recognition. Taken together, these features may allow for extraordinary specificity 
among peptide-based kinase inhibitors for targeting discrete kinases within com-
plex biological environments. Furthermore, peptide oligomers range in size from 
around 2000 to 8000 Da, placing them between small-molecule- and protein-based 
therapeutics with respect to mass. By occupying this unique “middle space,” pep-
tides are ideally positioned among other drug candidates for enhanced target speci-
ficity and cell permeability. Moreover, it has been suggested that targeting protein 
interaction domains with peptide-based constructs may increase the likelihood of 
selective inhibition as such interaction surfaces have greater evolutionary diver-
gence than ligand-binding pockets bound by small molecules [19].

This chapter will focus on the design, synthesis, and characterization of novel 
peptide-based kinase inhibitors that have shown success in inhibiting kinase activ-
ity. It will also cover applications of such peptide-based kinase inhibitors as  potential 
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therapeutics and as chemical genetics agents to study kinase function. Specific top-
ics include (1) peptide-based inhibition of kinase-substrate interactions, (2) enhanc-
ing the specificity of small-molecule-based kinase inhibitors with bifunctional 
peptide ligands, and (3) utilizing peptides to disrupt interactions between kinases 
and cell-targeting (anchoring) proteins. Finally, current methods to enhance the effi-
cacy of novel peptide-based kinase inhibitors for use in the clinic are explored.

 General Organization of Protein Kinase Catalytic Domains

Protein kinases exert their effects by transferring phosphate groups from nucleo-
tides, such as ATP, to side chains of other proteins. Such transphosphorylation 
events occur most commonly on serine (Ser), threonine (Thr), and tyrosine (Tyr) 
residues, and to a lesser extent on histidine (His) residues [20]. Protein kinases are 
broadly classified based on the side chain they phosphorylate. For example, protein 
serine/threonine kinases phosphorylate Ser/Thr residues, and protein tyrosine 
kinases phosphorylate Tyr residues. Certain kinases, such as the mitogen-activated 
protein kinase kinase (MAPKK), can phosphorylate Ser/Thr or Tyr residues and are, 
therefore, classified as dual-specificity kinases [21]. Despite having low sequence 
homology among different family members, the structures of protein kinase cata-
lytic domains are strikingly similar. Comparative crystallographic, NMR, and com-
putational modeling studies have indicated that the catalytic domains of many 
seemingly unrelated kinases have nearly identical three-dimensional architectures 
[22, 23]. This domain, colloquially referred to as the “kinase domain,” is approxi-
mately 300 amino acids in length and is composed of an N-terminal lobe, a short 
oligomeric hinge region, and a C-terminal lobe [10, 24] (Fig. 1a). The N-terminal 
lobe is comprised of a five-stranded β-sheet (β1-5) and two α-helices (αB and αC) 
while the C-terminal lobe is largely α-helical and contains four short β-strands. The 
hinge region allows for flexibility between the two lobes and is required for catalytic 
function [25, 26]. A highly conserved cleft between the two lobes binds the donor 
ATP molecule from which the phosphate is transferred. In most Ser/Thr kinases, the 
substrate protein binds the C-terminal lobe of the kinase domain along a wide, shal-
low platform that serves as a complementary docking site for the substrate recogni-
tion domain (Fig. 1b) [24, 27]. Importantly, the substrate binds in a conformation 
that positions the hydroxyl group of the target phosphorylation site near the 
γ-phosphate of the bound ATP (Fig. 1c). In some protein kinases, the platform bind-
ing the substrate can be partially formed by a flexible polypeptide sequence known 
as the activation loop (A-loop). Many kinases become activated upon phosphoryla-
tion of one or more residues within their A-loop sequences, making the A-loop itself 
an important regulatory element of protein kinases [27]. In general, the structural 
organization of substrate-binding sites in Tyr kinases is similar to that of Ser/Thr 
kinases; however, there are slight differences in the positioning of the nucleotide 
and substrate. For instance, the target Tyr side chain is larger than Ser/Thr residues, 
and it extends approximately 4 Å further into the kinase catalytic domain [22].
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The catalytic activity of protein kinases is primarily controlled by amino acids 
that are distributed throughout the N- and C-terminal lobes. Within the N-terminal 
lobe, catalytic and stabilizing residues are primarily localized within the P-loop 
(also known as the glycine-rich loop or nucleotide-binding loop), strand β3, and 
helix αC. Within the C-terminal lobe, catalytic and stabilizing residues are located 

Fig. 1 Three-dimensional structure of a protein kinase catalytic domain. (a) Crystal structure of 
cAMP-dependent protein kinase bound to ATP (PDB ID: 1ATP). The N-terminal lobe is shown in 
light blue, the hinge region is depicted in magenta, and the C-terminal lobe is colored salmon. A 
bound ATP molecule is shown in green. Major secondary structure components for the N- and 
C-terminal lobes are indicated. (b) Surface rendering of cAMP-dependent protein kinase bound to 
inhibitor peptide PKI (residues 15–24) (PDB ID: 2GFC). The N-terminal lobe is shown in light 
blue, the hinge region is depicted in magenta, and the C-terminal lobe is salmon. The bound PKI 
substrate molecule is shown in red. The substrate-binding surface for the N- and C-terminal lobes 
is shown in yellow. (c) ATP-binding pocket of cAMP-dependent protein kinase showing ATP 
(green) and proximal phosphorylatable Ser residue of target substrate (red)
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along the catalytic loop (strands β6 and β7) and the A-loop, which consists of about 
20 amino acids located between strand β8, helix αE, and helix αF.  Interestingly, 
these structural elements have been observed to contain regions of highly conserved 
sequence homology across a large number of protein kinases. For instance, the 
P-loop includes a consensus sequence of GxGxΦG where x is any amino acid and 
Φ is Tyr or Phe while the catalytic loop contains strictly conserved D or N residues 
[28]. Surprisingly, the N-terminal lobe of the protein kinase catalytic domain is 
highly dynamic despite being comprised of β-strands that form a relatively ridged 
antiparallel β-sheet. This flexibility is thought to enhance the effects of regulatory 
proteins that control kinase activity [29]. On the other hand, the C-terminal lobe is 
thought to be much less dynamic and serves as the docking platform for protein or 
polypeptide substrates. Typically, protein kinase substrates will interact with their 
cognate kinase catalytic domains through a short 10–15 amino acid sequence known 
as the “consensus sequence.” During kinase-substrate complexation, the N-terminal 
region of the consensus sequence binds in a shallow groove between helices αD, αF, 
and αG of the C-terminal lobe. Conversely, the C-terminus of the consensus 
sequence binds in a configuration such that the residue adjacent to the phosphoryla-
tion site is buried in a pocket (known as the P + 1 loop) located within the C-terminal 
domain of the kinase “activation segment.” The activation segment is an important 
regulatory element in protein kinases as its conformation influences both substrate 
binding and catalytic efficiency [28, 29]. Structurally, the activation segment is 
flanked on either side by short amino acid sequences that act as anchoring regions. 
In many kinases, these anchoring regions contain a conserved magnesium-binding 
Asp-Phe-Gly (DFG) sequence at the N-terminal anchor and an APE, ALE, or SPE 
sequence at the C-terminal anchor. The activation segment also contains the A-loop, 
which has the most variability among protein kinases in terms of length and 
sequence. The A-loop contains Ser, Thr, or Tyr residues that can be autophosphory-
lated or phosphorylated by other protein kinases and effectively controls the cata-
lytic activity of the enzyme [27, 30]. The specific residue that becomes phosphorylated 
is known as the “primary phosphorylation site” and can form strong structure- 
inducing hydrogen bonds or electrostatic interactions with other side chains once 
covalently linked to a phosphate. Depending on its phosphorylation state, the pri-
mary phosphorylation site controls the catalytic activity of the kinase by structurally 
organizing the active site, activation loop, and binding surface for substrate recogni-
tion [22, 31].

 Rationale for Using Peptide-Based Molecules to Inhibit 
Protein Kinases

In spite of a high degree of structural homology among their catalytic domains, 
protein kinases demonstrate remarkable selectivity with regard to their target sub-
strates [10, 32]. Certainly, such specificity becomes apparent when one observes the 
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enormous number of individual proteins that are targeted and phosphorylated by 
specific protein kinases. The specificity of a protein kinase is primarily controlled 
by the substrate-binding region located along the N- and C-terminal lobes (Fig. 1b). 
In contrast to the highly conserved ATP-binding site, the substrate-binding regions 
of protein kinases exhibit remarkable diversity. As described above, this region 
forms a shallow platform that serves as a complementary binding site for the target 
substrate that will ultimately become phosphorylated [23, 33]. Owing to the remark-
able specificity between protein kinases and their target substrates, researchers are 
currently exploring ways to directly interfere with such interactions as a way to 
affect kinase inhibition [34, 35]. It should be noted, however, that while much is 
known regarding the structure and function of protein kinase nucleotide-binding 
sites, comparatively little is known about the vastly diverse substrate-binding 
regions. Consequently, novel peptide-based kinase inhibitors may not only hold sig-
nificant therapeutic potential but may also be used as chemical genetics agents to 
better understand the molecular nature of kinase-substrate interactions.

