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Abstract

Kinases are amongst the largest families in the human proteome and serve as critical mediators of 

a myriad of cell signaling pathways. Since altered kinase activity is implicated in a variety of 

pathological diseases, kinases have become a prominent class of proteins for targeted inhibition. 

Although numerous small molecule and antibody-based inhibitors have already received clinical 

approval, several challenges may still exist with these strategies including resistance, target 

selection, inhibitor potency and in vivo activity profiles. Constrained peptide inhibitors have 

emerged as an alternative strategy for kinase inhibition. Distinct from small molecule inhibitors, 

peptides can provide a large binding surface area that allows them to bind shallow protein surfaces 

rather than defined pockets within the target protein structure. By including chemical constraints 

within the peptide sequence, additional benefits can be bestowed onto the peptide scaffold such as 

improved target affinity and target selectivity, cell permeability and proteolytic resistance. In this 

review, we highlight examples of diverse chemistries that are being employed to constrain kinase-

targeting peptide scaffolds and highlight their application to modulate kinase signaling as well as 

their potential clinical implications.
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1. Introduction

Kinases play the fundamental role of phosphorylating various substrates, and this seemingly 

minor event causes profound effects on cell signaling. The kinase superfamily is encoded by 

one of the largest gene families in the human genome and is composed of approximately 539 

kinases (Brognard & Hunter, 2011). Since kinases are key regulators of various cellular 
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pathways, altered activity or regulation of kinases can result in dire consequences including 

diabetes, inflammation and cancer (Fabbro, Cowan-Jacob, & Moebitz, 2015). As such, 

kinases have garnered much attention by the pharmaceutical industry where numerous 

kinases are the focus of targeted inhibition.

The vast majority of kinase inhibitors are ATP-competitive small molecule inhibitors that 

target the ATP-binding pocket centered between the small and large lobes of the kinase 

domain (J. Zhang, Yang, & Gray, 2009). However, several challenges exist with small 

molecule targeting including target selectivity and inhibitor resistance (J. Zhang, et al., 

2009). To date, small molecule kinase inhibitors that have been developed for clinical 

applications have effectively targeted only a relatively small proportion of the kinome since 

only a subset of kinases has been viewed as highly sought-after targets. However, a major 

remaining challenge is that many patients develop resistance to clinical kinase inhibitors 

(Smith, 2016; H. Zhang, 2016) and many disease-relevant kinases still lack clinically 

relevant therapeutic inhibitors. Another alternative strategy for kinase inhibition is the use of 

monoclonal antibodies. Since antibodies are not cell-permeant, they require an extracellular 

surface for binding and thus are limited to receptor kinases such as EGFR and Her2. While 

antibodies can achieve high target specificity, a major limitation is that the vast majority of 

kinases lack extracellular features that can be targeted using this approach. Thus, there is a 

significant need for alternative targeting approaches.

One strategy that has emerged is that of constrained peptide inhibitors. Unlike small 

molecules, peptides present a large binding surface area and therefore can bind relatively 

large, shallow surfaces on the target protein. Further, by applying constraints to the peptide 

scaffold, compound properties can be altered to gain features such as cell permeability, 

improved proteolytic resistance, improved binding affinity and improved target potency. 

Constrained peptide scaffolds have been used to target various features of kinases including 

the area surrounding the ATP-binding site, ligand-binding site, substrate-binding site, and 

protein-protein interactions that regulate kinase activity. In addition, peptide-based allosteric 

inhibitors were also developed as kinase inhibitors. By targeting alternative sites on the 

surfaces of kinases, areas can be targeted with greater evolutionary divergence as compared 

to the ATP-binding site, thereby lowering the bar for target specificity. Here, we highlight 

several examples of synthetic and target site strategies for modulation of kinase signaling.

2. Constrained peptide-small molecules targeting the kinase ATP-binding 

site

Small molecule inhibitors are routinely designed to target the ATP-binding site of kinases; 

however, selectivity remains a major challenge due to conservation of the binding pocket 

across the kinase superfamily. As a strategy to improve selectivity of the promiscuous kinase 

inhibitor staurosporine, bivalent peptide-small molecule ligands were developed to 

simultaneously target the active site as well as a nearby surface on the large lobe of the 

kinase domain of Protein Kinase A (PKA) (Figure 1) (Meyer, Shomin, Gaj, & Ghosh, 2007). 

To achieve this, carboxylated staurosporine was non-covalently attached to head-to-tail 

cyclized peptides by employing the heterodimer of transcription factors Jun and Fos, which 
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interact to form a coiled coil. In this strategy, the Jun-conjugated staurosporine derivative 

and Fos-conjugated peptide self-assemble, thereby simultaneously presenting a molecule to 

target the ATP-binding site and another to interact with a neighboring site on PKA. Phage 

display was used to create the library of Fos-cyclic peptide variants that incorporated only 

natural amino acids for peptide residues 2–7 (Meyer, et al., 2007). Multiple rounds of phage 

display selection were used to identify a lead cyclic peptide that could bind PKA and later 

demonstrated micromolar inhibition of PKA activity. This cyclic peptide was then covalently 

attached to carboxylated staurosporine via a short PEG linker, which led to a significant 

improvement in inhibitory potency in vitro as compared to the staurosporine analog alone 

(IC50 values of 2.6 nM versus 159 nM). Moreover, when the bivalent inhibitor was 

compared against the staurosporine derivative in a panel of six different kinases (PKA, 

ASK1, CaMKIIβ, c-Src, EphA5, and Mnk2), the bivalent inhibitor demonstrated 

considerable in vitro selectivity towards PKA. Additional modifications to this bivalent 

inhibitor demonstrated that the individual components (small molecule, linker or peptide) 

could be altered in a modular fashion to improve inhibitory potency and target selectivity 

(Shomin, Meyer, & Ghosh, 2009). The generality of this approach therefore has the potential 

to be applied to diverse kinases during inhibitor development by bestowing improved 

selectivity and affinity on lead small molecule inhibitors. Although peptide potency can be 

enhanced using this synthetic strategy, the peptide alone remained a relatively weak binder 

to its intended target. Additionally, a major caveat of this approach is that the overall 

compound size is significant since the bifunctional peptide-small molecule conjugate is 

required for high affinity binding, and may therefore have limited therapeutic potential for 

targeting intracellular kinase domains.

3. Constrained peptides targeting the kinase ligand-binding site

Peptides targeting ligands or the ligand-binding domain of enzyme-linked receptors can be 

designed to serve as modulators of kinase activity, thereby regulating signal transduction 

cascades that contribute to a variety of cellular processes. Of the enzyme-linked receptors, 

receptor tyrosine kinases have received much attention as targets for the development of 

anti-proliferative, anti-metastatic, and anti-angiogenic compounds in cancer due to their 

roles in cell growth and motility (Regad, 2015). A variety of constrained peptides have been 

developed to target ligand-induced activation of receptor tyrosine kinases by blocking the 

receptor-binding surface of the ligand or by occluding the ligand-binding site of the receptor 

(Blaskovich, et al., 2000; De Rosa, et al., 2014; Diana, et al., 2011; Guardiola, et al., 2016; 

Lamberto, et al., 2014; Lamberto, et al., 2012; Murai, et al., 2003; Nakamura, et al., 2005; 

Tam, et al., 2009; Vicari, Foy, Liotta, & Kaumaya, 2011). By blocking ligand binding, the 

peptides can prevent the conformational change and dimerization that promotes kinase 

activation and subsequent tyrosine phosphorylation events (Figure 2).

