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ABSTRACT 

Protein-protein interactions (PPIs) have critical roles in the regulation of signal 

transduction in the cell, and the dysregulation of these signaling pathways contributes to 

various disease states. As such, PPIs offer promising targets for the development of 

modulators of cell signaling and potential therapeutics. The design of constrained 

peptides is an attractive strategy for PPI disruption, as these molecules can mimic 

secondary structures contributing to PPIs. This strategy has primarily been used to target 

helix-mediated interactions; however, there are significantly fewer reports of peptides 

disrupting β-loop-mediated PPIs. One extensively studied and therapeutically relevant 

example of a β-loop-mediated PPI is the epidermal growth factor receptor (EGFR) dimer, 

which is largely stabilized by a β-loop termed the dimerization arm.  Ligand-induced 

EGFR dimerization leads to activation of the kinase, which promotes signaling pathways 

involved in proliferation and survival in cancer. As such, disruptors that specifically 

target the dimerization interface may provide promising probes of EGFR dimerization 

while also suppressing tumor growth and survival. Thus, the aim of this research is to test 

highly stable chemical constraints to develop cyclic peptides mimicking the EGFR 



dimerization arm as potential dimer disruptors. Using selenylsulfide and triazole 

chemistries, cyclic dimerization arm mimics were developed. Each of these constraints 

increased the resistance of the peptides to proteolytic degradation while also altering the 

conformation compared to unconstrained peptides. A 1,4-triazolyl-bridged peptide also 

demonstrated promise as a molecular probe of EGFR dimerization by disrupting EGFR 

phosphorylation and dimerization while reducing cell viability. Thus, this panel of 

constraints enables access to peptides with variety of conformations, increased stability, 

and the potential to disrupt dimerization. These approaches may have broad applications 

in the design of constrained peptides for the disruption of alternative β-loop mediated 

interactions. Furthermore, beyond the scope of this project, additional testing and 

optimization of these peptides and their analogs may lead to the development of potential 

anticancer therapeutics targeting EGFR dimerization. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Statement of Purpose 

Protein-protein interactions (PPIs) have critical roles in the regulation of signal 

transduction in the cell. As such, these interactions offer promising targets for the 

development of modulators of cell signaling. A variety of PPI disruptors are reported in 

the literature as molecular probes for studying signal transduction pathways or as 

potential therapeutic agents.  While many strategies for disrupting PPIs are available, one 

attractive strategy is the design of constrained peptides targeting PPIs.  The interaction 

between proteins is often stabilized by protein features with a defined secondary 

structure, and these secondary structures can serve as templates for the design of peptides 

to bind the interface.  

Constrained peptides are suitable for mimicry of secondary structures that 

contribute to PPIs as they possess all of the functional groups that are present within the 

protein features.  Further, constraints can be applied within the backbone, between side 

chains or between termini to help stabilize the desired binding conformation. Many of 

these stabilizing chemistries have been applied to the development of peptides targeting 

helix-mediated interactions by constraining helical structures. However, β-loop-mediated 

interactions offer promising templates for the design of PPI disruptors as well, yet there 

are significantly fewer reports of peptides disrupting β-loop-mediated PPIs in the 

literature.  
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The ectodomain of the epidermal growth factor receptor (EGFR) dimer is an 

extensively studied and therapeutically relevant example of a PPI largely stabilized by 

interactions of a β-loop.  Ligand-induced EGFR dimerization leads to activation of the 

kinase, which promotes signaling pathways involved in proliferation and survival. While 

FDA approved inhibitors of EGFR are used in the clinic, these molecules function by 

blocking ligand or substrate binding.  These sites are susceptible to resistance mutations 

and provide little insight into the role of dimerization in EGFR signaling. Thus, 

disruptors that specifically target the dimerization interface are promising probes of 

EGFR dimerization and may enable targeting of additional EGFR mutants. 

Peptides targeting the ectodomain of EGFR have been reported; however, these 

peptides either lack structural constraints or possess a disulfide bridge which is prone to 

reduction. A variety of chemistries with greater stability may be incorporated into the 

peptide to constrain the structure while enhancing peptide stability. For example, the 

selenylsulfide bond, similar in structure and chemical nature to the disulfide, is less prone 

to reduction and may offer a more stable alternative to the disulfide bond. Alternatively, 

the triazole is an irreversible bond formed between azido- and alkynyl-amino acids. As 

these constraints differ greatly in size and structure, altering the constraints in a peptide 

may affect the overall conformation and stability of the cyclized peptide product. Thus, 

the aim of this research is to test highly stable chemical constraints to develop cyclic 

peptides mimicking a β-turn fold where the EGFR dimerization arm serves as a template. 

The results of this research may have broad applications in the design of constrained 

peptides for the disruption of β-loop mediated interactions, while also serving as 

molecular probes of EGFR dimerization (Figure 1.1). Furthermore, beyond the scope of 
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this project, additional testing and optimization of these peptides and their analogs may 

lead to the development of potential anticancer therapeutics. 

1.2 Protein-Protein Interactions (PPIs) as Therapeutic Targets 

Protein-protein interactions (PPIs) play critical roles in the regulation of cellular 

processes, functioning in transcriptional control, spatiotemporal regulation, and 

modulation of signal transduction [1-4]. As key regulators of signaling pathways, PPIs 

are attractive targets for the design of molecular probes to perturb protein function so as 

to elucidate their roles and regulation in the cellular environment. Additionally, signaling 

pathways may be dysregulated in various disease states through changes in expression or 

mutation of key proteins. Thus, modulation of signaling pathways by PPI disruption is a 

promising strategy for the development of potential therapeutics [5-11]. Numerous 

studies have focused on the development of molecular disruptors of protein-protein 

interactions that contribute to cancer phenotypes, including those involved in 

transcription, programmed cell death, and receptor mediated signal transduction [6-13]. 