Depending on their specific function, protein kinases may interact with various 
substrates including small molecules, peptides, proteins, nucleic acids, or other bio-
molecules. In fact, many protein kinases contain additional sites outside the 
nucleotide- binding site that may be targeted for allosteric or competitive inhibition 
[36, 37]. Kinase-substrate binding interactions are often established through large, 
shallow surface areas that have proven difficult or impossible to target using small 
molecules. One promising approach to inhibit kinase function has been to inhibit 
such interactions using peptide-based mimetics of kinase-substrate interaction 
domains. In theory, oligopeptides can be designed to mimic any region of a protein 
interaction domain due to their sequence specificity and ability to adopt three 
dimensional structures in solution [17, 18, 38]. Furthermore, because kinase speci-
ficity is often relegated through substrate-binding interactions, such peptide-based 
mimetics may be able to target discrete protein kinases with greater specificity com-
pared to small-molecule inhibitors that target the nucleotide-binding site of the 
kinase catalytic domain.

 Inhibiting Kinase-Substrate Interactions Using Synthetic 
Peptides

The remarkable selectivity that protein kinases exhibit for their substrates is primar-
ily determined by the “substrate recognition motif” that contains specialized physi-
cochemical features that influence substrate selection. To enhance specificity, 
substrate recognition motifs of protein kinases are composed of amino acids which 
form topological surfaces that are complementary to the kinase-binding domains of 
cognate substrates. It has, therefore, been reasoned that synthetic peptides derived 
from such substrate (or kinase) recognition motifs may act as inhibitors of kinase- 
substrate interactions. There are currently three generalizable approaches for 
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 inhibiting protein kinase activity with peptides that mimic protein interaction 
domains (Fig. 2). The first strategy involves using peptides that are derived directly 
from interaction domains of protein kinases or their substrates. Such peptides are 
often designed to compete for kinase-substrate interaction sites near the kinase cata-
lytic domain (Fig. 1a). A second approach employs the use of so-called pseudosub-
strate peptides that are derived from autoinhibitory domains that lie outside the 
kinase catalytic domain (Fig. 2b). Notably, pseudosubstrate-based kinase inhibitors 
have been designed to disrupt interactions between protein kinases and their own 
A-loop. The third strategy involves using synthetic peptides to disrupt the interac-
tions between protein kinases and protein complexes that are required for kinase 
activation (Fig. 2c). It should be mentioned that such peptides inhibit the activation 
of protein kinases without directly targeting the active site or autoinhibitory domain 
of the kinase itself.

 Peptide-Based Kinase Inhibitors That Compete with Protein 
Substrates

As mentioned above, the biomimetic nature and sequence specificity of synthetic 
peptides facilitates their development as mimetics of protein interaction domains. 
Over the past 30 years, many such “substrate-based” kinase inhibitors have been 
reported that directly interfere with the interactions between protein kinases and 
their cognate substrates [39–42]. In order to compete directly for the protein kinase 
active site, substrate-based kinase inhibitors are often designed as direct sequence 
mimetics of the substrate consensus sequence. Such peptides are usually designed 
to include the phosphorylation site and flanking residues that are critical for specific 
kinase recognition. The roots of this approach can be traced back to a seminal paper 
from the early 1970s in which Ashby and Walsh reported on the discovery of a 
76-amino acid protein (designated PKI, for protein kinase inhibitor) that co- 
precipitated with protein kinase A (PKA) [43, 44]. This heat-stable inhibitor was 
found to act by binding to the catalytic subunit of PKA, and it was demonstrated that 
this protein could inhibit the activity of PKA in several tissues, including heart, 
brain, kidney, liver, thymus, and muscle. Despite high inhibitory efficacy, the mech-
anism of PKI-based kinase inhibition was not established until several years later. In 
1986, Cheng et al. used an in vitro kinase activity assay to demonstrate that certain 
oligopeptides derived from the kinase-binding domain of PKI were effective at 
inhibiting PKA [40]. These oligopeptides were derived from the canonical RRNSL 
consensus sequence of PKI and contained an Ala residue in place of the phosphor- 
acceptor Ser. Such peptides were effective at inhibiting PKA activity at a Ki as low 
as 0.2 nM. More recent crystallography studies have verified that a 20-residue syn-
thetic peptide derived from the PKI consensus sequence interacts with PKA within 
its active site cleft even in the presence of small-molecule-based inhibitors that tar-
get the nucleotide-binding site [33, 45]. Moreover, the co-crystal structure showed 
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Fig. 2 Various strategies for peptide-based inhibition of protein kinases. (a) Peptides that compete 
with protein kinase substrates for the substrate-binding surface can inhibit kinase-substrate interac-
tions. (b) Peptides that mimic autoinhibitory domains of protein kinases can inhibit kinase activity 
by rescuing the inactive state following removal of the autoinhibitory domain. (c) Peptides that 
compete with docking sites (D-sites) can effectively inhibit interactions between protein kinases 
and their activation complexes. Bound ATP molecule is shown as a green multipoint star
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that specific residues within the consensus sequence are important for kinase recog-
nition and specificity. The PKI peptide (residues 5–24) is now commercially avail-
able and is marketed as a selective peptide-based inhibitor of PKA that exhibits a Ki 
of 2.3 nM [46].

Other studies have shown that peptides derived from the consensus sequence of 
the cAMP-response-element-binding (CREB) protein can be developed as tools to 
study the mechanism of substrate phosphorylation by glycogen synthase kinase-3 
(GSK-3). GSK-3 is a Ser/Thr kinase that modulates the activity of many proteins 
through phosphorylation [47]. An early report from Fiol et  al. showed that a 
13-amino-acid peptide derived from the SXXXS[p] consensus sequence of CREB 
could be used to map the specific site within CREB that is phosphorylated by GSK-3 
[48]. In this study, it was demonstrated that the first Ser in the CREB consensus 
sequence was the site phosphorylated by GSK-3 and that the second (prephosphory-
lated) Ser acts as a priming site. It was also shown here that phosphorylation of the 
priming site was required for GSK-3 to phosphorylate the second Ser within the 
consensus sequence. Later studies showed that synthetic peptides derived from 
primed GSK-3 substrates, including CREB and heat shock factor-1 (HSF-1), could 
be developed as highly potent inhibitors of GSK-3 in vitro and in vivo. For example, 
Plotkin et al. developed a novel class of phosphorylated peptide-based inhibitors of 
GSK-3 that compete with natural substrate [42]. Here, the authors showed that pep-
tides derived from the GSK-3-binding regions of HSF-1 activated glycogen syn-
thase 2.5-fold over background in HEK293 cells and increased glucose uptake in 
primary mouse adipocytes. The mechanism of action was presumed to be through 
inhibition of GSK-3.

Peptides have also been used as substrate-based inhibitors of protein kinases that 
have been implicated in neurodegenerative disease. Alqaeisoom et  al. recently 
reported on the development of a peptide-based kinase inhibitor that suppresses the 
activity of the microtubule affinity regulating kinase (MARK) proteins [39]. The 
MARK proteins (MARK1-4) are a family of Ser/Thr kinases that phosphorylate the 
microtubule-associated protein tau within its microtubule-binding repeat (R) 
domains [49]. Tau is a phosphoprotein that contains up to 79 potential phosphoryla-
tion sites on its longest isoform, 30 of which are phosphorylated under normal phys-
iological conditions [50]. Unfortunately, aberrant or dysregulated MARK activity 
can result in hyperphosphorylated tau isoforms that aggregate into insoluble oligo-
mers known as neurofibrillary tangles. Such tau aggregates have been suspected as 
the pathological agents responsible for the onset of neurodegenerative disorders, 
including Alzheimer’s disease [51, 52], and kinases involved in tau phosphorylation 
are now considered important targets for therapeutic intervention. In this study, the 
authors designed a 13-amino-acid peptide (designated tR1) that was a direct 
sequence mimetic of the tau R1 domain (residues 244–274), a region known to be 
phosphorylated by MARK2. The tR1 peptide was found to selectively inhibit the 
MARK2-mediated phosphorylation of tau at Ser262 both in vitro and in cultured 
primary neurons at concentrations as low as 1 μM. Because tR1 was designed as a 
direct sequence mimetic of the tau R1 domain, these results strongly suggested that 
tR1 acts to inhibit kinase activity by directly competing with the R1-binding site of 
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MARK2. Furthermore, tR1 was found to be selective for MARK family proteins as 
it did not inhibit kinases such as GSK-3β from phosphorylating tau at other sites.

 Pseudosubstrate-Based Kinase Inhibitors

In addition to competing directly for the substrate-binding site of protein kinases, 
peptide-based kinase inhibitors have also been developed from autoinhibitory 
sequences that are located outside the kinase catalytic domain. Many protein kinases 
are retained in catalytically inactive states by autoinhibitory regions known as 
“pseudosubstrate domains” [53] and become active only following interaction with 
a ligand or phosphorylation. Such activation typically occurs through the displace-
ment of the autoinhibitory domain by a peptide substrate or phosphorylation of 
priming sites within the autoinhibitory region. Structurally, the pseudosubstrate 
domain is a short sequence of amino acids that mimics the substrate of the protein 
kinase and extends into the binding cavity of the catalytic domain. In many cases, 
the corresponding phosphor-acceptor residue of the kinase substrate is replaced by 
a nonphosphorylatable amino acid within the pseudosubstrate sequence. Mutations 
or deletions within the pseudosubstrate domain can result in kinase isoforms that 
are constitutively active, leading to dysfunctional or aberrant kinase signaling [54, 
55]. It has, therefore, been reasoned that synthetic peptides designed to mimic pseu-
dosubstrate domains can be used to maintain hyperactive kinases in their inactive 
states and may serve as potential therapeutics in the treatment of kinase-related 
disease.