The development of ligand-targeted compounds capable of blocking the ligand-receptor 

interaction has been a considerable challenge due to the large size of the receptor-binding 

surface on growth factors. However, multiple approaches, including functionalized scaffolds, 

miniproteins, and phage display, have been employed to develop peptide-based compounds 

capable of binding such surfaces (Blaskovich, et al., 2000; Guardiola, et al., 2016; Tam, et 

al., 2009). In one example of a ligand-targeted approach, a peptide-functionalized scaffold 
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was developed to sequester platelet-derived growth factor (PDGF) and thereby block 

platelet-derived growth factor receptor (PDGFR) activation in cancer (Blaskovich, et al., 

2000). PDGFR has roles in growth and motility that may contribute to proliferation and 

angiogenesis in cancer and has thus received attention as a potential target for therapeutic 

development (Andrae, Gallini, & Betsholtz, 2008). The PDGF hetero- or homodimer binds 

to PDGFR, inducing dimerization and activation of the receptor (Andrae, et al., 2008). Thus, 

compounds capable of blocking PDGF binding to the receptor may block PDGFR activation. 

A library of cyclic hexapeptides was designed using a 3-aminomethylbenzoate dipeptide 

mimic to cyclize the peptide via amide bonds (Blaskovich, et al., 2000). The cyclic peptides 

were attached to a calix[4]arene scaffold to generate a functionalized surface that could bind 

the receptor-binding surface on PDGF. The library was modified to test the effect of 

different charged and hydrophobic patches on binding to PDGF. A peptide complementary 

to the basic and hydrophobic surface of PDGF blocked the PDGF-B homodimer, PDGF-BB, 

from binding to PDGFR with an IC50 value of 250 nM as measured in cells. This compound 

was reported to inhibit PDGFR phosphorylation and downstream processes including DNA 

synthesis, tumor growth and angiogenesis. While the large size of these molecules may 

affect delivery of the peptide, cyclization may enhance peptide stability towards proteases. 

This approach may also offer an alternative to ligand- or receptor-targeted antibodies that 

block receptor tyrosine kinase activation.

In another ligand-targeted approach, peptides were developed to target hepatocyte growth 

factor (HGF) and block its binding to the Met receptor (Tam, et al., 2009). Like other 

receptor tyrosine kinases, the Met receptor dimerizes and is activated by binding of its 

ligand, HGF, promoting signaling pathways involved in cell cycle regulation (Gherardi, 

Birchmeier, Birchmeier, & Woude, 2012). As dysregulation of HGF and Met is observed in 

a variety of cancers, blocking HGF binding to Met may prevent ligand-induced activation of 

Met in cancer. Phage display was used to identify and optimize linear and disulfide cross-

linked peptides with affinity towards HGF, resulting in a disulfide-bridged peptide capable 

of binding the β-chain of HGF. The 15-residue peptide was constrained to a hairpin structure 

containing a type-I β-turn and could inhibit Met in vitro with an IC50 of 450 nM. In the 

absence of the disulfide cross-link, activity of the peptide was diminished, and thereby 

demonstrates the importance of the constraint for the antagonistic effect of the peptide. 

Interestingly, this peptide did not disrupt binding of full length HGF to Met, yet it was 

capable of blocking Met phosphorylation, revealing the importance of the β-chain of HGF in 

Met activation.

In addition to PDGF and HGF, epidermal growth factor (EGF) has also received 

considerable attention as a target in the development of peptides blocking ligand-receptor 

interactions. Binding of EGF to its receptor, the epidermal growth factor receptor (EGFR), 

induces dimerization and activation of EGFR (Lemmon, Schlessinger, & Ferguson, 2014). 

Deregulated EGFR signaling promotes proliferative signaling in cancer. Thus the EGFR 

signaling pathway is an attractive target for therapeutic development. In a recent study, a 

panel of peptides was developed to bind to EGF and block activation of EGFR signaling 

pathways (Guardiola, et al., 2016). In one strategy, a miniprotein was designed to mimic the 

helix and loop structures of EGFR that interact with EGF. The peptide was stabilized by 

installing a disulfide bridge between the terminal cysteine residues, thereby fashioning a 
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cyclized peptide. This peptide displayed micromolar affinity towards EGF, blocked the 

interaction between EGF and EGFR with an IC50 value of 60.6 μM using a cell-based EGF-

EGFR inhibition assay. Further the peptide was shown to inhibit EGF-mediated cell 

proliferation. Since the mini-protein contains both loop and helical structures, further studies 

with additional mutations or truncations of the mini-protein may reveal the contribution of 

specific features, such as the helix, to binding and inhibition.

Another strategy to develop inhibitors of the ligand-binding site is through the use of 

monoclonal antibodies that recognize a specific conformation-epitope (Fukumoto, et al., 

1998). Using an anti-EGF monoclonal antibody, a disulfide-constrained phage display 

library was screened to identify lead peptides with an enhanced affinity towards the EGF-

targeted antibody (Nakamura, et al., 2005). A lead candidate peptide was subsequently 

modified to contain an intramolecular disulfide bridge. One disulfide-bridged lead was 

identified that could bind EGFR, block EGF binding with an IC50 value of 70 μM through 

an EGF competition assay in cells and inhibit EGFR phosphorylation and mitogenesis in 

cells. Although micromolar concentrations of the constrained peptide were required to 

inhibit ligand-induced proliferation, this may serve as a scaffold for further optimization to 

improve potency.

Another receptor tyrosine kinase, vascular endothelial growth factor receptor (VEGFR), has 

roles in angiogenesis (Shibuya, 2013), and has become an attractive target for the 

development of anti-angiogenic peptides (De Rosa, et al., 2014; Diana, et al., 2011; Vicari, 

et al., 2011). A peptide mimicking a receptor-binding loop of vascular endothelial growth 

factor (VEGF) was developed to bind VEGFR-2 and block its activation in cancer (Vicari, et 

al., 2011). The peptide was designed to mimic the antiparallel β-sheet conformation of the 

native structure, with a disulfide cross-link between strands to constrain the loop. This 

peptide was reported to bind VEGFR-2 with a KD of 11 nM in vitro and decrease VEGFR-2 

phosphorylation, proliferation and wound healing. The anti-tumor activity of the constrained 

peptide was also evaluated in a double transgenic mouse model, VEGF(+/−) Neu2–5(+/−). 

Using this model, the constrained peptide appeared to reduce tumor volume highlighting its 

translational potential to serve as an anti-tumor agent.