Changes in transcriptional regulation, including alterations in expression or 

interactions of transcription factors, can lead to increased activation of oncogenes that 

promote cell proliferation and survival in cancer [14,15]. Thus, many efforts have 

focused on disruption of transcription factor interactions, including those of the estrogen 

receptor, STAT3 and tumor suppressor p53, so as to restore normal cellular function [16-

19]. The estrogen receptor is a nuclear receptor that functions as a transcription factor 

upon activation [17]. Activation is driven by binding of ligands and coactivator proteins 

to promote transcriptional activity. Disruption of the interaction between coactivator 

proteins and the estrogen receptor has attracted interest as a potential strategy for 
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inhibition of estrogen receptor mediated transcription [16,17,20-25]. In contrast to the 

estrogen receptor, the tumor suppressor p53 functions as a transcription factor by 

activating genes involved in DNA repair and apoptosis [18,26-28]. However, the 

interaction of p53 with human double minute protein 2 (hDM2) or its homologs inhibits 

p53 and promotes its degradation, thereby blocking p53 tumor suppressor activity. Thus, 

the interaction between p53 and hDM2 proteins has received much attention as a target 

for anticancer therapeutics, resulting in the development of numerous disruptors of this 

interaction, some of which are currently in clinical trials [10,18,27-38]. 

In addition to aberrant transcriptional regulation, protein-protein interactions have 

significant roles in apoptosis evasion. The B-cell CLL/lymphoma 2 (Bcl-2) family of 

proteins includes both pro-apoptotic and anti-apoptotic proteins that regulate 

programmed cell death [39,40]. Anti-apoptotic proteins such as Bcl-2 and Bcl-XL bind 

and inhibit pro-apoptotic proteins such as BAK or BAX. Other Bcl-2 members, such as 

BID, BAD and BIM, block this interaction and activate BAK or BAX. Dysregulation of 

Bcl-2 family members can lead to evasion of programmed cell death in cancer. Thus, 

disruptors of these interactions show promise in restoring pro-apoptotic pathways [9,39-

44]. Caspase-9 also has a critical role in activation of apoptosis and is inhibited by 

interactions with X chromosome-linked inhibitor of apoptosis proteins (XIAPs) [45]. 

This PPI is blocked by second mitochondria-derived activator of caspases (SMAC), 

which binds to XIAP and prevents inhibition of caspase-9. Further regulation of SMAC 

proteins is achieved by binding of cellular IAPs (c-IAPs), which block the interaction 

between SMAC and XIAP. As dysregulation of IAPs contributes to apoptosis evasion in 

cancer, these interactions have received much attention as therapeutic targets [6,8-
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10,45,46]. Several disruptors of the Bcl-2 and IAP families have reached Phase I and II 

clinical trials [9,10]. 

Protein-protein interactions of membrane bound receptors also play critical roles 

in cellular processes through activation of signal transduction cascades. The primary step 

in the activation of membrane receptors, such as G-protein-coupled receptors (GPCRs) 

and growth factor receptors, is binding of extracellular ligands, many of which have 

served as templates for the design of receptor antagonists [42]. However, further 

regulation of receptor signaling is accomplished through additional protein-protein 

interactions [8,10]. For example, receptor tyrosine kinases are regulated by binding of 

growth factors, oligomerization events and association of intracellular proteins [47-49]. 

Each interaction may be a potential target for the design of PPI disruptors. The ErbB 

family of receptor tyrosine kinases, including epidermal growth factor receptor (EGFR) 

and ErbB2, is extensively studied and currently targeted by several anticancer agents on 

the market [50,51].  Ligand activation of ErbB members promotes dimerization, in which 

both the receptor and intracellular kinase contribute interactions [48,49,52-55]. As ErbB 

dimerization is associated with kinase activation, these dimer interactions have become 

attractive targets for allosteric inhibition of kinase activity [56-61]. 

The aforementioned protein-protein interactions represent only a subset of the 

numerous interactions that are involved in oncogenic pathways. A variety of methods are 

used to target these interactions, including high throughput screening for small 

molecules, fragment based design, antibody development, and the rational design of 

small molecules and peptides to mimic secondary structures involved in the interactions 

[5,8,11,42,62-64].  Mimicry of secondary structures is a particularly attractive strategy 
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for the development of PPI disruptors as these structures provide well-defined templates 

for the design of molecules binding to the interface. Many PPIs, including those of the 

Bcl-2 family, hDM2, and estrogen receptor, are mediated by helix interactions and have 

been targeted with small molecules or peptides designed to mimic helices present at the 

interface (Figure 1.2) [4,63,65]. Nevertheless, protein-protein interactions can also be 

mediated by non-helical interactions, including those of strands, turns or loops [66-69]. 

Many non-helical interactions are contributed by receptor ligands, protease inhibitors, or 

epitope binding regions of antibodies [42,70-75]. However, one prime example of a β-

loop that stabilizes a non-ligand PPI is the dimerization arm of the EGFR. The 

dimerization arm contributes a majority of the energy required for binding [54]. 

Disruption of this interface is reported to block EGFR activation, and an FDA approved 

monoclonal antibody targeting the same site on ErbB2 validates this approach 

[57,58,60,61,76]. Thus, development of dimerization arm mimics to disrupt the EGFR 

dimer may provide novel molecular probes of EGFR signaling pathways, promising 

anticancer therapeutics, and strategies to disrupt additional β-loop mediated interactions, 

such as CD4-gp120 in HIV-1 [62,77]. 

1.3 EGFR Structure and Activation 

The Epidermal Growth Factor Receptor (EGFR) is a well-characterized example 

of a protein that is regulated by a β-loop-mediated dimerization event. Not only does this 

protein have significant contributions to signal transduction pathways that regulate cell 

growth and survival, but EGFR is also a validated target for anticancer therapeutics [51]. 

Thus, developing disruptors of EGFR dimerization may be a useful strategy for studying 
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its role in signal transduction pathways and cellular processes while also providing an 

alternative targeting strategy for the development of cancer therapeutics. 

 Epidermal growth factor receptor (EGFR), a member of the ErbB family of 

receptor tyrosine kinases, is composed of three major domains: the extracellular ligand 

binding domain, the transmembrane domain, and an intracellular kinase domain [78]. The 

extracellular ligand binding domain contains four subdomains, of which domain II and 

IV are cysteine rich domains.  EGFR ligands, including epidermal growth factor (EGF), 

heparin-binding EGF-like growth factor (HB-EGF) and transforming growth factor alpha 

(TGF-α), make contacts with domains I and III in the activated receptor [50,52,55,79]. 

Ligand binding promotes and stabilizes a conformational rearrangement of the receptor 

from the inactive to the active state [52-54,80,81]. In the inactive conformation, the 

receptor is folded to bury the surface of domain II against domain IV, leaving domains I 

and III accessible to ligand binding (Figure 1.3a). Upon ligand binding, domains I and II 

pivot around domain III, exposing the surface of domain II (Figure 1.3b).  Domain II is 

critical for the stabilization of the receptor dimer, contributing over 90% of the energy 

required for dimerization, with over 75% of the energy contributed by a β-loop structure 

termed the dimerization arm [54].  