Over the past several decades, considerable effort has been invested in develop-
ing peptide-based kinase inhibitors that are derived from pseudosubstrate domains. 
Indeed, oligopeptide sequences derived from pseudosubstrate domains represent 
arguably one of the largest classes of peptide-based kinase inhibitor reported in the 
literature. The concept of developing pseudosubstrate-based peptides as kinase 
inhibitors has been explored since the late 1980s. Historically, such constructs were 
used to determine the roles these domains played in regulating kinase activity [56, 
57]. However, more recent studies have utilized pseudosubstrate-based peptides to 
directly inhibit the activity of protein kinases. One of the earliest examples of this 
approach was reported in 1993 by Eichholtz et al [41]. In this study, the authors 
developed a short peptide derived from the pseudosubstrate region of PKC (residues 
20–28) as an inhibitor of PKC-mediated phosphorylation of protein substrates. 
Earlier studies that used synthetic peptides derived from the pseudosubstrate domain 
of PKC to inhibit of PKC activity in vitro had been reported [57]; however, their use 
in vivo was found to be somewhat limited due to membrane impermeability. In the 
Eichholtz study, the authors demonstrated that myristoylated peptides derived from 
the pseudosubstrate domain of PKC were effective at inhibiting the PKC-mediated 
phosphorylation of myristoylated alanine-rich C kinase substrate (MARCKS) pro-
teins and suppressing activation of phospholipase D in human fibroblasts. These 
inhibitory effects were not observed in nonmyristoylated peptides, indicating that 
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myristoylation could be used to enhance the cell permeability and inhibitory activity 
of novel peptide-based kinase inhibitors.

A similar peptide-based kinase inhibitor derived from the pseudosubstrate 
domain of PKC was used by Walaas et al. in 1997 to study whether PKC is linked 
to the insulin-mediated translocation of glucose transporters in living cells [58]. It 
had been shown previously that broad-spectrum kinase inhibitors, such as stauro-
sporine and sphingosine, inhibited insulin-stimulated glucose transport [59]. 
However, such inhibitors lack specificity and were, therefore, unable to link PKC 
definitively to this phenomenon. The authors of the Walaas study noted that syn-
thetic peptides derived from the PKC pseudosubstrate domain act as highly specific 
inhibitors of PKC and hypothesized that such peptides could be utilized to study 
how PKC affects the insulin-mediated translocation of GLUT4. In this report, 
Walaas et al. showed that the PKC pseudosubstrate peptide was able to inhibit the 
insulin-mediated increase of GLUT4  in the plasma membranes of SLO- 
permeabilized rat adipocytes in a concentration-dependent manner. This transloca-
tion effect was specifically linked to PKC as PKI-derived inhibitor peptides of PKA 
had no effect on PKC activity or GLUT4 translocation. More subtly, this study 
underscored the importance of utilizing highly specific inhibitors to elucidate the 
effects of select protein kinases on cellular functions.

In addition to inhibiting Ser/Thr kinases, pseudosubstrate-based kinase inhibi-
tors have also been developed against tyrosine kinases. Using a rational design 
approach, Kamath et al. developed a potent and specific peptide-based inhibitor of 
the protein tyrosine kinase p60c-Src [60]. The p60c-Src protein is a cytoplasmic nonre-
ceptor tyrosine kinase that is a product of the proto-oncogene c-Src [61]. Using a 
known peptide substrate for c-Src as a template, the authors developed a series of 
pseudosubstrate-based peptides that were able to inhibit the activity of p60c-Src at 
concentrations as low as 0.6 μM when tested in in vitro phosphorylation assays. The 
inhibitory hexapeptide sequence (CIYKYY) was modeled from the p60c-Src sub-
strate MIYKYYF following an alanine scan that identified I2, Y3, Y6, and F7 as resi-
dues critical for activity. In contrast, no inhibition was detected in either Lyn or Lck 
tyrosine kinases, indicating that this peptide is selective for p60c-Src. This study was 
notable because it was one of the first reports to expand the utility of peptide-based 
kinase inhibitors beyond Ser/Thr kinases by demonstrating that such constructs 
could be used to inhibit protein tyrosine kinases.

Inhibitory peptides based on pseudosubstrate domains have also been used as 
molecular tools to study conformational changes within protein kinases. 
Crystallographic data have shown that the catalytic subunit of PKA undergoes 
dramatic structural changes upon binding to nucleotides or inhibitors [62]. To 
investigate the underlying molecular mechanisms of these conformational 
changes, Zimmerman et al. published a study where they used surface plasmon 
resonance (SPR) to monitor binding of two separate pseudosubstrate inhibitors to 
PKA in the presence of nucleotides and divalent metal ions [63]. Here, the authors 
used the heat-stable PKA inhibitor peptide PKI [40] and a truncated form of the 
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bovine type I regulatory (R) subunit (RIα-92–260) in a detailed binding study that 
evaluated how nucleotides and metal ions influence the binding of PKA to 
 pseudosubstrate- based peptide inhibitors. Interestingly, the authors reported that 
binding of each peptide to PKA was dependent on the concentration of divalent 
metal ions and independent on the concentration of nucleotides. High-resolution 
crystal structures of PKA had previously shown that the catalytic domain contains 
two metal ion–binding sites; however, the importance of these metal ions on sub-
strate binding had not yet been elucidated. In this work, the authors demonstrated 
that a stable complex between the PKA catalytic subunit, the pseudosubstrate 
inhibitor, and type I regulatory subunit (RI) only occurred in the presence of both 
ATP and Mg2+. Furthermore, the authors showed that the concentration of Mg2+ 
had almost no influence on the association rate constant. However, the authors did 
observe that the dissociation rate of PKI from PKA was strongly influenced by 
Mg2+ ions. Specifically, higher concentrations of ions (up to 10 mM) caused the 
fast dissociation phase (ranging from 8 × 10−2 to 2 × 10−2 s−1) to transiently modu-
late to a slow dissociation phase (ranging from 1.5 × 10−4 to 5 × 10−4 s−1). The 
authors speculated that the influence of higher concentrations of Mg2+ on the dis-
sociation rate constant may be attributed to the occupation of the second metal-
binding site in the catalytic subunit. Importantly, this study demonstrated the 
utility of using pseudosubstrate peptide-based kinase inhibitors as tools to study 
the conformational changes and structural dynamics of protein kinase catalytic 
domains.

In 2015, Harrington et al. published a report on the development of single mol-
ecule, nanopore-based assays for the evaluation of Pim kinase inhibitors [64]. Pim 
kinases are a family of constitutively active Ser/Thr kinases that promote growth 
factor–independent cell proliferation through the phosphorylation of cellular pro-
teins. There is considerable interest in developing selective inhibitors of Pim kinases 
as their overexpression has been linked to a number of solid-tissue cancers and 
leukemias [65]. In this elegant study, the authors applied a novel engineering tech-
nique known as “stochastic sensing” to produce heptameric alpha-hemolysin (αHL) 
pores that contained a single subunit that included a peptide sensor element (Fig. 3). 
By monitoring the current flow through a single pore in an artificial membrane 
under applied potential, the authors were able to monitor the binding of analytes to 
the pore or membrane. This unique assay was then used to develop a pseudosubstrate- 
based analog of the Pim protein consensus sequence (designated “Pimtide”) as the 
sensor element. The authors were able to measure the binding of Pim-1 to the 
pseudosubstrate- based peptide in the presence of ATP without subsequent phos-
phorylation of the substrate. This approach was used to observe synergistic binding 
of the kinase to the pseudosubstrate-based sensor in the presence of ATP and to 
further evaluate competitive ATP-based inhibitors of Pim kinases. Notably, the 
authors were able to identify a potent small-molecule-based inhibitor that previous 
kinase activity assays had been unable to identify.
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 Peptide-Based Kinase Inhibitors Targeting Docking Sites

Aside from ligand-induced structural changes within their catalytic subunits, the 
activities of protein kinases are also regulated through interactions with large, mul-
tiprotein complexes that work in concert to control kinase function [66]. In general, 
the regions of protein kinases that participate in interactions with other regulatory 
proteins are distinct from the nucleotide- or substrate-binding sites. These areas, 

Fig. 3 Design and characterization of a single-molecule engineered nanopore sensor. (a) 
Schematic illustration of the protease-cleaved sensor indicating the location of the pseudosubstrate 
element (purple) flanked by Ser/Gly linkers (green) and a TEV protease recognition site (red). (b) 
Design of the TEV protease-cleavable trans loop fusion within the nanopore sensor. Kinetic model 
for the analysis of the observed current signal through the nanopore sensor in the presence of the 
Pim-1 peptide is shown below the bar diagram of the trans loop fusion. State B1 corresponds to the 
blocked current level of the pore due to occlusion by the attached peptide. State O1 corresponds to 
the open pore that is not bound to a kinase, and O2 corresponds to the open pore with a kinase 
molecule bound to the sensor peptide. (c) Representative current traces of the nanopore sensor 
under an applied potential of −50 mM before (above) and after (below) the addition of 81 nM 
Pim-1 in the chamber. Figure adapted with permission [64]
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colloquially known as “docking sites,” promote association between kinases and 
other biomolecules including protein substrates, peptide regulators, small-molecule 
metabolites, or activation complexes [10]. Docking sites are believed to tether oth-
erwise low-specificity catalytic domains of protein kinases to cognate substrates 
and enhance the specificity of signal transmission between cells [67]. Due to their 
significant level of influence over the activation of protein kinases, docking sites are 
now being exploited as a means to modulate protein kinase activity. In this context, 
peptide-based molecules that mimic the structures and sequences of docking sites 
have been shown to act as selective inhibitors of kinase function.