In a similar study, peptides were constrained with a disulfide bond to mimic a β-hairpin 

feature of placental growth factor (PIGF) and block activation of VEGFR-1 (De Rosa, et al., 

2014). In this approach, additional conformational stability was achieved via aromatic 

interactions between tryptophan residues from the opposing strands that helped to stabilize 

the type-II β-turn structure. Although no direct binding or inhibitory effect on VEGFR was 

reported, the peptides were capable of blocking downstream signaling events and decreasing 

VEGF-induced proliferation in cells. Interestingly, in the absence of the disulfide bond, the 

peptide was reported to have agonistic activity (Diana, et al., 2011), suggesting the 

importance of the disulfide cross-link for antagonistic activity.

Altered activity stemming from the ephrin type-A receptor 4 (EphA4) is linked to cancer, 

neurodegenerative diseases and neural repair (Faruqi, 2012), leading to efforts to disrupt 

EphA4 activity. Peptides with affinity towards EphA4 were identified using a random 12-

mer phage display library and screened against EphA4, leading to the development of a 
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disulfide bridged EphA4 binding peptide (Lamberto, et al., 2014; Lamberto, et al., 2012; 

Murai, et al., 2003). The lead peptide, termed APY, was subsequently crystalized with the 

ligand binding domain of EphA4, leading to rational design in efforts to improve efficacy 

(Lamberto, et al., 2014). The original APY sequence was optimized to stabilize the hairpin 

structure by introducing a C-terminal amide while releasing strain at the turn residues by 

substituting glycine with a β-alanine residue. These modifications improved in vitro IC50 

values from 1.4 μM for the parent APY peptide to 30 nM for the optimized sequence. 

Further, the improved peptide could disrupt EphA4 activation without toxicity in cells. Since 

the original APY peptide showed decreased activity after incubation with serum, it would be 

interesting to determine whether the modifications, particularly the C-terminal amide, 

improve proteolytic stability because this would affect its translational potential.

A major advantage of targeting ligands or ligand-binding domains is that cell permeability of 

the targeting agent is not necessary since the target is extracellular. Furthermore, given these 

constrained peptides do not target the highly conserved kinase active site and there is greater 

diversity amongst the ligand binding sites, this may limit off-target effects that are often 

observed with ATP-competitive inhibitors. However, the peptide must outcompete the 

ligand, which may be overexpressed in some disease states such as cancer. Further, this 

targeting strategy is largely limited to the receptor tyrosine kinase subfamily since the vast 

majority of kinases lack extracellular ligand binding domains. From a synthetic standpoint, 

many of the constrained peptides discussed here have used disulfide bridging to stabilize the 

secondary structure of the targeting peptide. A major shortcoming of this chemistry is that 

disulfide bridging is susceptible to reduction of the bond and loss of the constraint under 

reducing conditions. Exploration of alternative bridging strategies may lead to identification 

of improved pharmacological compound properties including enhanced activity and stability.

4. Constrained peptides targeting the kinase substrate-binding site

While specificity remains a major challenge for targeting the ATP-binding site of kinases, 

the substrate-binding site represents an alternative strategy since this site is more divergent 

amongst the kinase superfamily. However, this binding site is relatively flat and elongated on 

the surface of the large lobe of the kinase domain, and therefore lacks features that make it 

amenable to small molecule targeting approaches. As increasing numbers of synthetic and 

natural peptide substrate sequences have been identified, significant efforts have been put 

forth to generate constrained peptides that target the substrate binding site and thus 

downregulate kinase activity (Figure 3).

An early example of a substrate-binding peptide macrocycle was developed by building 

upon previous work that identified a c-Src-selective peptide substrate sequence from a “one-

bead one-peptide” approach (Lam, Wu, & Lou, 1995). Using this sequence, amino acid 

substitutions and disulfide bridging was introduced into the Src peptide substrate to produce 

constrained β-turn peptides with IC50 values ranging from 26 μM to 130 nM in vitro against 

Src (Alfaro-Lopez, et al., 1998). Further, they demonstrated that their lead compounds were 

selective in vitro for Src over Lyn or Lck by up to 1000-fold in some cases. The cyclized 

peptides were slightly more potent than their linear counterparts, thus inferring that a 

secondary structural fold may impart improved binding on Src and may have more favorable 
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entropic conformer for binding. An interesting observation was that inclusion of tyrosine 

mimetics that could not be phosphorylated resulted in the most potent inhibitors identified 

from this work, albeit this modification also resulted in reduced selectivity between Src and 

Lck.

In a similar study, a previously identified c-Src pseudosubstrate inhibitor peptide (Kamath, 

Liu, Enstrom, Lou, & Lam, 2003) was conformationally constrained and modified in a 

medicinal chemistry approach to improve the potency of the parent compound (Kumar, et 

al., 2006). Using the non-specific tyrosine kinase substrate peptide polyE4Y as a means to 

assess Src inhibition, they sought to improve inhibitor potency by modifying the 

functionality of the tyrosine residues while either leaving the peptide linear or constraining it 

via head-to-tail, side chain or terminus-to-side chain bridging. Interestingly, simply 

replacing tyrosine on position 5 of the linear peptide with a 4-nitrophenylalanine led to a 

significant increase in inhibitory potency as compared to the parent compound. However, the 

addition of constraints on the parent sequence also conferred improved inhibitory properties 

when head-to-tail cyclization or side chain bridging was introduced. Additional work also 

demonstrated that head-to-tail cyclized peptides with alternating basic and aromatic residues 

inhibit Src activity in vitro with IC50 values as low as 280 nM (Shirazi, et al., 2013). 

Moreover, inclusion of arginine instead of lysine, ring size and overall peptide length of 

cyclized peptides could further enhance potency of these pseudosubstrate Src inhibitors.

Bcr-Abl is an oncogenic fusion protein that arises as a result of a chromosomal translocation 

event (Nowell, 2007). While Abl kinase activity is normally autoinhibited, the Bcr-Abl 

fusion maintains constitutive activity and activates oncogenic signaling and transformation 

in chronic myeloid leukemia (CML) and Philadelphia chromosome-positive acute 

lymphoblastic leukemia (ALL) (Hantschel, 2012). Although numerous ATP-competitive 

inhibitors have been developed to target Bcr-Abl, drug resistance remains a major challenge 

(Zabriskie, et al., 2014). As an alternative targeting strategy, substrate-based peptide 

inhibitors were developed to target the Abl kinase domain (Huang, et al., 2015). In this 

work, cyclotides were employed as a strategy to stably present an Abl substrate. Cyclotides 

are protease-resistant, cysteine-rich peptides that are head-to-tail cyclized and contain a 

cyclic cysteine knot (CCK) motif (Colgrave & Craik, 2004). One such cyclotide, termed 

MCoTI-II, was also shown to be cell-permeant (Greenwood, Daly, Brown, Stow, & Craik, 

2007) and was therefore used to incorporate a known Abl substrate sequence (Huang, et al., 

2015). A library was first generated where analogs of the Abl substrate peptide abltide were 

grafted into MCoTI-II. Using in vitro assays, several of the cyclotide inhibitors were found 

to inhibit wild-type Abl or a mutant form of Abl (T315I) with IC50 values as low as 1.3 or 