Receptor dimerization then promotes formation of the asymmetric kinase dimer. 

The kinase dimer is stabilized by interactions between the N-lobe of one kinase and the 

C-lobe of the other kinase and is further regulated by interactions of the juxtamembrane 

region (Figure 1.3c) [82-84]. Studies indicate that in the asymmetric kinase dimer, one 

kinase is catalytically active, while the other kinase receives the phosphorylation on C-

terminal tyrosine residues [85,86]. These C-terminal tyrosine residues then serve as 
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docking sites for intracellular proteins that possess the Src homology 2 domain (SH2). 

Proteins such as growth factor receptor-bound protein 2 (Grb2) or SHC-transforming 

protein 1 (SHC1) can act as recruiters for additional signaling proteins, while other 

proteins such as phospholipase C-gamma (PLC-γ) can be directly phosphorylated by 

EGFR [87]. Phosphorylation of intracellular proteins associated with EGFR then 

activates various signaling cascades including the PI3K/Akt, PLC-γ, Ras/MAPK, and 

STAT3 pathways [51,88,89]. As these pathways have roles in cell growth and survival, 

increased activation by dysregulation of EGFR can promote proliferation and apoptosis 

evasion in cancer. 

 The regulation of EGFR activation and signaling is highly complex [78,90,91]. 

Recent studies suggest that the plasma membrane has a regulatory role in EGFR 

activation, as interaction of anionic lipids with basic juxtamembrane residues may help to 

stabilize and activate the kinase dimer [92]. Additionally, EGFR may form heterodimers 

with other ErbB family members, diversifying signaling through specific roles of 

individual kinase domains in the heterodimer [85,93]. Furthermore, EGFR can exist as 

inactive preformed dimers, higher order oligomeric clusters, or ligand-independent active 

dimers [92,94-100]. Regarding ligand binding, EGFR can have high or low affinity for 

ligands, and binding of two ligands may not be necessary for activation [101,102]. The 

variety of regulatory mechanisms, ligand binding affinities and oligomeric states reveal 

the complexity of EGFR modulation. This high complexity necessitates the development 

of molecular probes to perturb individual features involved in the allosteric control of 

EGFR activation and signaling. Current strategies primarily focus on blocking ligand or 

ATP binding to inhibit kinase activity, which may have limited applications in evaluating 
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the roles of the many PPIs involved in EGFR regulation. Thus, the development of PPI 

disruptors targeting features involved in the allosteric control of EGFR kinase activity 

may provide additional insight into their regulatory functions and role in EGFR signaling 

pathways.  

1.4 Current EGFR Targeting Strategies 

 EGFR activates many signaling pathways contributing to cell proliferation, 

migration and programmed cell death, including pathways such as PLC-γ, PI3K/Akt, and 

Ras/MAPK pathways [51,88,89]. As such, normal levels of EGFR are required for 

healthy development and maintenance of epithelial and neuronal tissues, while 

dysregulation of EGFR is associated with disease, primarily cancer [50,51,89,103,104].  

EGFR is overexpressed or mutated in a variety of cancers, including non-small cell lung, 

breast, pancreatic and colorectal cancers [51,105]. This increase in EGFR activity 

promotes oncogenic signaling pathways. As such, EGFR has become a well-validated 

target for the design of therapeutics to treat EGFR-overexpressing cancers.  

FDA approved EGFR-targeted therapeutics fall within two classes: small 

molecule tyrosine kinase inhibitors, shown in Figure 1.4, and monoclonal antibodies. The 

first approved EGFR inhibitor, gefitinib (Iressa®), targets the ATP-binding site of EGFR 

(Figure 1.5), acting as a ATP-competitive inhibitor with a quinazoline core [106]. As a 

result of its success as an inhibitor of EGFR activation, gefitinib was approved in 2003 

for treatment of metastatic non-small cell lung cancer (NSCLC) in patients who no longer 

respond to platinum therapies or docetaxel [107,108]. Although it was later withdrawn 

from the market due to a lack of perceived clinical benefit, gefitinib regained approval in 

2015 for the treatment of metastatic non-small cell lung cancer in patients with exon 19 
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deletions or the L858R mutation [109]. Like gefitinib, the ATP-competitive EGFR 

inhibitors erlotinib (Tarceva®) and afatinib (Gilotrif®) and the dual EGFR/ErbB2 

inhibitor lapatinib (Tykerb®) also possess a quinazoline core [110-115]. Erlotinib was 

approved in 2004 for the treatment of metastatic NSCLC after disease progression from 

platinum therapies or docetaxel, and in 2013, it gained a second approval for the 

treatment of metastatic NSCLC in patients with exon 19 deletions or L858R mutations 

[110,111]. Although lapatinib inhibits both EGFR and ErbB2, it was approved in 2007 

for the treatment of ErbB2 overexpressing metastatic breast cancer [112,113]. Afatinib 

was approved in 2013 for the treatment of metastatic NSCLC with exon19 deletions or 

the L858R mutation activating mutation [114,115]. In contrast to gefitinib and erlotinib, 

afatinib is an irreversible inhibitor that binds the active site of EGFR and forms a 

covalent thioether bond with Cys797 (Figure 1.5). It has also demonstrated activity 

against ErbB2 and ErbB4. The efficacy of EGFR-targeted tyrosine kinase inhibitors 

suffers in patients with the T790M gatekeeper mutation, which occurs in approximately 

50% of NSCLC patients with resistance to tyrosine kinase inhibitors [116,117]. However, 

in 2015, the FDA granted accelerated approval for osimertinib (Tagrisso®) in metastatic 

NSCLC with the EGFR T790M mutant [118,119]. 