Docking interactions between protein kinases and other proteins can occur at 
multiple nodes along kinase signaling pathways [68]. For example, docking interac-
tions are prominent at several steps of the mitogen-activated protein kinase (MAPK) 
signaling cascade (Fig. 4). This well-studied pathway is critical to the transmission 
of signals received at the cell surface by growth factors, hormones, or developmen-
tal regulators. Stimulation of the MAPK signal transduction cascade ultimately 
leads to the regulation of important biological processes including gene expression 
[69]. While other proteins are involved in the MAPK signaling cascade, the MAPK 
protein (originally called extracellular signal-regulating kinase [ERK]) plays a cru-
cial role by phosphorylating multiple downstream substrates such as RSK, MSK, 
MNK, and MK5 [70]. Importantly, docking interactions between proteins involved 
in these networks, including the MEK-mediated activation of MAPK, are critical 
for proper resolution of this signaling cascade. It has been shown previously that 
MEK proteins and their MAPK substrates contain short docking motifs, often 
referred to as “D-sites,” that bind to complementary regions on MAPK [71]. Over 
the past 10 years, researchers have used such docking sites to design peptide-based 
kinase inhibitors that disrupt interactions between protein kinases and proteins that 
target the D-site. For example, in 2009 Bardwell and coworkers used synthetic pep-
tides based on D-sites derived from MEK proteins to characterize the selectivity of 
the interaction between MEK proteins and MAPKs [72]. Because D-sites are found 
in both MEK proteins and MAPK substrates, the authors reasoned that peptides 
derived from either protein may inhibit MAPK binding. In this study, the authors 
developed a small library of peptides modeled from the D-sites of several MEK 
proteins including MEK1, MEK2, MKK3, MKK4, and MKK6. The MEK D-site 
sequence consists of a cluster of basic residues, a short amino acid spacer and motif 
comprised of a hydrophobic-X-hydrophobic amino acid sequence: K/R2–3–X1–6–ϕ–
X–ϕ (where X constitutes any amino acid and ϕ constitutes any hydrophobic amino 
acid). Using this model sequence as a starting point, the authors developed a small 
library of MEK D-site peptides that were able to inhibit the phosphorylation of vari-
ous downstream MAPK targets including MEF2A, ATF2, and Elk-1. The authors 
utilized competitive inhibition assays to quantify the binding of specific D-site pep-
tides to target MAPK proteins. Peptides derived from MEK protein–docking sites 
were able to inhibit MAPK proteins from phosphorylating substrates at concentra-
tions in the low-to-mid μM range. These results indicated that similar MAPK 
D-sites are shared among different MEK proteins and MAPK substrates. The 
authors also hypothesized that because D-sites of human MEK proteins are derived 
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from a similar sequence class (K/R2–3–X1–6–ϕ–X–ϕ), D-sites may only contribute to 
binding energy and not to specificity. However, results from this study suggested 
that peptides derived from MEK protein D-sites are moderately selective for their 
cognate MAPK substrates and contribute to overall kinase specificity. Taken 
together, these findings support a “double selection” model of kinase-substrate 
interaction in which docking sites and catalytic domains jointly contribute to kinase 
recognition.

Peptides that inhibit protein kinase activity by targeting docking sites have also 
been developed against c-Jun N-terminal kinase (JNK) proteins. JNK1 is abnor-
mally elevated in certain tissues under diabetic conditions, which can cause 

Fig. 4 The MAPK/ERK signal transduction cascade. Growth factors stimulate the MAPK/ERK 
pathway though interaction with growth factor receptors on the cell surface. Ligand binding initi-
ates phosphorylation of the growth factor receptor, which leads to the activation of the small 
G-protein Ras via interaction with GRB2 and adaptor proteins. Subsequent downstream phos-
phorylation of key proteins Raf (MAPKKK), MEK (MAPKK), and ERK (MAPK) results in acti-
vated ERK translocating to the nucleus where it initiates transcription of growth factor–responsive 
genes by phosphorylating specific transcription factors. Figure adapted from Kim et al. [127]
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 constitutive activation of the JNK pathway. Because activation of the JNK pathway 
interferes with the function of β-cells and mitigates insulin action [73], it has been 
speculated that JNK1 plays an important role in establishing insulin resistance. In 
2004, Kaneto et al. reported on the development of a novel, 20-amino-acid JNK- 
inhibitory peptide derived from the JNK-binding domain of the JNK-interacting 
protein-1 (JIP1) [74]. To enhance cell permeability, the authors covalently linked 
the peptide inhibitor to a 10-amino-acid carrier peptide based on the HIV-TAT 
sequence [75, 76]. To assess cell uptake and delivery, the peptide was further conju-
gated to a fluorescein isothiocyanate (FITC) tracer. Following development of the 
JIP1-HIV-TAT-FITC construct, the authors treated diabetic mice with the peptide at 
10  mg/kg and monitored its accumulation in insulin target organs including the 
liver, fat, and muscle. The authors also found that the nonfasting blood glucose lev-
els in mice treated with the JIP1-HIV-TAT-FITC peptide were significantly lower 
than untreated controls. The authors further demonstrated that glucose tolerance in 
JIP1-HIV-TAT-FITC-treated mice could be ameliorated. These results support the 
notions that the JNK pathway is involved in the exacerbation of diabetes and that 
suppression of the JNK pathway could be a viable therapeutic route to treat blood 
glucose disorders.

In 2016, a highly selective inhibitor of PKC delta (δPKC) based on 
glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) was identified by Qvit et al 
[77]. GAPDH is a known substrate of δPKC and plays a (noncatalytic) role in 
inducing mitochondrial elimination under oxidative stress [78]. In this study, the 
authors were interested in elucidating the mechanism by which oxidative stress 
inhibits the protective GAPDH-mediated elimination of damaged mitochondria. 
Using rational design, Qvit and coworkers developed a peptide (designated 
ψGAPDH) that was a direct sequence mimetic of the GAPDH-docking site on 
δPKC. The authors reasoned that the ψGAPDH-docking site on δPKC may have an 
analogous sequence to GAPDH similar to how the pseudosubstrate domain of 
δPKC mimics the phosphor acceptor sequence within the substrate. Here, it was 
determined that the ψGAPDH peptide inhibited δPKC-GAPDH interactions and 
subsequent phosphorylation of GAPDH in vitro at concentrations as low as 1 μM. In 
addition, the authors showed that the ψGAPDH peptide could be used to inhibit 
GAPDH oligomerization and GAPDH-mediated glycolytic activity. It was also 
demonstrated in this study that the ψGAPDH peptide did not affect the phosphory-
lation of five other δPKC substrates in whole-cell lysates. Finally, the authors 
showed that a ψGAPDH peptide conjugated to the cell-permeable peptide TAT 
(47–57) acted as an inhibitor of the elimination of damaged mitochondria in cardiac 
H9C2 cells following oxidative stress. This result suggested a possible therapeutic 
use for this peptide to treat complications associated with cell injury.