12.2 μM, respectively. Several lead inhibitors were also found to gain intracellular access to 

varying extents, albeit to a lesser degree as compared to a TAT sequence. Nonetheless, the 

peptides were strikingly resistant to proteolytic degradation. Three peptides demonstrated no 

detectable loss of the parent compound after a 24-hour incubation period with human serum, 

thereby illustrating the potential for long anticipated half-lives in vivo. A separate strategy to 

inhibit proteolytic degradation of an Abl peptide substrate was also demonstrated by 

incorporating a small, constrained β-turn peptide structure on the N-terminus of a linear 

substrate sequence (S. Yang, et al., 2013).
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Akt (Protein Kinase B) is a member of the AGC kinase subfamily and phosphorylates 

numerous substrates to regulate processes such as metabolism, proliferation and survival 

(Manning & Cantley, 2007). Overexpression of Akt and aberrant Akt-mediated signaling is 

found in early and late state cancers (Manning & Cantley, 2007) and therefore serves as a 

major oncogenic drug target (Mundi, Sachdev, McCourt, & Kalinsky, 2016). A well-known 

substrate of Akt is GSK3β, and phosphorylation of this substrate causes GSK3β 
inactivation. Structural studies of a GSK3β peptide demonstrated that the peptide binds the 

substrate-binding site of Akt in an extended conformation (J. Yang, et al., 2002). As a 

strategy to synthetically mimic this extended structure, peptidomimetics were designed to 

replace two residues with an azabicycloalkane dipeptide surrogate using a GSK3β peptide 

sequence (Ranatunga & Del Valle, 2011). In vitro characterization of the peptidomimetic 

library was performed using purified Akt, where low micromolar IC50 values (3 μM) were 

achieved. Subsequent studies replaced the azabicycloalkane dipeptide surrogate with an 

imidazopyridine dipeptide surrogate as an alternative to mimic the extended Akt substrate 

peptide (Kim, et al., 2014). This synthetic modification improved in vitro potency with an 

IC50 value in the high nanomolar range (640 nM) and also improved proteolytic stability as 

compared to the non-modified parent sequence. GSK3β peptides were also designed as 

macrocyclic Akt substrates via urea backbone cyclization or head-to-tail amide backbone 

cyclization, of which several cyclized peptides were found to have increased in vitro 
inhibitory activity against Akt as compared to their linear counterparts (Tal-Gan, et al., 

2011). Since Akt has over 100 known substrates (Mundi, et al., 2016), these strategies 

outlined above may provide additional opportunities to design alternative constrained 

pseudosubstrate targeting sequences for Akt inhibition.

Cyclin-dependent kinases (CDKs) regulate cell cycle transitions, and cyclin dependent 

kinase 2 (CDK2) is a key player in multiple aspects of these transitions including DNA 

replication and cell cycle progression (Boulikas, 1994). Altered regulation of CDK2 was 

identified in multiple cancers and has become the focus of targeted cancer therapies (Asghar, 

Witkiewicz, Turner, & Knudsen, 2015). CDK2 can phosphorylate substrates either through 

interactions on the substrate binding site of the kinase domain or through interactions with 

cyclin A when it is in a CDK2-cyclin A protein complex (Boulikas, 1994). Since some 

CDK2 substrates require recognition by cyclin A prior to CDK2 phosphorylation, one 

approach to inhibit kinase activity is to prevent substrates from docking on the cyclin A 

binding groove (CBG) to thereby prevent substrate presentation to CDK2 (Adams, et al., 

1996; Andrews, et al., 2004). Using the crystal structure of a protein fragment from a known 

CDK2 inhibitor, p27KIP1, bound to the CBG of cyclin A in the CDK2-cyclin A complex 

(Russo, Jeffrey, Patten, Massague, & Pavletich, 1996), a macrocyclic peptide was designed 

using side-chain-to-C-terminal tail bridging to conformationally constrain the inhibitor 

peptide (Andrews, et al., 2004). Increased in vitro potency was observed for some of the 

constrained peptides with the lowest IC50 values reaching 360 nM; however, activity was 

dependent on overall ring size. This compound was further characterized by x-ray 

crystallography in complex with cyclin A, and this data revealed the additional energetically 

favorable interactions between the compound and the CBG of cyclin A. Thus, this structure-

guided approach yielded a constrained analog with increased potency by inhibiting substrate 

presentation to CDK2.
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5. Constrained peptides as allosteric disruptors of kinases

In addition to ligand and substrate binding, kinase activity can be regulated through 

allosteric mechanisms. Dimerization of receptor tyrosine kinases, such as EGFR, contributes 

to activation of the kinase domain and subsequent tyrosine phosphorylation events. Thus, 

disruption of dimerization or allosteric activation using constrained peptides is a promising 

strategy for modulation of kinase activity (Figure 4). Constrained peptides have been 

developed to disrupt EGFR dimerization in order to block EGFR signaling pathways in 

cancer. One strategy focuses on the disruption of the receptor dimer by targeting the EGFR 

dimerization arm, a β-loop structure that stabilizes the EGFR dimer (Hanold, Oruganty, et 

al., 2015; Hanold, Watkins, et al., 2015; Mizuguchi, et al., 2012; Mizuguchi, et al., 2009; 

Toyama, Mizuguchi, Nomura, & Tamamura, 2016). In this approach, cyclic peptides 

mimicking the EGFR dimerization arm were developed to occlude the dimerization arm-

binding site. Multiple constraints have been applied to these peptides to improve activity and 

stability, including introduction of disulfide, selenylsulfide and triazolyl bridges. In some 

cases, cell-based inhibition was demonstrated with 10 μM IC50 values (Hanold, Oruganty, et 

al., 2015; Toyama, et al., 2016).

Interactions modulating kinase activity also occur between intracellular regions of receptor 

tyrosine kinases. Upon receptor dimerization the EGFR kinase domains form an activated 

asymmetric dimer, and additional regulatory interactions occur between juxtamembrane 

regions of EGFR (Jura, et al., 2009; X. Zhang, Gureasko, Shen, Cole, & Kuriyan, 2006). To 

disrupt the juxtamembrane interactions and block kinase activation, all-hydrocarbon stapled 

peptides mimicking the helical structure of the juxtamembrane region were developed 

(Sinclair, Denton, & Schepartz, 2014; Sinclair & Schepartz, 2014). These peptides were 

similar to unconstrained peptides targeting the EGFR juxtamembrane (Boran, et al., 2012) 

and were able to block EGFR signaling and cell proliferation with IC50 values in the 10 μM 

range. Furthermore, these peptides demonstrated increased helicity compared to the 

unconstrained peptide. It is possible that higher concentrations of receptors at the membrane 

may lead to an increased presence of preformed dimers, and the efficacy of these strategies 

of dimer disruption may be dependent on expression levels of the receptor. Thus, 

determination of the effects of receptor expression levels on the ability of the peptides to 

disrupt dimerization could reveal the applicability of this strategy to different cell lines that 

express varying levels of EGFR.

Another member of the EGFR family is human epidermal growth factor receptor 2, Her2, 

which dimerizes with members of the EGFR family to promote kinase activity and 

proliferative signaling in cancer (Lemmon, et al., 2014). Thus, Her2 has received attention as 

a target for therapeutic development. Peptides mimicking interactions of trastuzumab, a 

Her2-targeted antibody that binds to domain IV of the ectodomain, were developed to 

disrupt Her2 signaling (Banappagari, Ronald, & Satyanarayanajois, 2011; Kanthala, 

Gauthier, & Satyanarayanajois, 2014; Satyanarayanajois, Villalba, Jianchao, & Lin, 2009). 