In addition to targeting the EGFR kinase with small molecule tyrosine kinase 

inhibitors, the ectodomain of EGFR can be targeted with monoclonal antibodies. The first 

approved monoclonal antibody targeting a member of the ErbB family was trastuzumab 

(Herceptin®), an ErbB2 targeted therapy that received FDA approval for treatment of 

metastatic breast cancer in 1998 [120]. Trastuzumab binds to the juxtamembrane region 

of the ErbB2 receptor, thereby blocking dimerization (Figure1.6) [120,121].  In 2010, 
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trastuzumab received a second approval for the treatment of ErbB2 positive gastric or 

gastroesophageal junction adenocarcinoma [122]. With the success of trastuzumab in the 

clinic, the ErbB family emerged as promising targets for the development of novel 

anticancer therapeutics, leading to the development and approval of cetuximab 

(Erbitux®), the first EGFR targeted monoclonal antibody [120]. Cetuximab is a 

human/murine chimeric antibody that blocks ligand binding, conformational 

rearrangement and activation of EGFR [123]. In 2004, cetuximab was approved for the 

treatment of metastatic colorectal carcinoma (Figure1.6) [120]. In 2006, cetuximab was 

also approved for the treatment of squamous cell carcinoma of the head and neck [124]. 

Following the development of cetuximab, panitumumab (Vectibix®) and necitumumab 

(Portrazza®) emerged as humanized antibodies targeting ligand binding. Panitumumab 

was approved in 2006 for metastatic colorectal carcinoma, while necitumumab was 

approved in 2015 for metastatic non-small cell lung cancer [118,125]. Although, no 

antibodies are approved that target the EGFR dimer interface, pertuzumab (Perjeta®) 

targets the dimerization arm of domain II in ErbB2, thereby blocking the interface and 

preventing dimerization with members of the ErbB family (Figure1.6) [76]. Pertuzumab 

was approved in 2012 for the treatment of ErbB2 positive metastatic breast cancer 

[76,126]. The success of pertuzumab helped to establish the disruption of the ErbB dimer 

interface as a promising approach in anticancer therapeutic development. 

1.5 Peptides as EGFR Dimer Disruptors 

Although there are many EGFR-targeted therapies on the market, there is a need 

to develop alternative targeting strategies against EGFR mutants. As acquired resistance 

is observed in patients treated with anti-EGFR therapies [51,127], targeting alternative 
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surfaces for allosteric modulation of EGFR may provide additional means for blocking 

receptor signaling. These strategies may not necessarily be effective against acquired 

resistance from activation of alternative signaling pathways; however, they provide 

alternative therapies to target EGFR in patients with mutant forms of EGFR [127]. Thus, 

many efforts are underway to develop allosteric modulators of EGFR signaling. MIG6, 

an endogenously expressed peptide inhibitor of EGFR, binds to an allosteric site in the 

kinase domain of EGFR to inhibit activation [128]. MIG6 demonstrates that peptides 

targeting these allosteric sites are useful tools for the regulation of EGFR. Two other 

peptides have been developed to bind the intracellular domain of EGFR, both targeting 

juxtamembrane interactions. One peptide is an unconstrained peptide bearing a cell-

penetrating TAT sequence, which was reported to disrupt dimerization and activation of 

EGFR [59]. Another constrained helical peptide was later developed to target the same 

region of EGFR [129].  

The extracellular domain of EGFR is an attractive target, as cell penetration is not 

required for molecules targeting this surface. Since the receptor dimer is also reported to 

facilitate activation of the EGFR kinase, disruption of this interaction may modulate 

EGFR signaling activity [78]. As mutations are observed that cause resistance to ligand 

binding inhibitors such as cetuximab, dimer disruptors may also provide an alternative to 

ligand binding inhibition [105]. Several features of the EGFR ectodomain contribute 

interactions in the dimer, including loops of domain II and IV, which have served as 

templates for the design of peptides targeting the extracellular domain of EGFR. One 

study evaluates peptides mimicking domain IV of EGFR, which showed modest 

inhibition of EGFR activation [56]. However, domain IV was shown to have minor 
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contributions to dimer stabilization and may be a less effective targeting strategy [54]. 

The dimerization arm of domain II, on the other hand, is expected to contribute the most 

binding energy for dimerization, and may be a more favorable target. In two studies 

dendrimers bearing peptide sequences mimicking the ErbB3 dimerization arm and a loop 

in the EGFR dimerization arm binding site were reported [58,61]. Although these 

peptides displayed modest inhibitory activity against EGFR phosphorylation, the peptide 

conformation was not constrained, which may limit their activity and stability in vivo. In 

two additional studies a dimerization arm mimic constrained by a disulfide bond and a 

similar peptide bearing D-amino acids were developed [57,60]. Although these peptides 

were reported to have activity, disulfide bonds are prone to reduction, which may affect 

the stability of the peptides. Additionally, D-amino acids are more costly, and although 

they enhance proteolytic stability, they may not maintain the structural stability in the 

absence of the disulfide. Therefore, a more stable structural constraint offers a promising 

alternative to these peptide stabilization strategies. 

1.6 Constraints for Stabilization of Peptides Targeting PPIs 

 The design of peptides mimicking critical features that stabilize PPIs is a 

promising strategy for PPI disruption. Peptides possess all of the functional groups that 

are present in these features, and with chemical modification, they can be constrained to 

mimic preferred binding conformations [63,130]. Furthermore, modifications may 

enhance cell penetration of these molecules, enabling targeting of intracellular PPIs that 

are inaccessible to antibodies [131].  

One of the major disadvantages that initially slowed the development of peptide-

based inhibitors and therapeutics was their instability. In solution, and out of the folded 
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protein context, peptides are highly flexible, exhibiting disordered structures that may be 

unfavorable for binding [40,132]. The flexible peptide backbone also becomes more 

accessible to proteases, decreasing their metabolic stability and creating an additional 

disadvantage for use in vivo. However, advances in peptide chemistry have led to the 

development of backbone modifications and cyclization chemistries that improve the 

resistance of peptides to proteolytic degradation and reduce the conformational freedom 

of the peptide backbone, potentially enabling the peptide to adopt preferred 

conformations for binding [130,132]. 

Although the focus of this research is on development of peptides mimicking a β-

loop structure, it is important to highlight the chemistries that are used to stabilize 

additional secondary structures, as these strategies may be based on or applied to β-loop 

stabilization. A variety of modifications can be incorporated in the peptide to stabilize a 

helical conformation, thereby enabling the targeting of PPIs mediated by helix 

interactions [40,65,130,133,134]. The hydrogen bond surrogate has been used to stabilize 

the helical structure by mimicking the natural backbone hydrogen bonds of the helix 

[130]. In this strategy, a covalent bridge mimics the hydrogen bond between the amide 

nitrogen and the carbonyl oxygen at the i and i + 4 positions, respectively. Hydrazine, 

alkenyl, disulfide, or thioether bridges have been incorporated as hydrogen bond 

surrogates [130]. This strategy offers the advantage of stabilizing the helical structure 

without replacing potentially critical side chain residues. As an alternative, β-amino acids  

have been incorporated into the backbone to promote helicity [135]. Both the hydrogen 

bond surrogate and β-peptide strategies enable the stabilization of helical peptides 

without the loss of the side chain interactions. While the hydrogen-bond surrogate has 
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been applied to stabilizing helical turns, it may also have applications in mimicking 

hydrogen bonds of a β-loop or hairpin structure. 