Similar strategies have been used to develop peptide-based kinase inhibitors that 
are directly derived from docking sites on the kinase itself. In this approach, the 
inhibitory peptide does not target the kinase but rather the docking site of the protein 
complex to which the kinase binds. One of the earliest examples of this strategy was 
reported in 2002 by Kelemen et al. [79] Here, the authors were interested in disrupt-
ing the interaction between the MAPK protein ERK and its cognate upstream kinase 
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MEK. The authors reasoned that a peptide derived from docking domains of either 
protein could theoretically block activation of the downstream protein kinase. To 
evaluate this hypothesis, the authors developed a 13-amino-acid peptide corre-
sponding to the N-terminus of MEK1 (MPKKKPTPIQLNP), a region known to be 
involved in facilitating MEK-ERK interactions [80]. This peptide was designed spe-
cifically to bind and inhibit ERK activation in  vitro and in cultured mammalian 
cells. In vitro fluorescence anisotropy studies showed that the peptide bound ERK 
with a Kd of approximately 77 nM and that the peptide co-precipitated with ERK 
proteins from whole-cell lysates. Furthermore, the authors showed that the MEK1- 
derived peptide inhibited growth factor–stimulated ERK activation in PC12 cells at 
concentrations between 5 and 50 μM but did not affect the activity of other kinases 
in similar assays. In order to facilitate translocation of the peptide across the cell 
membrane, the authors developed a series of modified ERK inhibitor peptides that 
contained translocation sequences derived from HIV-TAT or antennapedia [75, 81]. 
Studies evaluating cell uptake showed that fluorescently labeled MEK1 peptides 
containing the transduction domains were internalized by NIH 3T3 cells and were 
distributed throughout the cytosol in patterns that were similar to inactive (cytoplas-
mic) ERK but different from active (nuclear) ERK. The authors also found that the 
cell-permeable peptides were able to inhibit ERK activation in growth factor–stimu-
lated NIH 3T3 and PC12 cells at concentrations ranging from 29 to 45 μM. Finally, 
the authors confirmed the inhibitory effects of the MEK1 peptide by observing a 
significant decrease in the transcriptional activity ELK1, a downstream effector of 
ERK. Notably, these results were among the first examples of using a peptide-based 
kinase inhibitor that was derived directly from a kinase to inhibit the phosphoryla-
tion (activation) of a downstream substrate.

Another example of using kinase-derived peptides to inhibit signal transduction 
includes a report by Niv et al. In this study, the authors analyzed specific subdo-
mains of various protein kinases and studied their involvement in protein-protein 
interactions. This technology, dubbed “KinAce,” was used as a platform to develop 
inhibitory peptides that could modulate kinase-dependent signaling pathways [82]. 
More specifically, the KinAce strategy combines bioinformatics and crystallo-
graphic data to identify sequence variability within structurally conserved regions 
of protein kinase catalytic domains. Regions of interest included subdomain V (the 
αD region), the loop between subdomains IX and X (the HJ loop), and subdomain 
X (the αG helix). The variable sequences were then used as leads in the develop-
ment of highly specific peptide-based kinase inhibitors. Importantly, the structured 
regions identified by KinAce are common to all protein kinases and share similar 
architectures. Despite sharing a common three-dimensional framework across mul-
tiple protein kinases, the authors showed that the KinAce regions contained patches 
of hypervariable sequences that were interspaced with highly conserved residues. 
Interestingly, it was shown that the conserved regions are often buried within the 
kinase active site, while the variable regions are solvent-exposed. The authors rea-
soned that this variability may be important for recognition of specific kinase sub-
strates and that peptides derived from these regions could be effective at blocking 
upstream kinase activity. In this study, short myristoylated peptides derived from the 
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target regions of the Tyr kinases c-Kit and Lyn, and the Ser/Thr kinases PDK1 and 
PKB were developed. For their inhibition studies, the authors synthesized a library 
of peptide oligomers derived from subdomains V and IX-X. Importantly, the pep-
tides were designed to span the entire KinAce region and partially overlap. 
Furthermore, each peptide included several residues from the variable binding sites. 
The authors derived and synthesized an average of 15–30 peptides each from the 
protein kinases c-Kit, Lyn, PDK1, and PKB and found that 33% of the peptides 
derived from HJ-αG, αD, or both regions had some inhibitory activity. More specifi-
cally, the authors showed that a peptide derived from the αD region of c-Kit selec-
tively inhibited SCF-induced transphosphorylation with an IC50 value of 
7 μM. Peptides derived from the HJ-αG region of PDK1 significantly reduced the 
phosphorylation of PKB in DU-145 prostate cancer cells and inhibited cell prolif-
eration at concentrations in the low- to mid-μM range. Furthermore, the authors 
demonstrated that peptides derived from the HJ-αG region of PKB successfully 
inhibited the phosphorylation of the PKB substrate GSK3. Finally, the authors 
showed that a peptide derived from the subdomain III of HJ-αG region of Lyn was 
effective at inhibiting phosphorylation of Syk and Lyn in a dose-dependent manner, 
yielding 80–90% inhibition at concentrations of 5 μM. Notably, none of the screened 
peptides had any inhibitory effect on other kinases from which they were not 
derived. The authors were keen to note that in addition to being used to develop 
highly effective peptide-based kinase inhibitors, the KinAce approach could be 
extended to be used as a way to screen discrete regions of kinases for their contribu-
tion to specific diseases (KinScreen). For example, the peptides developed using 
KinAce could potentially be used to rapidly test the influence of certain kinases on 
the growth, differentiation, and metabolism of cancer cells. In this context, inhibi-
tion of some metabolic process by a KinAce peptide may indicate a connection 
between that pathway and the specific region of the kinase from which the peptide 
was derived.

More recently, Oguiza and coworkers showed that a peptide derived from the 
NEMO-binding domain (NBD) of nuclear factor-κΒ kinase (IKK) could protect 
against diabetes-associated neuropathy and atherosclerosis in mouse models of type 
1 diabetes [83]. The IKK complex is formed by two catalytic subunits (IKKα and 
IKKβ) and a regulatory subunit (NF-κΒ essential modulator [NEMO]). Both IKKα 
and IKKβ share a high degree of structural homology; each is composed of an 
N-terminal kinase domain, a central leucine zipper/helix-loop-helix dimerization 
domain, and a carboxy-terminal NEMO-binding domain [84]. The N-terminus of 
NEMO binds to the NBD sequences on IKK, leaving the rest of NEMO accessible 
for interacting with regulatory proteins. Structurally, the NBD peptide developed by 
Oguiza et al. is a single peptide oligomer comprised of three distinct regions: an 
N-terminal octalysine (K8) cell-penetrating peptide, a short diglycine linker (GG), 
and a C-terminal sequence mimetic of the NEMO inhibitory peptide. Notably, this 
peptide construct inhibited the canonical NF-κΒ pathway and ameliorated renal 
dysfunction in diabetic mice. Interestingly, the authors observed that the NBD pep-
tide did not affect the metabolic severity of diabetes, which was evidenced by no 
significant change in hyperglycemia, lipid profile, or body weight in treated versus 
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untreated mice. However, the authors found that the NBD peptide did demonstrate 
renal histological improvement without any observable toxicity, liver damage, or 
other obvious side effects. Kidneys from NBD-peptide-treated mice displayed 
decreased intranuclear NF-κΒ activity and reduced atherosclerotic plaque size com-
pared to untreated controls. More specifically, the authors observed that the in vitro 
treatment of cultured vascular smooth muscle cells with NBD peptides showed 
reduced nuclear translocation of the p65 subunit after high glucose stimulation. 
Real-time PCR showed that the NBD peptide inhibits the expression of NF-κΒ- 
dependent genes including Ccl2, Ccl5, and Tnfα. Furthermore, the authors detected 
indirect action of the NBD peptide on systemic inflammation, which was evidenced 
by reduced splenic expression of proinflammatory TH1 cytokines but not antiin-
flammatory Th32 genes. Taken together, these results suggested that the NBD pep-
tide is capable of ameliorating NF-κΒ-dependent inflammation and can inhibit 
detrimental physiological effects of diabetes, including renal damage and athero-
sclerosis. These results also indicated that peptide-based kinase inhibitors do not 
necessarily need to compete with docking sites on protein kinases to affect inhibi-
tion of their function. Instead, they may be able to inhibit the formation of protein 
kinase complexes by mimicking a docking region of one of the individual complex 
components. This strategy may be exploited to affect (indirect) inhibition that only 
affects the kinase function when it is in the presence of a larger complex, thus 
enhancing selective activity of the kinase inhibitor.

It is perhaps worth noting that disrupting the docking interactions between pro-
tein kinases and their activation complexes can be used as a means to prevent the 
phosphorylation of downstream substrates without significantly affecting the over-
all activity of the kinase itself. This is because protein kinases bound to larger com-
plexes often function differently than their free-form state [85]. In this context, 
signaling pathways that require kinases to be bound to larger protein complexes 
may be functionally separated from other cascades that are regulated by the free- 
form kinase. Selectively inhibiting interactions between kinases and their activation 
complexes may, therefore, be used as a means to block phosphorylation of one 
substrate but not another. Furthermore, as the studies outlined in this section have 
indicated, peptides that block interactions between protein kinases and their activa-
tors may be more effective at inhibiting overall kinase activity than those that block 
interactions between the kinase and its cognate substrates. This is likely because 
protein kinase substrates (and by extension their peptide-based mimetics) have 
comparatively low affinity for protein kinases. Targeting regions of higher binding 
affinity, such as those between protein kinases and their activator proteins, may 
facilitate the development of higher-affinity binders that inhibit kinase activity with 
greater specificity. Moreover, such constructs may be useful as tools to help dissect 
the complexities of redundant or parallel kinase signaling cascades in living systems.
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 Inhibiting Kinase Activity Using Hetero-Bivalent Peptides

Despite an increasing number of reports documenting the efficacy of peptide-based 
kinase inhibitors, targeting the nucleotide-binding pocket of protein kinases with 
small molecules remains the most widely used approach to suppress kinase activity. 
Nevertheless, the specificity of such small-molecule-based kinase inhibitors is often 
poor due to the high degree of structural similarity between protein kinase catalytic 
domains [10, 24]. This issue has prompted researchers to explore alternative 
approaches to enhance the specificity and efficacy of small-molecule-based kinase 
inhibitors. One promising strategy has been to design bivalent constructs that cova-
lently link peptide mimetics of kinase substrates to small molecules that target the 
nucleotide-binding site. In principle, such “hetero-bivalent” inhibitors can simulta-
neously target the nucleotide-binding pocket and the substrate-binding domain 
located on the surface of the kinase [86] (Fig. 5). This strategy, therefore, allows for 
targeting of the protein kinase with a high-affinity (but low specificity) small mol-
ecule and a highly specific (but low affinity) peptide-based substrate mimetic.