Through phosphorylation assays, a lead compound was identified that could inhibit 

proliferation at sub-micromolar levels (373 nM) and successfully inhibit Her2 dimerization. 

By targeting the dimerization interface of the ectodomain of the EGFR family proteins, one 

can strategically disrupt homo- and heterodimerization amongst the EGFR family members 
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by targeting unique interaction surfaces. Although the IC50 values are relatively high, these 

strategies provide proof-of-principle that extracellular surfaces may be amenable for 

selective targeting.

In contrast to kinase inhibition by dimer disruption, constrained peptides may be developed 

to induce receptor dimerization and promote kinase activation. The Met receptor has 

received attention as a potential target for regenerative medicine due to its role in cell growth 

and motility (Ito, et al., 2015). A constrained peptide that acts as a Met agonist was reported 

to activate Met signaling pathways by inducing dimerization. In this study, peptides with 

affinity towards the Met receptor were generated using a random non-standard peptide 

integrated discovery (RaPID) approach. The peptides were cyclized by formation of a 

thioether bond between cysteine and an N-terminal chloroacetyl substituent, which helped to 

improve the in vitro binding affinity of the peptides to KD values as low as 2.3 nM. The 

resulting macrocyclic peptides were then cross-linked to form dimers that were capable of 

binding to an allosteric site, inducing receptor dimerization and exhibiting similar maximal 

activity as HGF in cell-based assays. Although, the peptide was designed for an extracellular 

target, determining whether or not similar peptides can penetrate cells could expand the 

application of this strategy to activate intracellular targets.

Bivalent approaches have also been explored as a means to increase the specificity of kinase 

inhibitors by covalently attaching a tyrosine kinase inhibitor to a peptide targeting an 

allosteric site of the kinase domain. This approach has been applied to Aurora kinase A 

(Shomin, Restituyo, Cox, & Ghosh, 2011), a serine/threonine kinase with roles in cell cycle 

regulation (Dar, Goff, Majid, Berlin, & El-Rifai, 2010). Peptides targeting Aurora kinase A 

were developed using phage display of disulfide bridged peptides in an approach similar to 

that of the bivalent, peptide-small molecule PKA inhibitors (Meyer, et al., 2007; Shomin, et 

al., 2009; Shomin, et al., 2011). Cyclic peptides binding Aurora A functioned in vitro as 

selective noncompetitive inhibitors of Aurora kinase A with IC50 values as low at 6 μM. 

While these peptides inhibited kinase activity in vitro, their activity in cells was not reported. 

Thus, the ability of these peptides to penetrate cells and access intracellular targets may 

warrant further exploration.

The use of constrained peptides targeting allosteric sites of kinases is a promising approach 

to modulation of kinase activity. This approach offers the advantage of regulating kinase 

activity without targeting highly conserved active sites, thereby potentially limiting off-

target effects. Further, these peptides are not required to compete with ligand binding. 

However, the disruption of dimer interactions to modulate kinase activity may depend on the 

expression levels of the protein, especially in the presence of preformed dimers (Freed, 

Alvarado, & Lemmon, 2015).

6. Constrained peptides as disruptors of kinase-mediated protein-protein 

interfaces

Since kinases engage in multiple protein-protein interactions (PPIs) to regulate signaling 

cascades, numerous efforts have been put forth to block essential PPI interfaces as a strategy 

to downregulate kinase signaling (Figure 5). One example of this targeted approach aims to 
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block an interface involved in regulating Protein Kinase A (PKA) activity. A-kinase 

Anchoring Proteins (AKAPs) serve as spatial and temporal regulators of the PKA 

holoenzyme complex. AKAPs are highly diverse in function and localization, but share the 

common defining feature of anchoring PKA in an isoform-specific manner via interactions 

with the regulatory subunits of PKA (PKA-R) (Kennedy & Scott, 2015). Although 

numerous peptide inhibitors were previously designed to target the AKAP-PKA interface as 

a means to regulate PKA in a spatial and temporal manner (reviewed in (Kennedy & Scott, 

2015; Troger, Moutty, Skroblin, & Klussmann, 2012), cell-permeant “stapled” alpha-helical 

peptides were more recently designed to disrupt the same PPI interface (Wang, et al., 2014; 

Wang, et al., 2015). These stapled AKAP inhibitors have the added advantage of being both 

cell permeant and constrained in a pre-binding state. Therefore, these inhibitors do not 

require transfections or other methods such as TAT conjugation or aliphatic anchors for 

delivery. By targeting this PPI, these chemical probes allow one to perturb the role of 

AKAPs in various signaling processes within cells while simultaneously leaving the 

catalytic activity of PKA intact with in vitro KD values as low as 2 nM for the intended 

isoform-specific target and inhibitory effects in the low μM range in cells. However, a 

limitation of targeting this particular PPI is that current AKAP inhibitors act as universal 

disruptors by blocking PKA anchoring in an isoform-specific manner, i.e. all RI- or all RII-

selective AKAPs (Kennedy & Scott, 2015; Troger, et al., 2012; Wang, et al., 2015), and 

therefore no cell-permeant inhibitors exist which target individual AKAPs. Since most cells 

express 10–15 AKAPs simultaneously (Lester, Coghlan, Nauert, & Scott, 1996), selective 

disruption of individual AKAPs will be ideal for investigating an AKAP of interest. This 

may be achieved by targeting unique, non-overlapping PPIs for individual AKAPs.

In addition to targeting PPIs regulating PKA, a PPI interface was also targeted to disrupt 

regulation of Casein Kinase II (CKII). CKII regulates a myriad of cellular processes 

including differentiation and proliferation. Like PKA, CKII forms a dynamic tetrameric 

holoenzyme complex consisting of two catalytic (CKIIα and CKIIα′) and two regulatory 

subunits (CKIIβ). The catalytic subunits of CKII are constitutively active, thus the regulatory 

subunits serve to regulate both activity and intracellular location (Bibby & Litchfield, 2005). 