As an alternative, side-chains can also be modified to create a bridge between 

turns of the helix. This strategy often involves the incorporation of non-natural amino 

acids or the use of orthogonal protection schemes for selective formation of the bridge 

between amino acid side chains [132].  These bridges can be formed directly between 

side chains or by reactions of side chains with a bifunctional linker [133]. One of the 

most attractive examples of a helix stabilizing modification is the all-hydrocarbon staple 

[34,43,44,136,137].  This staple is formed between two alkenyl side chains by olefin ring 

closing metathesis using a ruthenium-based catalyst (Figure 1.7).  An advantage of this 

modification is that it may help to promote uptake of the peptides into the cell, enabling 

the access to intracellular targets [131,136]. However, stapling alone may not be enough 

to promote uptake [40,130]. The hydrocarbon staple itself may also contribute binding 

interactions at the interface [138]. Some of the first examples of PPI disruptor peptides 

stabilized using this chemistry include a disruptor of the MDM2-p53 interaction and 

mimics of the BID-Bcl-2 and BID-BAX interaction [34,43,44]. This strategy was also 

applied to peptides targeting Notch, PKA-AKAP, and WASF3-CYFIP1 interactions 

[137,139,140]. Recently, the hydrocarbon staple was applied to a peptide targeting the 

juxtamembrane region of EGFR to prevent kinase activation [129]. 

Similar to the hydrocarbon staple, a triazolyl bridge can be incorporated between 

the i and i + 4 positions of the peptide to stabilize helices [41,133]. This strategy utilizes 

amino acids bearing azide and alkyne functionalities and can be performed on resin using 

a copper catalyst (Figure 1.7). The triazolyl staple has been incorporated into a helical 
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peptide targeting the β-catenin-BCL9 interaction [41].  In a similar strategy, peptides can 

be stabilized using a double stapling technique, in which an adaptor molecule bearing two 

alkyne functionalities, such as 3,5-diethynylbenzene or 1,5-hexadiyne, is reacted with 

two azido-amino acids in the peptide sequence [133]. The azido-amino acids can be 

incorporated at the i and i + 4 or the i and i + 7 positions. Triazolyl-stapled peptides may 

require additional modification in order to access intracellular targets.  

Lactams can also be used to create a bridge between turns of a helix (Figure 1.7) 

[133]. This chemistry requires orthogonal deprotection schemes for the selective 

deprotection of side chains bearing the amino and carboxyl functionalities. One drawback 

of this method is that the lactam bridge may be susceptible to degradation. The disulfide 

bond has also been tested as a strategy for stabilizing helical structures (Figure 1.7) [132]. 

However, this bond is susceptible to reduction and disulfide exchange reactions, making 

it less ideal for targets in the reducing intracellular environment [133]. Although 

strategies replacing peptide side chains can potentially disrupt interactions with the 

protein interface, analysis of the binding interface can aid in positioning the bridge 

between non-critical residues.  

In addition to helices, β-strands are also promising templates for the development 

of peptide-based PPI disruptors; however, a single linear peptide strand is inherently 

more difficult to stabilize [134,141]. Chemistries have been developed, such as 

tetrahydropyridazinedione, 1,6-dihydro-3(2H)-pyridinone and piperidine-piperidinone 

backbones, that help to promote β-strand conformations [42,141,142]. However, 

interactions between β-strands and the interface may include hydrogen-bonding between 

backbone atoms. Thus, backbone modifications stabilizing the strand structure may alter 
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this hydrogen-bonding network. As an alternative, strands may be stabilized by side-

chain-to-side-chain macrocyclization [130,141]. Since these chemistries help to stabilize 

the β-strand conformation, they may also be useful modifications for the stabilization of 

the strands within a β-loop or hairpin. 

 Loop stabilizing chemistries also have a variety of applications in the design of 

peptides targeting protein-protein interactions. These chemistries are similar to helix 

chemistries and may be applied to macrocyclic peptides mimicking β-loops or hairpins 

[42,133]. These chemistries can be used in head-to-tail cyclization, side-chain-to-side-

chain cyclization or dimerization [132]. A common strategy that does not require non-

natural amino acids or catalytic reactions is macrocyclization via disulfide bond 

formation (Figure 1.7). [132]. Cysteine residues can be incorporated at different positions 

within the peptide sequence, and the disulfide bond is formed using oxidative conditions. 

This strategy has been incorporated into a peptide targeting EGFR dimerization as well as 

cyclotides, conotoxins and peptide therapeutics such as oxytocin and desmopressin 

[57,60,132,143]. However, disulfides are susceptible to reduction and are thus less stable 

in reducing environments. As an alternative, selenylsulfide and diselenide chemistries can 

be applied to the cyclization of peptides with enhanced stability in reducing conditions 

(Figure 1.7) [143-145]. 

 The amide bond is also easily formed on resin using orthogonal protection 

schemes such as those listed for helical peptides bearing a lactam staple [133,146]. This 

strategy can also be employed for head-to-tail cyclization. Head-to-tail cyclization is 

typically performed off-resin, thus it is necessary to select resins that allow for cleavage 

of a fully protected peptide upon cleavage [146]. Conditions for the reaction must also be 
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selected to reduce dimerization of peptides, which typically requires low concentrations 

that may hinder the reaction progress [146]. 

 The triazolyl-bridge is another cyclization strategy that can either be formed via 

side-chain-to-side-chain cyclization, head-to-tail cyclization or side-chain-to-tail 

cyclization [147,148]. There are two types of triazolyl-bridges that are formed using 

azide-alkyne cycloaddition chemistry. The 1,4-disubstituted triazole can be selectively 

formed using a copper catalyst, while the 1,5-disubstituted triazole is selectively formed 

using a pentamethylcyclopentadienyl ruthenium chloride catalyst (Figure 1.7) [149,150]. 