One of the earliest applications that used hetero-bivalent constructs to affect 
kinase inhibition was reported in 1991 when Ricouart et al. developed a bifunctional 
ligand designed to inhibit protein kinase C (PKC) [87]. In this work, an inhibitor 
comprised of a short pseudosubstrate peptide (Ser-Arg6) designed to target the 
substrate- binding site of PKC was covalently linked to an isoquinoline-5- 
sulfanamide ATP mimetic through a β-Ala linker. In vitro phosphorylation assays 
showed that the bisubstrate inhibitor was 67-fold more potent than the isoquinoline-5- 
sulfanamide alone. Notably, the enhanced potency was only observed when the two 
substrate components were linked, demonstrating the utility of the bivalent approach 
for inhibiting kinase activity.

More recent studies have used similar bivalent ligands to enhance the specificity 
of broad-spectrum kinase inhibitors such as staurosporine and PP2. Staurosporine is 
an alkaloid natural product that acts as an inhibitor of numerous kinases including 
PKA, PKC, CK1, CK2, and MAPK [88]. Staurosporine competes for the nucleotide- 
binding pocket of protein kinases and has been shown to have higher affinity for 
certain kinases compared to ATP [89]. In an effort to enhance specificity of this 
broad-spectrum kinase inhibitor, Meyer et al. conjugated staurosporine to a cyclic 
peptide ligand that was highly specific for PKA [90]. In this study, the authors used 
an innovative strategy to design a hetero-bivalent peptide-based kinase inhibitor that 
required no previous structural or sequence data. The inhibitor was initially devel-
oped by covalently linking a highly promiscuous analog of staurosporine to the 
protein Jun and generating a cyclic peptide library that was covalently linked to the 
protein Fos. Association of the two ligands was then afforded through the natural 
self-assembly of the Fos and Jun proteins (Fig. 6a). Phage display was then used to 
select for cyclic peptides that displayed micromolar affinity for PKA. The selected 
peptide was identified and subsequently conjugated to staurosporine though a PEG 
linker to generate the final bisubstrate conjugate (Fig. 6b). The authors observed 
that the respective inhibitory potency of the hetero-bivalent ligand increased 93-fold 
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over staurosporine and 21,000-fold compared to nonconjugated peptide. Moreover, 
the bivalent inhibitor showed remarkable in vitro selectivity toward PKA over a 
panel of six different kinases including ASK1, c-Src, and Mnk2 (Fig.  6c). 
Importantly, this strategy demonstrated the efficacy of enhancing the specificity of 
broad-spectrum kinase inhibitors by conjugating them to peptides that target spe-
cific sites within kinase catalytic domains.

Fig. 5 Rationale for the design of hetero-bivalent peptide-based kinase inhibitors. (a) Small- 
molecule- based kinase inhibitors designed to target the ATP-binding pocket often exhibit high- 
affinity, nonspecific inhibition. (b) Peptide-based kinase inhibitors targeting the substrate-binding 
region of protein kinases will generally achieve highly specific targeting but suffer from low- 
affinity interactions. (c) Hetero-bivalent kinase inhibitors simultaneously target the ATP-binding 
pocket and substrate-binding region of protein kinases, ultimately leading to high-affinity, highly 
specific inhibition
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Fig. 6 Design and activity of a hetero-bivalent peptide-based kinase inhibitor for targeting protein 
kinase A (PKA). (a) Noncovalent tethering of staurosporine with a phage display peptide library 
through a coiled-coiled Fos-Jun heterodimer. (b) Chemical structures of hetero-bivalent peptide 
conjugates used to target PKA. (c) Activity screen targeting six different kinases shows significant 
inhibition of PKA by inhibitor 4, but not with compound 2. Inhibition of kinase activity was found 
to be selective for PKA. Figure adapted with permission [90]
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PP2 is a pyrazole-based small molecule that has seen use in cancer research as an 
inhibitor of Src family kinases. While this compound was initially believed to be 
specific for Src family kinases, more recent studies have indicated that this com-
pound is nonselective and can inhibit other kinase families with similar efficacy 
[91]. In 2015, Brandvold et al. used a derivative of PP2 and a Src peptide substrate 
to develop a highly specific, cell-permeable bisubstrate inhibitor of c-Src [92]. In 
this study, click chemistry was used to covalently link an alkyne-containing PP2 
derivative to a consensus c-Src substrate sequence through a 1,2,3 triazole linkage. 
To facilitate conjugation, the authors replaced the phosphorylatable Tyr within the 
peptide sequence with a 4-aminophenylalanine residue that was subsequently acyl-
ated with an azide-functionalized linker. The authors obtained a Kd value of 0.28 nM 
for this inhibitor, which was 1300-fold more potent than the PP2 derivative and 
1100-fold more potent than the peptide fragment alone. To evaluate specificity, the 
bisubstrate compound was screened in an in vitro competitive binding assay against 
213 kinases. Here, the authors found that only two kinases (c-Src and a close homo-
log c-Yes) were bound by the bisubstrate inhibitor. To enhance the biological effi-
cacy of the inhibitor, the authors appended the substrate with a polyarginine (Arg9) 
tag that is commonly used to enhance the cell permeability of peptides and proteins 
[76]. The authors noted that the addition of the Arg9 tag did impart cell permeability 
to the construct but had little impact on its affinity for c-Src. Furthermore, the cell- 
permeable bisubstrate construct inhibited the growth of the c-Src-dependent cancer 
cell lines HT-29 and SKBR3 but did not impact on the growth of c-Src-independent 
cell lines MCF-7 and T47D.

Researchers have also used peptide-based bisubstrate ligands as inhibitors of 
effector kinases along the Ras-RAF-MEK-ERK signaling cascade (Fig. 4). A recent 
study by Lechtenberg et al. used a structure-guided approach to develop a potent 
and selective inhibitor of ERK1/2 [93]. In this work, the authors linked a small mol-
ecule known to target the ATP-binding site of ERK1/2 to a peptide that would target 
the D-recruitment site (DRS) of ERK1/2. The small molecule chosen for the study 
was FR180204, a pyrazole-based semiselective ERK inhibitor that targets ERK2 
with an IC50 of approximately 1 μM [94]. Despite relatively low binding affinity, the 
authors noted that FR180204 displays 10- to 30-fold selectivity over related p38α 
MAPK proteins. Here, the authors developed two hetero-bivalent inhibitors based 
on previous structural analysis of ERK2 in complex with its cognate substrates. To 
develop the first construct (designated SP1), the authors used the minimal C-terminal 
D-site peptide (residues 119–130) of PEA15, a protein known to interact with 
ERK1/2 [95]. It was demonstrated here that SP1 targeted ERK2 with an IC50 of 
0.7 μM, representing a modest increase in affinity over FR180204 alone. For their 
second construct (SP2), the authors chose the D-site peptide of the ERK substrate 
RSK1 (residues 713–729) that was appended with the HIV-TAT transactivation 
domain [75, 76]. Both peptides utilized a “reverse” binding mode [96] to target 
ERK; however only the RSK1 peptide construct employed an additional helical ele-
ment when binding to the kinase. Interestingly, the RSK1-containing inhibitor 
showed a 50-fold increase in potency inhibiting ERK2 with an IC50 of 14 nM despite 
being appended with the HIV-TAT sequence. Following this observation, the authors 
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used a structure-based approach to establish that the inhibitor binds both the ATP- 
binding site and the DRS of ERK. For their third construct (SP3), the authors used 
click chemistry to conjugate an alkyne-functionalized FR180204 molecule to the 
N-terminus of the RSK1 peptide through an azidolysine moiety. This final construct 
was not appended with the HIV-TAT sequence and was found to target active (phos-
phorylated) ERK2 with an IC50 of 25 nM. Finally, the authors performed an in vitro 
assay where they tested the selectivity of SP3 against 55 kinases of the CMGC 
branch. It was shown here that SP3 not only bound ERK1/2 with high affinity, but 
also several other related MAPKs that contain a DRS, such as JNK1, JNK2, JNK3, 
and p38α. Interestingly, SP3 was not able to target other CMGC kinases that do not 
contain a DRS, suggesting that SP3 may be developed as a potent, yet selective, 
inhibitor of kinases that contain these specific binding sites.

 Inhibiting Interactions Between Protein Kinases 
and Anchoring Proteins

Protein kinases are often distributed among separate subcellular compartments as a 
means to regulate their activity. Sequestering protein kinases within distinct organ-
elles, including nuclei or mitochondria, allows their association with localized sub-
strates to be tightly controlled [97]. In general, the specific subcellular localization 
of protein kinases is mediated through the interaction with anchor (or adaptor) pro-
teins that regulate the trafficking of kinases throughout the cell. One approach to 
inhibiting kinase activity has been to disrupt such interactions with peptides that 
mimic anchor protein interaction domains. Over the past 25 years, synthetic pep-
tides that disrupt interactions between protein kinases and their associated anchor 
proteins have shown efficacy in inhibiting kinase function.