In order to synthetically dissect the tetrameric complex, constrained peptides were designed 

to mimic a C-terminal sequence stemming from CKIIβ (Laudet, et al., 2007). Then, by 

introducing and characterizing alanine substitutions around a conserved sequence stretch on 

the C-terminal portion of CKIIβ, the binding hot spots of the interface between CKIIα and 

CKIIβ were identified. A 13-mer peptide was designed based on the conserved sequence 

from a beta-loop structure of CKIIβ that encompassed two of the identified hotspots. The 

loop structure was constrained by disulfide bridging between two Cys residues and was 

engineered to target the binding surface of CKIIα. Binding assays with purified protein 

demonstrated inhibition of the CKII tetrameric holoenzyme complex in the presence of 

increasing concentrations of the constrained inhibitory peptide, and in vitro phosphorylation 

assays with a purified CKII substrate showed inhibited phosphorylation by the inhibitor 

peptides with IC50 values ranging down to 6.5 μM (Laudet, et al., 2007). Although this CKII 

disruptor was not shown to cross the cell membrane, it validates a targeting site to disrupt 

the CKII holoenzyme complex and provides a basis for further optimization and design of 

cell-permeant peptide scaffolds.
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Another strategy to modulate kinase activity is through inhibition of Src Homology 2 (SH2) 

domain interactions. SH2 domains recognize and bind phosphotyrosine-containing 

sequences, thereby compartmentalizing and regulating signal transduction in a 

phosphorylation-dependent manner. Initial efforts were focused on the development of head-

to-tail cyclized hexameric peptides that were derived from PDGFRβ and designed to target 

the SH2 domain of PI3K (Burke, et al., 1994). Significant efforts have also focused on 

targeting the SH2 domain of growth factor receptor-binding protein (Grb2). Grb2 is an 

adaptor protein that links proteins with both receptor and non-receptor tyrosine kinases 

including Her2 (Belov & Mohammadi, 2012). Initial efforts identified a minimal pentameric 

phosphotyrosine-containing sequence, that once cyclized by disulfide or lactam bridging, 

selectively bound the SH2 domain of Grb2 (Ettmayer, et al., 1999; Gay, et al., 1997). 

Subsequent efforts include the design of β-turn loops using olefin metathesis (Gao, Voigt, 

Wu, Yang, & Burke, 2001). Through in vitro binding studies, several peptide candidates 

were identified with IC50 values as low as 20 nM. Further, these peptides appeared to 

permeate the cell membrane and phosphorylation of Her2 was found to be downregulated 

after treating whole cells with the Grb2 macrocycle antagonists. Multiple variations of 

cyclized Grb2 inhibitors were later developed with the installment of C-terminal β-

functionalized allylglycines for ring-closing metathesis (RCM) (Oishi, et al., 2005), azide-

alkyne cycloaddition macrocycles (Choi, et al., 2006), thioether-bridged macrocyclization 

(Jiang, et al., 2009) and peptide bicycles containing both head-to-tail and side chain 

cyclization (Quartararo, Wu, & Kritzer, 2012). Many of these peptides demonstrated 

improved properties including increased affinity, improved inhibition and enhanced 

proteolytic stability. A shortcoming of many of the SH2-targeting Grb2 inhibitor peptides 

discussed may include limited cell permeability. However, due to their high affinity, 

modifications may be introduced into the optimized scaffolds to increase access to the 

intracellular environment.

Since Grb2 is a desirable therapeutic target due to its key role in cancer cell signaling by 

mediating receptor tyrosine kinase signaling, constrained peptides were also developed to 

target other domains of this protein (Liu, et al., 2011). Grb2 contains a central SH2 domain 

bordered by SH3 domains on both sides. SH3 domains mediate protein-protein interactions 

with proline-rich sequences through a general Pro-X-X-Pro (PxxP) motif contained in either 

polyproline type I or polyproline type II helices. Type II helices adopt a distinct left-handed, 

extended structure (Adzhubei, Sternberg, & Makarov, 2013), and this structure was 

mimicked via macrocyclization to inhibit Grb2 (Liu, et al., 2011). Alkenyloxy-bearing 

proline analogs were introduced into the PxxP motif and cyclized using RCM chemistry in 

order to stabilize the binding motif. Interestingly, macrocyclization led to a loss of binding 

affinity in in vitro binding assays for the compounds tested, from a KD value of 11 μM for 

the parent compound to 12 to 173 μM for the derivatives. However, the macrocyclic peptides 

had increased helicity and were able to effectively block Grb2-Sos1 interactions at 

micromolar concentrations in cell lysates.

A constrained type I polyproline helix was also synthesized to target the SH3 domain of Src. 

Src is a non-receptor tyrosine kinase that regulates a multitude of signaling pathways and is 

implicated in a variety of cancers (Roskoski, 2015). Using a previously identified type I 

sequence that binds the SH3 domain of Src (Feng, Kasahara, Rickles, & Schreiber, 1995), 

Hanold et al. Page 12

Pharmacol Ther. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



constrained versions were designed with the aim of improving target affinity (Tiwari, 

Brown, Narramaneni, Sun, & Parang, 2010). Three different constrained peptides were 

generated: N-terminal-to-side chain, C-terminal-to-side chain and head-to-tail macrocycles. 

By in vitro binding assays, two versions of the constrained peptide demonstrated decreased 

affinity towards Src SH3; however, the C-terminal-to-side chain cyclized peptide had a 

comparable target affinity as compared to the linear control (KD values of 350 nM versus 

340 nM for the control using in vitro binding studies with purified SH3). Thus,this work 

demonstrated that placement of the constraint may disrupt key critical interactions for SH3 

binding.

The SH2 domain of Src was also explored as a target for constrained peptide scaffolds 

(Nam, Ye, Sun, & Parang, 2004). Tetrameric, phospho-tyrosine bearing sequences were 

designed with the intent to boost interactions with the P and P+3 sites on the SH2 domain. 

As compared to their linear analogs, cyclization of the peptides significantly boosted in vitro 
inhibitory activity towards purified SH2 with IC50 values of 6.5 μM for the linear peptide up 

to 1.1 μM for a cyclized analog. Molecular modeling further revealed that constraining the 

peptide scaffold enhanced interactions with the two key binding sites (P and P+3) on the 

surface of the SH2 domain. The key interaction distances between the SH2-binding sites that 

were defined by this work could serve to design optimized SH2-interacting ligands.

G-protein coupled receptors (GPCRs) undergo phosphorylation by a class of serine/

threonine kinases termed G-protein coupled receptor kinases (GRKs). An allosteric site in 

the regulator G protein signaling homology (RH) domain of GRK5 and 6 was first identified 

and found to contain multiple conserved residues that are important for catalytic activity 

(Baameur, et al., 2010). Importantly, this region is located outside of the kinase domain yet 

directly influences substrate phosphorylation (Baameur, et al., 2010). As a strategy to disrupt 

GRK5/6 activity, a helix derived from the RH domain, helix 9, was synthesized using side 

chain-to-side chain cyclization so as to chemically reinforce the alpha-helical structure of the 

peptides. At high concentrations, the constrained peptides were shown to reduce GRK5/6-

mediated phosphorylation of rhodopsin in vitro using purified protein, albeit to a similar 

level as compared to their non-constrained counterpart with an approximate IC50 value of 30 

μM. These inhibition studies highlight the significance of the RH domain on activation of 

GRK5/6 kinase activity and represent an indirect strategy for targeted inhibition of GRK 

kinases. Effective targeting of the GRKs would serve to both downregulate intracellular 

GRK-mediated signaling but would also serve the benefit of downregulating GPCR 

signaling.

The catalytic subunit of phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3CA, p110α) is 

a lipid kinase that relays extracellular signals, leading to the activation of various 

intracellular signaling events. Acquired mutations are frequently found in PI3K in diverse 

cancers, leading to overactivation of PI3K signaling in cells (Thorpe, Yuzugullu, & Zhao, 

2015). Most mutations were found at two sites within p110α: either within the helical 

domain or within the kinase domain of p110α and have different effects on oncogenic 

signaling. Mutations found in the helical domain frequently occur at several acidic residues 

including E542 and E545, and, unlike the wild-type, several of these helical domain p110α 
mutants were found to interact with insulin receptor substrate 1 (IRS1) in a phosphorylation-
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independent manner and stabilize the catalytic subunit of mutant p110α (Hao, et al., 2013). 