The pentamethylcyclopentadiene group is critical for the regioselectivity of the ruthenium 

catalysts [150]. An alternative method for 1,5-triazole formation was reported using azide 

and phosphorane chemistry [147,151-153]. Triazolyl bridges have been applied to the 

macrocyclization of antimicrobial peptides and protease inhibitors with loop or hairpin 

structures [154,155]. As an alternative to the triazole, olefin metathesis has also been 

employed in the stabilization of macrocyclic peptides; however, the efficiency of this 

reaction is dependent on the length of the side chain [156-160].  

 Although there are numerous macrocyclization chemistries that can be used to 

stabilize β-loop structures, triazole and selenylsulfide chemistries were selected for the 

stabilization of the EGFR dimerization arm mimics in this research. The selenylsulfide 

chemistry was selected because it is similar in structure and chemical nature to the 

previously described disulfide [57,60]; however, it is more stable to reducing conditions 

[144]. The triazole was selected as an irreversible macrocyclization technique to offer 

greater stability while also increasing solubility. Furthermore, by varying the positions of 

the amino acids and the number of methylene units in the azido-amino acid side chains, a 
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panel of structures could be developed. For future perspectives, the hydrocarbon staple is 

also a promising alternative, yet the hydrophobic nature of the bridge may reduce 

solubility. 
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FIGURE 1.1   Development of Cyclic Peptides to Block Loop-Mediated PPIs 

(a) Epidermal growth factor receptor (EGFR) signaling contributes to proliferative and 

survival pathways in the cell. Ligand binding promotes dimerization, which activates the 

kinase domain to initiate signaling cascades. Disruption of dimerization with peptides 

may be a promising strategy for blocking EGFR activation and signaling. (b) Peptides 

blocking beta-loop mediated PPIs can be designed using the beta-loop feature as a 

template. Different chemical constraints can be incorporated into the peptide sequence to 

stabilize the beta-loop fold of the peptide. These peptides may then occlude the interface 

and block the protein-protein interaction.  
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FIGURE 1.2   Small Molecule and Peptide Disruptors of p53-MDM2 

The helical region of p53 (PBD: 1YCR), small molecule CGM097 (PDB: 4ZYF) and 

stapled peptide SAH-p53-8 (PDB: 3V3B) are shown in blue, bound to MDM2. CGM097 

is currently in Phase I clinical trials (NCT01760525) demonstrating the therapeutic 

potential of PPI disruption. 
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FIGURE 1.3   EGFR Crystal Structures 

(a) The inactive EGFR ectodomain (PDB: 1NQL). Domain I (green), domain II (orange), 

domain III (blue), and domain IV (brown) and EGF (black) are shown. The dimerization 

arm is highlighted in red in the cartoon representation. (b) The EGFR dimer is shown 

using the same color scheme, with one monomer in cartoon representation, and the 

surface representation of the other is shown in white (PDB: 3NJP). (c) The EGFR kinase 

domain is shown with the N-lobes colored pink and the C-lobes in light blue (PDB: 

2GS6). The H-helix (blue) and interacts with the C-helix (red) in the asymmetric dimer.  
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FIGURE 1.4   Current FDA Approved EGFR Tyrosine Kinase Inhibitors 

The structures of current FDA approved EGFR-targeted tyrosine kinase inhibitors are 

shown. Osimertinib is the first approved inhibitor targeting the EGFR T790M mutant. 
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FIGURE 1.5   Binding of Gefitinib and Afatinib to the EGFR Kinase Domain 

(a) Structure of gefitinib bound to the active site of the EGFR kinase (PDB: 4WKQ). (b) 

Structure of afatinib bound to the active site of the kinase (PDB: 4G5J). Unlike gefitinib, 

afatinib forms a covalent bond in the EGFR active site. The thioether is shown between 

afatinib and Cys797 of the kinase.  
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FIGURE 1.6   Binding of Fab Fragments of ErbB Targeted Monoclonal Antibodies 

The Fab fragments of trastuzumab and pertuzumab (teal and blue) are shown bound to 

the Her2 receptor (beige). The Fab fragment of cetuximab (teal and blue) is shown bound 

to the extracellular domain of EGFR receptor (beige). Images were generated in Pymol 

from PDB files 1N8Z, 1S78, and 1YY9. 
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FIGURE 1.7   Chemical Constraints for Peptide Cyclization 

Synthetic strategies for peptide stabilization through cyclization are shown. The lactam 

bridge requires orthogonal protection strategies for on-resin cyclization using standard 

solid phase peptide synthesis coupling techniques. The bridge may be formed between 

residues bearing a terminal amine (e.g. lysine) and a carboxylic acid (e.g. aspartate or 

glutamate). The disulfide, selenylsulfide, and diselenide may be formed between 

cysteines and selenocysteines using oxidative conditions. Cleavage conditions containing 

dithiobisnitropyridine may also promote formation of these bridges. The hydrocarbon 

staple is typically used for stabilization of helical peptides, yet it also may be applied to 

macrocycles. The hydrocarbon staple is formed between alkenyl amino acids using olefin 

ring closing metathesis (RCM) in the presence of a ruthenium catalyst. The triazoles may 

be formed on resin between an alkynyl and an azido amino acid. The 1,4-disubstituted 

triazoles are selectively formed during copper-catalyzed azide-alkyne cycloaddition 

(CuAAC). The 1,5-disubstituted triazoles are selectively formed during ruthenium-

catalyzed azide-alkyne cycloaddition (RuAAC) using pentamethylcyclopentadienyl 

ruthenium chloride catalysts. 
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CHAPTER 2 

INHIBITING EGFR DIMERIZATION USING TRIAZOLYL-BRIDGED 

DIMERIZATION ARM MIMICS
1
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2.1 Abstract 

The epidermal growth factor receptor (EGFR) is overexpressed in multiple 

carcinomas and is the focus of a variety of targeted therapies. Here we report the design 

of peptide-based compounds that mimic the EGFR dimerization arm and inhibit allosteric 

activation of EGFR. These peptides are modified to contain a triazolyl bridge between the 

peptide strands to constrain the EGFR dimerization arm β-loop. In this study, we 

demonstrate that these peptides have significantly improved proteolytic stability over the 

non-modified peptide sequence, and their inhibitory effects are dependent on the number 

of the methylene units and orientation of the introduced triazolyl bridge.  We identified a 

peptide, EDA2, which downregulates receptor phosphorylation and dimerization and 

reduces cell viability. This is the first example of a biologically active triazolyl-bridged 

peptide targeting the EGFR dimerization interface that effectively downregulates EGFR 

activation. 