One of the first studies on inhibiting the activity of protein kinases using peptides 
derived from anchor proteins was reported by Ron et al. in 1995 [98]. In this work, 
the authors developed a peptide derived from RACK1, a PKC-binding protein that 
anchors activated PKC to the plasma membrane near its localized substrates. It had 
been shown previously that receptor for activated C-kinase (RACK) proteins 
increased PKC activity by stabilizing the active state of the kinase [99]. Furthermore, 
it was demonstrated that RACK1 was not a substrate or an inhibitor of PKC. The 
regulatory domains of PKC proteins contain two common regions: C1 and C2 [26, 
100]. The C1 region of PKC is known to mediate binding between PKC and diacyl-
glycerol while the C2 region regulates calcium binding to the kinase. PKC interacts 
with lipids at the plasma membrane through its C1 domain; however, RACK1 was 
shown to interact with PKC within its C2 domain [98]. The RACK-binding domain 
of PKC is a short sequence of amino acids that is part of the larger N-terminal 
domain, which was previously thought to contain at least part of the RACK-binding 
site. To identify the RACK1-binding site of PKC, the authors used short synthetic 
peptides derived from the C2 region of PKC to disrupt interactions between 
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 recombinant RACK1 and fragments of PKC containing either C1 or C2 regions. 
Notably, they observed that some C2-derived peptides acted as inhibitors of hor-
mone-induced translocation of PKC, indicating that the C2 region contains at least 
part of the RACK1-binding site. Using this approach, the authors mapped portions 
of the RACK1-binding site on PKC to amino acids 186–198 and 209–226 within 
the C2 region of PKC. Furthermore, peptides corresponding to these regions were 
shown to inhibit the translocation of C2-containing PKC isozymes in neonatal car-
diac myocytes. These results indicated that the C2-derived peptides inhibited PKC 
function by binding to RACK1 and disrupting the RACK1/PKC interaction.

Similar approaches have been used to inhibit the activity of PKA in synaptic 
transmission. In an early report, Rosenmund et al. showed that peptide oligomers 
derived from the conserved kinase-binding region of A-kinase anchoring proteins 
(AKAPs) could be used to inhibit PKA-mediated phosphorylation of AMPA/kainite 
channels in cultured neurons [101]. In this study, the authors utilized a 24-amino- 
acid peptide derived from a conserved amphipathic helix common to the AKAP 
protein Ht31 to block binding of PKA to AKAP. Interestingly, a shorter (16-amino- 
acid) peptide derived from Ht31 did not block this interaction. The authors also 
demonstrated that treatment of cells with Ht31 peptides could inhibit the PKA- 
mediated regulation of AMPA/kainate currents, providing the first-ever evidence 
that PKA-anchoring proteins are crucial in the regulation of synaptic function. It 
had been shown previously that PKA-dependent phosphorylation is required to 
maintain the function of AMPA/kainite channels in hippocampal neurons [102]. In 
the Rosenmund study, the absence of ATP, or the presence of peptide-based inhibi-
tors of PKA, caused the gradual decline of whole-cell currents evoked by kainite. 
These results indicated that PKA plays a crucial role in channel activity. To test the 
influence of AKAP proteins on localizing PKAs near the channel, inhibitor peptides 
derived from Ht31 were added to the cells and reduced AMPA/kainite-meditated 
currents to the same extent as other PKA-specific inhibitors, including PKI. The 
authors also noted that the effects of PKI and the Ht31 peptide were not additive, 
indicating that PKA localization to the channel is required for the modulation of 
AMPA/kainite-mediated currents.

The discovery of short peptides that disrupt interactions between PKA and 
AKAP has led to the development of novel molecular tools for evaluating PKA 
activity. For example, synthetic peptides that disrupt interactions between PKA and 
its regulatory subunit (RI) have been used to evaluate Type I PKA signaling. In 
2006, Carlson et al. combined bioinformatics analyses and peptide-screening arrays 
to develop a high-affinity RI anchoring disruptor (RIAD) peptide that demonstrated 
>1000-fold selectivity for Type I PKA over Type II PKA [103]. In this study, the 
authors used a bioinformatic analysis approach on a set of dual-affinity AKAP- 
binding sequences to develop a synthetic peptide that binds PKA with higher affin-
ity and greater specificity than any previously reported AKAP-derived peptide. 
More specifically, the authors utilized a multiple eM of motif elicitation (MEME) 
algorithm [104] to screen the RI-binding sites of PKA for anchoring proteins that 
bind RIα. Based on comparisons to corresponding sites within sample proteins of a 
nonredundant database, the authors identified regions of amino acid similarity and 
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used bioinformatics software to predict side chains that were most likely to occupy 
a particular site. To facilitate this process, the linear PKA R domain-binding 
sequences of D-AKAP1, AKAP149, ezrin, and two sites from AKAP82 were 
aligned and analyzed. A position-dependent scoring matrix (PDSM) consensus 
sequence of 20 amino acids was then identified. Further optimization of the peptide 
was performed using two-dimensional peptide arrays, and it was determined that 
strategic placement of acidic residues afforded peptides that retained RIα binding 
but bound poorly to RIIα. The resultant 18-amino-acid RIAD peptide was shown to 
bind Type I PKA with high selectivity. Following further optimization, cell- 
permeable RIAD peptides were shown to selectively uncouple cAMP-mediated 
inhibition of T-cell function and inhibited progesterone synthesis at the mitochon-
dria in steroid-producing cells.

RIAD peptides have also been employed to suppress PKA-mediated immune 
responses. Antitumor treatments based on the infusion of T-cells expressing chime-
ric antigen receptors (CAR T-cells) are still largely ineffective on solid tumors. 
However, recent work has focused on developing RIAD peptides to inhibit PKA- 
mediated inhibition of T-cell receptor (TCR) activation. This inhibition process 
requires PKA to localize to the immune synapse via binding to the AKAP protein 
ezrin. In 2016, Newick et al. generated a line of T-cells that expressed RIAD pep-
tides to determine whether RIAD peptides derived from AKAP proteins could blunt 
the negative effects of PKA on T-cell activation [105]. These cells (dubbed CAR- 
RIAD T-cells) showed increased TCR signaling following treatment with adenosine 
in vitro and showed enhanced killing of tumor cells compared to those treated with 
CAR T-cells alone. Furthermore, when injected into mice, the antitumor efficacy of 
murine CAR-RAID T-cells was substantially enhanced compared to control mice 
treated with only CAR T-cells. It was also shown that CAR-RIAD T-cells migrated 
more efficiently to chemokines and had better adherence to cell matrices. The 
authors concluded that RIAD peptides augment CAR T-cell efficiency by inhibiting 
the PKA-mediated inhibition of TCR activation. This landmark study underscored 
the physiological relevance of PKA-anchoring proteins in disease pathogenesis and 
demonstrated that peptide-based inhibition of PKA activity may be a viable route 
for developing therapeutics that inhibit the growth and propagation of cancer cells.

Another example of an inhibitor designed to disrupt the interactions between 
protein kinases and their anchoring proteins includes a peptide that corresponds to 
residues 188–226 of the FRAT1 protein. FRAT1 is a mammalian protein that acts as 
a co-regulator of the WNT signaling pathway [106]. FRAT belongs to a family of 
GSK3-binding proteins that positively regulates the WNT signaling pathway by 
inhibiting GSK3-mediated phosphorylation of β-catenin. In 1999, Thomas et  al. 
developed a peptide derived from the GSK3-binding domain of FRAT1 (designated 
“FRATtide”) that binds GSK3 and prevents its interaction with Axin [107]. In this 
study, the authors demonstrated that FRATtide significantly reduced the activity of 
GSK3α and GSK3β isolated from human serum. It was also shown that FRATtide 
blocked the interaction between GSK3 and the C-terminal domain of Axin (residues 
281–500), suggesting that the binding sites on GSK3 for FRAT1 and Axin may 
overlap. Notably, FRATtide was found not to suppress GSK3 activity toward other 
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substrates, including glycogen synthase and eIF2B.  This is likely because phos-
phorylation of each of these substrates is independent of Axin and dependent on 
“priming” phosphorylations. This specific result may explain why essential cellular 
functions of GSK3 can continue to be observed despite suppression of β-catenin 
phosphorylation.