Since the interaction between IRS1 and the p110α mutant E545K was further found to be 

required for growth of xenograft tumors (Hao, et al., 2013), a stapled peptide was designed 

to mimic the helical domain of the p110α E545K mutant as a strategy to block interactions 

with IRS1. This stapled peptide inhibited binding interactions between IRS1 and p110α 
E545K at 50 μM in both cell lysates and live cells. They further demonstrated that the 

constrained peptide could inhibit tumor growth in mouse xenograft models bearing the 

E545K mutation. Since this mutant form of p110α causes a modified protein-protein 

interaction with IRS1 in cancer, this work demonstrates the feasibility of targeting this PPI 

in signaling as a strategy for selective targeting of altered cell-signaling pathways in cancer.

Polo-like kinase 1 (Plk1) regulates mitosis and cell proliferation, and targeted inhibition of 

Plk1 was shown to inhibit mitosis and promote apoptosis (Gutteridge, Ndiaye, Liu, & 

Ahmad, 2016). Since Plk1 is overexpressed in diverse cancers, it has become an appealing 

anticancer target. The C-terminus of Plk1 contains a conserved polo-box domain (PBD) that 

binds phosphorylated serine/threonine sequences to regulate interactions of the Plk1 kinase 

domain with its substrates (Park, et al., 2010). Using a previously identified phospho-

threonine-containing pentameric sequence as a scaffold to target the PBD domain (Yun, et 

al., 2009), constrained cyclized peptides or peptomers were designed to inhibit Plk1 

(Murugan, et al., 2013). Cyclization was performed using either head-to-tail or side chain-to-

tail linkages while exploring different bridging chemistries. The peptide/peptomer library 

was screened for Plk1 inhibition using an ELISA-based assay to identify inhibitory 

scaffolds. Two cyclized peptomers were identified from in vitro binding assays and showed 

an improved binding affinity for the PBD of Plk1 as compared to the linear control (1.1 and 

2.6 μM versus 32 μM for the control). They also demonstrated binding selectivity for the 

PBD of Plk1 over the PBD derived from the closely related proteins Plk2 and Plk3. Since 

the PBD is a key regulator of Plk1 substrate phosphorylation, this serves as an alternative 

strategy for inhibiting Plk1 without the need for targeting its kinase domain.

7. Clinical implications and perspectives

Due to the critical roles of kinases in cellular processes, dysregulation of kinases is often 

associated with a variety of disease states. As such, kinases are widely targeted in the clinic 

by numerous approved inhibitors that have recently been reviewed (Fabbro, 2015; Muller, 

Chaikuad, Gray, & Knapp, 2015; Wu, Nielsen, & Clausen, 2016). The primary strategies 

used to target kinases have focused on the development of small molecule kinase inhibitors 

or monoclonal antibodies so as to disrupt kinase signaling. Although these strategies have 

shown promising successes in the clinic, each possesses certain limitations or drawbacks 

that have prompted discovery of alternative targeting strategies. Small molecules designed to 

target the kinase active site often exhibit off-target effects due to the high conservation of 

this site between kinase families (De Smet, Christopoulos, & Carmeliet, 2014; Wu, Clausen, 

& Nielsen, 2015). Furthermore, as mutations at the inhibitor binding sites contribute to 

resistance, targeting alternative surfaces may provide opportunities to modulate activity of 

mutant kinase forms.
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The discovery of compounds targeting allosteric sites or disrupting protein-protein 

interactions is a promising alternative for therapeutic development and has been extensively 

reviewed (Nero, Morton, Holien, Wielens, & Parker, 2014; Petta, Lievens, Libert, Tavernier, 

& De Bosscher, 2015; White, Westwell, & Brahemi, 2008; Wu, et al., 2015). However, 

disruption of protein interactions may also present a challenge for small molecule discovery 

as many interfaces are characterized by large relatively shallow surfaces that lack the 

hydrophobic pockets favorable for small molecule binding (Ivanov, Khuri, & Fu, 2013). 

While monoclonal antibodies provide a large surface area for binding and can be highly 

specific for their intended target, they are unable to penetrate cells and are therefore limited 

to extracellular targets such as receptors. Thus, alternative targeting strategies enabling 

binding to both intracellular targets and large, relatively featureless surfaces while remaining 

target-selective are desirable in the development of additional kinase targeting therapeutics.

Constrained peptides are a promising class of compounds that are attracting more interest in 

therapeutic development. The structural characteristics of peptides may be more favorable 

for binding to sites that are generally difficult to target with small molecules by providing a 

larger surface area for binding and bypassing the need for a binding pocket within the 

protein structure. In addition, since peptides provide a larger binding surface area as 

compared to small molecule scaffolds, target selectivity may be enhanced. Further, some 

peptides are capable of penetrating the cell or can be modified to increase cell penetration, 

expanding accessibility to include intracellular proteins (Derossi, Joliot, Chassaing, & 

Prochiantz, 1994; Fawell, et al., 1994; Vivès, Brodin, & Lebleu, 1997; Walensky, et al., 

2004; Wang, et al., 2014).

Early clinical applications of peptides were limited by their unfavorable pharmacological 

properties. While non-constrained peptides have numerous setbacks for drug development 

including poor proteolytic stability and loss of secondary structure, advances in peptide 

chemistry have led to modifications that increase both proteolytic and conformational 

stability as discussed in recent reviews (Cromm, Spiegel, & Grossmann, 2015; Hill, 

Shepherd, Diness, & Fairlie, 2014; Lau, de Andrade, Wu, & Spring, 2015; Northfield, et al., 

2014; Pelay-Gimeno, Glas, Koch, & Grossmann, 2015; Tsomaia, 2015). Using chemical 

constraints, peptide instability that was previously observed could be overcome, thereby 

enhancing the pharmacokinetic properties of various peptides and increasing their promise 

as potential therapeutics.

Yet, multiple challenges remain with peptide therapeutics including cell permeation, 

synthetic strategies for stabilization of diverse secondary structures and delivery methods. 

Some peptide constraints such as peptide stapling demonstrate improved cell permeability 

(Chu, et al., 2015), however, an overall net negative charge can still impede cell uptake in 

spite of this chemical modification (Chu, et al., 2015). Additionally, although peptides 

provide a large binding surface area, this also opens the possibility for peptides to interact 

with other off-target proteins within the cellular environment. Extensive chemistries have 

also been explored to design constrained alpha-helical structures, however, synthetic 

strategies to stabilize such structures as beta-sheets, -turns and -loops have not been as 

extensively investigated and thus it remains a challenge to effectively design peptide mimics 

and induce a cellular response. Moreover, systemic delivery of peptide therapeutics is 
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challenging since peptides are inherently more susceptible to multiple factors including 

proteolytic degradation, poor absorption, immunogenicity and poor bioavailability and are 

thus often delivered via parenteral administration to enhance bioavailability (Antosova, 

Mackova, Kral, & Macek, 2009). Other alternative delivery routes are being explored 

including airway delivery (Andrade, Videira, Ferreira, & Sarmento, 2011), topical delivery 

(Witting, Obst, Friess, & Hedtrich, 2015) and delivery through the buccal mucosa (Caon, 

Jin, Simoes, Norton, & Nicolazzo, 2015). Although extensive research efforts are also 

focused on oral delivery of biologics, effective delivery of peptide-based therapeutics 

through this route remains a significant challenge with low bioavailability despite advances 

in delivery technologies (Aguirre, et al., 2016).