2.2 Introduction 

The Epidermal Growth Factor Receptor (EGFR) is a transmembrane receptor 

tyrosine kinase and member of the ErbB receptor family that performs key roles in cell 

regulation, including proliferation and differentiation [161]. As such, tight regulation of 

EGFR activity is essential to normal cell growth and function. There are several factors 

involved in EGFR regulation including ligand binding, conformational changes, 

dimerization, kinase activation, and internalization for downregulation, degradation or 

recycling [48,49,53,54,82,162].  Upon ligand binding, the extracellular receptor portion 

of EGFR undergoes considerable conformational changes between the inactive and active 

states [53,54]. In its inactive form, the receptor is folded so as to bury the dimerization 
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arm. Once activated, EGFR undergoes a significant rearrangement that projects the 

dimerization arm outward to engage in receptor dimerization (Figure 2.1). Dimerization 

of the extracellular receptor is largely dependent on dimerization arm interactions, and 

this allosteric change is followed by intracellular kinase domain dimerization and 

phosphorylation [48,49,53,54,82]. The phosphorylated tyrosine residues of the active 

kinase domain serve as docking sites for downstream proteins and promote signaling 

cascades involved in cell growth, proliferation, and migration.  As an additional layer of 

regulation, the receptor can be internalized and degraded or recycled back to the 

membrane for continued signaling. 

In addition to EGFR homodimerization, there are alternative modes of receptor 

oligomerization contributing to regulation of the EGFR signaling pathway, including 

heterodimerization, formation of ligand-free inactive dimers, and formation of higher 

order oligomeric clusters [92,95-98].  The various modes of oligomerization contribute to 

EGFR regulation and signaling complexity and may prime EGFR for ligand binding, 

provide spatial regulation for EGFR signaling, diversify signaling, and promote 

internalization of EGFR [92,97-99]. While it is known that these oligomeric structures 

can form, little is known about allosteric regulation governing some of these complexes. 

Thus, disruption of these various protein-protein interaction interfaces is necessary in 

order to evaluate their role in EGFR signaling. Since the vast majority of EGFR 

inhibitors target either the EGF binding site or the active site of EGFR [89,163], we 

sought to develop ligands that directly disrupt the dimerization interface. Previous studies 

showed that the dimerization arm of EGFR forms a large part of the dimer interface and 

contributes a substantial share of the driving energy for dimerization of the extracellular 



30 

 

receptor (Figure 2.1) [52,54]. The dimerization arm is a promising target for the design of 

ErbB disruptors and has been validated by the development of various compounds 

including pertuzumab, a monoclonal antibody that targets the dimerization arm of ErbB2, 

as well as a peptide dendrimer that targets this site on EGFR [61,76].  Additionally, an 

unconstrained peptide mimicking the ErbB3 dimerization arm and a disulfide-bridged 

peptide mimicking the EGFR dimerization arm were both shown to inhibit EGFR 

dimerization and phosphorylation [57,58,60]. However, non-modified peptides are 

inherently unstable to proteases, and disulfide bonds are sensitive to redox conditions and 

may become reduced in the acidic tumor microenvironment or endosomal compartments 

where EGFR signaling may occur [162,164,165]. As an alternative approach, we sought 

to introduce a covalent cross-linker into a dimerization arm mimic as a strategy to inhibit 

dimerization and downregulate EGFR activation. 

Triazole crosslinks have been introduced into peptide-based scaffolds for diverse 

purposes. Previous work includes incorporating triazoles into peptide backbones or side 

chains [166] so as to either cyclize peptides [167-169], serve as the turn residues in β-turn 

mimics [170,171], replace disulfide bonds within β-hairpin structures [155], or to mimic 

β-strand configurations [172,173]. However, this chemistry had not previously been 

applied to the cyclization and stabilization of EGFR dimerization arm mimics.  Thus, we 

sought to incorporate a triazolyl-bridge to covalently link the β-strands of the 

dimerization arm in an effort to improve the stability and inhibitory properties of the 

peptide mimic. 
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2.3 Results and Discussion 

2.3.1 Peptide Design 

Since the dimerization arm plays a major role in the stabilization of the 

extracellular receptor dimer, multiple mimics were previously designed [57,58,60,61,76]. 

As an alternative strategy to covalently constrain the dimerization arm, we utilized 

cycloaddition chemistry to introduce a 1,4-disubstituted [1,2,3]-triazolyl-containing 

bridge between the terminal residues of the sequence. A panel of EGFR Dimerization 

Arm (EDA) peptides was designed using the native sequence of human EGFR (residues 

269–278, Figure 2.2a). The β-strand and turn residues were conserved from the original 

amino acid sequence since the majority of these residues make extensive contacts with 

the other receptor half-site.  

Using this strategy, the dimerization arm was covalently cross-linked while on 

solid support to link the terminal residue side chains using copper (I)-catalyzed azide-

alkyne [3+2] Huisgen cycloaddition chemistry (Figure 2.2b) [166,174,175]. The azide- or 

alkyne-containing amino acids were incorporated into terminal positions of the sequence 

to minimize modifications within the dimerization arm itself. Since the optimal bridge 

length was not known, we modified this length by incorporating different azido-amino 

acid derivatives (Figure 2.2c) that were synthesized as previously described [176]. The 

methylene units of the azido-amino acids were varied from 2 to 4 units (azido-L-

homoalanine, azido-norvaline, or azido-norleucine) to alter the overall length of the 

triazole linker while the alkyne (propargylglycine) remained fixed. Since the linker 

asymmetrically connects the triazole, the peptides were synthesized in pairs by 

exchanging the positions of the azido- and alkynyl-amino acids. This was performed to 
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evaluate the effects of the triazole position on inhibitory activity. In addition, two peptide 

controls were designed: one containing the non-modified sequence of the dimerization 

arm, and the other containing a scrambled sequence of the dimerization arm (Figure 2.2a) 

[57]. 