Subsequent studies with FRATtide-based molecules have helped to elucidate 
disparate mechanisms of GSK3 inhibition. The structure of FRATtide in complex 
with GSK-3β has been elucidated, and these studies revealed that the activation loop 
of uncomplexed (phosphorylated) GSK-3β adopts a similar conformation to that of 
the FRATtide-bound from [108]. Interestingly, the activation loop of GSK3β in 
complex with FRATtide was found to adopt similar conformations to those activa-
tion loops of related kinases CDK2 and ERK2. A sulfate ion was also found to be 
present near the activation loop of the FRATtide-GSK3β complex and is thought to 
occupy the site of the phosphoserine residues within “primed” substrates. The co- 
crystal structure showed that the FRATtide forms a helix-turn-helix motif when 
bound to the C-terminal lobe of the kinase domain (Fig. 7). Importantly, these data 
showed that the FRATtide binds near, but does not obstruct, the substrate-binding 
channel of GSK-3β. Combined with previous reports that showed that FRATtide 
blocks the association between GSK3β and Axin [107], the authors of this study 
concluded that the Axin-binding site on GSK-3β overlaps with the binding site of 
FRATtide. Furthermore, the proximity of the Axin-binding site to the active site of 
GSK3β provides structural evidence how Axin acts as a scaffolding protein that 
promotes β-catenin phosphorylation.

More recently, the FRATtide peptide was included in a study that used diverse 
peptide-based kinase inhibitors to elucidate the function of a novel C-terminal 

Fig. 7 Co-crystal structure of glycogen synthase kinase-3 beta (GSK-3β) catalytic domain bound 
to the inhibitory FRATtide peptide (PDB ID: 1GNG). The N-terminal lobe of GSK-3β is shown in 
light blue, the hinge region is depicted in magenta, and the C-terminal lobe is colored salmon. The 
FRATtide peptide (residues 1–39) is shown in red. The positions of the nucleotide-binding site and 
the substrate-binding region of GSK-3β are indicated
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scaffold- binding region of GSK-3β [109]. In this study, the authors utilized mutated 
versions of GSK3β to determine the binding mechanisms of peptides derived from 
three GSK-3β-binding proteins. Specifically, these peptides were derived from Axin 
(AxinGID), FRAT1 (FRATtide), and GSKIP (GSKIPtide). To determine which 
amino acids are critical for imparting selectivity to other binding partners, the 
authors focused on installing point mutations within the extreme C-terminal helix 
domain of GSK-3β (residues 339–383). Interestingly, it was determined that spe-
cific GSK-3β interacting proteins bound to this region with at least five distinct 
binding modes, which further highlighted the versatile role GSK-3β plays in cellu-
lar signaling. To classify each binding mode, the authors used specific characteris-
tics of each GSK-3β mutant (V267G and Y288F) bound to their respective 
interacting partners. For example, the binding mode of GSK-3β to AxinGID, hNin-
ein, and Dyn-like protein was categorized into one group, and GSKIP, FRATtide, 
CABYR, and Astrin were classified as four individual groups. Briefly, these modes 
were characterized by the ability for each respective GSK-3β-binding protein to 
interact with the various GSK-3β mutants. Here, AxinGID, hNinein, and Dyn-like 
protein all interacted positively with wild-type GSK-3β and GSK-3β(Y288F) but 
did not bind GSK-3β(V267G). On the other hand, GSKIP interacted positively with 
wild-type GSK-3β and GSK-3β(Y288F), and only weakly to GSK-3β(V267G). 
FRATtide interacted strongly with wild-type GSK-3β and GSK-3β(V267G) but did 
not bind GSK-3β(Y288F). CABYR was found to interact strongly with all three 
GSK-3β variants. Astrin only interacted with the wild-type GSK-3β and was unable 
to bind either of the mutants. In addition, the authors showed that AxinGID, Dyn- 
like protein, and hNinein possessed independent binding modes through C-terminal 
truncation assays and serial site-directed mutagenesis of the GSK-3β 
C-terminal domain.

 Enhancing the Clinical Efficacy of Peptide-Based Kinase 
Inhibitors

From a drug design standpoint, peptides are generally considered less desirable than 
small molecules as potential lead compounds. This is largely because peptide-based 
molecules have intrinsic physicochemical properties that limit their application 
in  vivo. For instance, most peptides do not readily cross cell membranes or the 
blood-brain barrier, which can limit their application to extracellular targets. 
Moreover, peptides shorter than 15 amino acids are often intrinsically disordered in 
solution and are, therefore, highly susceptible to degradation by serum or cytoplas-
mic proteases [110, 111]. Finally, longer peptides can trigger immune responses 
when administered in vivo [112, 113], leading to rapid clearance or inflammation. 
Despite these challenges, recent advancements in peptide synthesis techniques and 
high-throughput screening procedures have allowed researchers to develop peptides 
that circumvent many of these issues [114, 115]. Consequently, peptides are 
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 becoming widely accepted as viable lead compounds for drug development, and 
many pharmaceutical companies are beginning to invest more heavily in the devel-
opment of peptide-based therapeutics [116].

It could also be argued that it is precisely the synthetic tractability and biomi-
metic nature of peptides that make them ideal candidates for drug development. As 
several of the studies outlined in this chapter have demonstrated, synthetic peptide- 
based kinase inhibitors can be modified in various ways to enhance their therapeutic 
efficacy. For instance, the membrane permeability of peptide-based kinase inhibi-
tors can be enhanced by installing hydrophobic moieties, which can be achieved by 
either including a higher percentage of hydrophobic amino acids within the primary 
sequence [117] or by appending lipophilic functionalities to the peptides during 
synthesis [118]. In the context of peptide-based kinase inhibitors, several groups 
have successfully employed myristoylation strategies to enhance the membrane 
permeability of inhibitory peptides that target cytosolic kinases [41, 119]. In addi-
tion to installing hydrophobic moieties, peptides can also be engineered for efficient 
cell internalization by installing cationic amino acids into their primary sequence or 
by appending the peptide with protein transduction sequences such as Tat, poly- 
Arg, or antennapedia [76]. This strategy has been applied to several novel peptide- 
based kinase inhibitors that have successfully targeted cytosolic kinases including 
JNK1 and ERK [74, 93]. Recent evidence has also shown that certain peptides can 
be used to shuttle small molecules, peptides, and even full-length proteins across the 
blood-brain barrier [120]. While it has yet to be applied in practice, conjugating 
such “shuttling” peptides to peptide-based kinase inhibitors may be an effective 
approach to deliver highly selective antagonists that target kinases involved in neu-
rodegenerative disease.

The proteolytic stability of peptides can also be enhanced by linking medium- 
length polymer chains, including PEG, PG, PVP, and PHPMA, to the peptide in 
order to increase its half-life in vivo [121]. This strategy has been used extensively 
to enhance the bioavailability of numerous peptide- and protein-based therapeutics 
[122–124]. In addition, the immunogenicity of peptide-based therapeutics may be 
reduced by removing potentially cross-reactive B- or T-cell epitopes from peptide 
sequences. Recent advancements in protein sequence database management and 
computational prediction software have allowed researchers to identify such epit-
opes and have facilitated the sequence-based rational design of peptide-based thera-
pies that display reduced immunogenicity [125]. Importantly, testing of other 
peptide-specific triggers of immune responses, such as aggregation potential, post-
translational modifications, or excipient effects, must be conducted when develop-
ing final formulations of peptide-based therapies. While these approaches have been 
used to enhance the efficacy of many peptide-based therapeutics for use in the 
clinic, their specific application to peptide-based kinase inhibitors remains limited. 
This is likely because the overall market share occupied by peptide-based kinase 
inhibitors compared to other classes of therapeutic peptides approved for clinical 
use is still relatively small. Nevertheless, this situation presents a unique develop-
ment opportunity as chemically modified peptide-based kinase inhibitors that 
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 display enhanced biological efficacy represent a virtually untapped market in the 
context of next-generation therapeutics.

 Conclusions and Perspectives

The ability to inhibit discrete protein kinases with high selectivity represents one of 
the greatest challenges facing modern molecular biology. Despite the enormous 
wealth of knowledge that has been amassed on protein kinases since they were first 
discovered in 1954 [126], the scientific community is still actively searching for 
molecules that are able to inhibit protein kinases without significant cross-reactivity. 
While many small-molecule-based kinase inhibitors that target the nucleotide- 
binding site with high affinity have been developed, these compounds often suffer 
from limited selectivity due to a high degree of structural similarity among protein 
kinase active sites. Furthermore, antibodies that target protein kinases are able to 
target distinct kinases with high efficiency, but their relatively large size limits their 
application to kinases that contain extracellular domains.

Since the late 1980s, peptides have emerged as promising candidates as inhibi-
tors of protein kinases due to their synthetic tractability, midrange size, and ability 
to mimic protein interaction domains. In this chapter, three generalized classes of 
peptide-based kinase inhibitors were introduced, and different mechanisms through 
which peptides can affect kinase inhibition were discussed. It is also worth mention-
ing that the successful development of many of the kinase inhibitors outlined herein 
has required the collective work of researchers across many scientific disciplines. 
Considering the multitude of approaches and tremendous collaborative efforts that 
are being made to develop peptide-based kinase inhibitors, chances are high that 
researchers will soon make breakthroughs that greatly enhance the efficacy of such 
molecules for use in vitro and in the clinic. Finally, peptide-based kinase inhibitors 
are noteworthy because they not only represent formidable constructs that have high 
therapeutic potential but also may be used as tools to help researchers better under-
stand the complex nature of kinase-substrate interactions. Ultimately, this knowl-
edge will lead to a more profound understanding of kinase function on a molecular 
level and will facilitate the development of innovative medicines that will effec-
tively treat kinase-mediated disease.
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