Of the body of work concerning kinases targets, the majority of constrained peptides are still 

in early development phases and have relatively low potency as compared to clinical kinase 

inhibitors. In addition, cellular activity, in vivo efficacy and off-target binding have not been 

thoroughly explored for many of these studies. At the molecular level, structural studies are 

still lacking for many constrained peptides bound to their kinase targets. This would provide 

tremendous insight to elucidate peptide inhibitory activity including specificity and 

mechanism of action and may provide direction for improvement of compound efficacy. 

Two studies in particular, a stapled alpha-helical VEGF inhibitor (Vicari, et al., 2011) and a 

disulfide-bridge beta-turn disruptor that blocks interactions between p110α E545K and IRS1 

(Hao, et al., 2013), show considerable promise for therapeutic development. Both inhibitors 

were shown to have efficacy in cell-based assays and further demonstrated either tumor 

regression or delayed tumor development in mice. Although potency and bioavailability will 

likely require further optimization, these studies aid in target validation and demonstrate the 

translational potential of constrained peptides for therapeutic kinase targets.

Although the pharmacokinetic properties of peptides are often considered undesirable for 

therapeutic development, several constrained peptides have received approval or entered 

clinical trials for the treatment of various diseases or conditions (Fosgerau & Hoffmann, 

2015; Kaspar & Reichert, 2013). One of the simplest cyclization techniques, the side chain-

linked disulfide bridge, is incorporated into clinically approved peptides such as 

desmopressin and oxytocin (Mannucci, Ruggeri, Pareti, & Capitanio, 1977; Seitchik & 

Castillo, 1982). Cyclosporine, an N-methylated, backbone-cyclized peptide, is approved as 

an immunosuppressant to reduce the risk of transplant rejection (Calne, et al., 1979; 

Canadian Multicentre Transplant Study, 1983; European Multicentre Trial, 1983). In 

addition to cyclosporine, another cyclic peptide, pasireotide, was approved for the treatment 

of acromegaly (Colao, et al., 2014; Petersenn, et al., 2014; Petersenn, et al., 2010; Sheppard, 

et al., 2015). In recent years, two stapled peptides have entered FDA clinical trials: 

ALRN-5281 (ClinicalTrials.gov ID: NCT01775358) for the treatment of growth hormone 

deficiency and ALRN-6924 (ClinicalTrials.gov ID: NCT02264613), which is a dual 

inhibitor of MDM2 and MDMX. ALRN-6924 was developed from a precursor that was 

identified through phage display screening, ATSP-7041 (Chang, et al., 2013). Currently, no 

constrained peptide scaffolds that specifically target kinases are FDA approved. However, 

the approval and evaluation of other constrained peptides in the clinic demonstrates the 

therapeutic promise of this strategy and its application for the disruption of kinase signaling 

in various disease states.
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Abbreviations

AKAP A-kinase anchoring protein

Akt protein kinase B

ALL acute lymphoblastic leukemia

CBG cyclin binding groove

CDK2 cyclin dependent kinase 2

CKII casein kinase II

CKIIα casein kinase II subunit alpha

CKIIβ casein kinase II subunit beta

CML chronic myeloid leukemia

EGF epidermal growth factor

EGFR epidermal growth factor receptor

Eph4A ephrin type-A receptor 4

Fos proto-oncogene c-Fos

GPCR G-protein coupled receptors

Grb2 growth factor receptor-binding protein 2

GRK G-protein coupled receptor kinase

Her2/Neu human epidermal growth factor receptor 2

HGF hepatocyte growth factor

IRS1 insulin receptor substrate 1

PBD polo-box domain

PDGF platelet-derived growth factor

PDGFR platelet-derived growth factor receptor

PIK3CA/p110α phosphatidylinositol-4,5-bisphosphate 3-kinase

PKA protein kinase A

PKA-R regulatory subunit of PKA

PlGF placental growth factor

Plk1 Polo-like kinase 1

PPI protein-protein interaction

Hanold et al. Page 17

Pharmacol Ther. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RaPID random non-standard peptide integrated discovery

RCM ring-closing metathesis

RH regulator G protein signaling homology domain

SH2 Src Homology 2

SH3 Src Homology 3

Src/c-Src proto-oncogene tyrosine-protein kinase

VEGFR vascular endothelial growth factor receptor
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Figure 1. Peptide-molecule conjugates targeting the ATP-binding site
An ATP-competitive compound can be linked to constrained peptide macrocycles to create a 

bivalent inhibitor that blocks ATP with increased affinity while also bestowing improved 

selectivity on the small molecule where the peptide binds the adjacent surface on the kinase 

domain.
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Figure 2. Inhibition of receptor kinases via ligand-binding site inhibition
Receptor kinases can be activated by extracellular signals that bind the ectodomain of the 

kinase. These extracellular ligand-binding sites can be selectively targeted to ultimately 

inhibit kinase activation. Examples include the interaction between PDGF and PDGFR, EGF 

and EGFR, HGF and the Met receptor and VEGF and VEGFR.
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Figure 3. Peptides targeting the substrate-binding site
Constrained peptides mimicking peptide substrates can be designed to occlude the substrate-

binding groove, thereby inhibiting substrate phosphorylation for a kinase of interest. 

Successfully targeted kinases using this strategy include c-Src, Abl, Akt and CDK2.
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Figure 4. Allosteric regulation of kinases using peptide-based compounds
A) Dimerization of the kinase receptor, such as EGFR and Her2, can be blocked in a ligand-

independent manner to block activation of the intracellular kinase domain. B) Peptides can 

be used to target an allosteric site of the kinase domain that is critical for activation, such as 

one on Aurora kinase A, thereby sequestering the kinase in an inactive state. C) 

Dimerization can also be induced by creating an activating peptide agonist that promotes 

receptor kinase dimerization and activation. An example of this targets the Met receptor.
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Figure 5. Disruption of protein-protein interactions involving kinases
A) Spatiotemporal regulation of kinases can be disrupted by blocking PPI interfaces between 

kinases and adaptor proteins. Illustrated in this example is the inhibited interaction between 

PKA and AKAP proteins to disrupt compartmentalized signaling. B) SH2 or SH3 domains 

can also be selectively targeted using peptide-based compounds to block localized signaling 

interactions with kinases. C) Some kinases have defined protein interactions that are distinct 

from the substrate-binding site such as the RH domain of GRK5 and 6, the polo-box domain 

of Plk1 or the helical domain of PI3K. These unique interaction sites can be selectively 

targeted for peptide-based inhibition.
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