2.3.2 Molecular Dynamics Simulation of Triazolyl-Bridged Peptides
2
 

 In order to predict the impact of the introduced triazolyl bridges on the overall 

structure of the dimerization arm, molecular dynamics simulations were performed. The 

effect of the linker length was studied in relation to the hydrogen-bonding network and 

the overall structure of the cyclized peptides (Figure 2.3). In the native structure, a 

hydrogen bond is present between Asn271 and Tyr275 and supports the β-loop structure. 

A query of the number of molecular dynamics (MD) frames containing the native H-bond 

for the triazolyl-bridged peptides predicts that EDA2 and EDA4 largely retain the 

hydrogen bond throughout the duration of the simulation, however, the H-bond is nearly 

absent in EDA3 and is only moderately retained in EDA1, EDA5 and EDA6 (Figure 

2.3a).  This suggests that the structures of EDA2 and EDA4 may not significantly perturb 

the β-loop structure.  However, cluster analysis predicts that EDA4 will adopt a more 

splayed conformation with a distance of 8.5 Å between the Cα carbon of Tyr270 and 

Nle277 of the terminal ends of the peptide strands (Figure 2.3b), which is nearly twice 

the measured distance of 4.5 Å in the structure of the native sequence. On the other hand, 

EDA2 appears to have less perturbation to the β-loop conformation with a moderate 

width of 5.9 Å that more closely resembles the native structure. EDA1, EDA5 and EDA6 

were found to resemble the crystal structure most closely by maintaining a β-loop 
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 Molecular dynamics simulations were performed by Krishnadev Oruganty and are cited here to support 

the rational for the testing of multiple triazolyl bridges. 
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conformation with widths of 4.3 Å, 4.4 Å and 4.3 Å, respectively, while also maintaining 

the β-loop hydrogen bond in approximately 30-50% of the MD frames. Further, the 

triazolyl bridge of EDA1, 5 and 6 appears to project outward from the β-strands and may 

cause steric hindrance with binding contacts on domain II of the receptor. On the other 

hand, the triazolyl bridge of EDA2 and EDA4 adopts a more planar conformation relative 

to the β-strands and may allow for more extensive contacts with the receptor surface. 

Additionally, EDA2 appears to have less conformational flexibility as only a single 

cluster was identified, whereas 2–3 clusters were identified for EDA4 and EDA5.  

Overall, the MD simulations demonstrate that EDA2 maintains the native H-bond to 

support β-loop formation, is not significantly perturbed in terms of distance between the 

β-strands, contains a triazolyl crosslink that does not significantly project outward, and 

has reduced conformational flexibility as indicated by cluster analysis.  Taken together, 

the simulations suggest that the conformation of EDA2 is relatively stable as compared to 

the other peptides and may more closely mimic the native binding conformation of the 

dimerization arm. 

2.3.3 The Triazolyl-Bridge Enhances Peptide Stability 

 To determine whether the addition of a covalent constraint promoted proteolytic 

stability, degradation of the EDA peptides was measured in the presence of purified 

proteases
3
, serum, and culture media (Figure 2.4 and 2.5). The rate of peptide degradation 

was first measured using purified proteases (Figure 2.4a). EDA peptides were incubated 

with a cocktail of immobilized trypsin and chymotrypsin over a time course of four 

hours. The amount of remaining peptide was quantified by LC/MS relative to an internal 

                                                 
3
 Stability assays using purified proteases were performed by Norman T. Ton and are cited here to provide 

evidence for the resistance of all cyclic peptides to proteolytic degradation. 
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standard. While the non-modified control peptide was rapidly degraded with 50% lost 

within one hour, all of the triazolyl-linked peptides showed significantly enhanced 

proteolytic resistance with little to no degradation over the 4-hour time course, 

demonstrating that introduction of the linker appears to provide substantial resistance to 

proteolytic degradation. 

 Peptide stability was also assessed using fresh mouse serum since multiple 

proteases are present in serum (Figure 2.4b). Since there were not significant differences 

in stability between the panel of triazolyl-linked peptides and EDA2 was predicted to 

have minimal structural perturbations relative to the native dimerization arm, subsequent 

stability experiments were performed using EDA2 and a non-modified control. After 

incubation with plasma proteases over a sixteen-hour time course, the non-modified 

peptide was almost completely degraded within two hours, however, EDA2 showed 

nominal degradation during the entire time course tested. These results demonstrate that 

EDA2 is resistant to serum proteases over an extended time course. As another parameter 

of stability, peptide hydrolysis was also measured in tissue culture media (RPMI) over a 

four-hour time course (Figure 2.5). Both EDA2 and the non-modified control remained 

intact throughout the time course, illustrating that the peptide sequence is inherently 

stable in cell culture media beyond the duration of time courses used in subsequent cell-

based assays. 

Another physical parameter that was assessed was secondary structural 

characteristics at different pH values.  This was addressed since the peptide may be 

exposed to acidic conditions such as the extracellular space of the tumor 

microenvironment and the endosomal compartments where internalized EGFR is sorted.  
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Thus, structural stability of EDA2 and the non-modified control were measured at pH 7.4 

and 6.5 using circular dichroism (Figure 2.4c and d) [162,164,165]. Across both pH 

conditions tested, EDA2 largely retained its secondary structural characteristics as 

indicated by a broad minimum at approximately 205 nm. The non-modified control 

contains a more disordered structure with the representative minimum at approximately 

195 nm.  These results demonstrate that the secondary structure of EDA2 is not 

significantly altered between physiologic and slightly acidic pH conditions. 

2.3.4 Disruption of EGFR Phosphorylation and Cell Viability by EDA2 

 The EDA peptides were first tested to see if they could downregulate EGFR 

activation. Receptor activation was monitored as a function of EGFR 

autophosphorylation on Tyr1068 in intact MDA-MB-231 cells (Figures 2.6 and 2.7). The 

receptor was stimulated with EGF for 5 min following a 30 min peptide pretreatment. As 

predicted, EDA2 effectively downregulated EGFR activation while all the remaining 

EDA peptides (EDA1 and EDA3–6) showed little to no activity (Figure 2.7). EDA2 was 

found to reduce EGFR phosphorylation by greater than 60% as compared to untreated 

cells at a dose of 5 µM (Figure 2.6b). In contrast, the non-modified and EDA2 scramble 

(EDA2-Scr) controls had no inhibitory effect on EGFR phosphorylation, indicating that 

this effect is dependent on both sequence and cyclization. To further demonstrate that this 

effect was not due to changes in EGFR expression, an independent assay showed that 

total EGFR levels were not affected (Figure 2.8). The serum stable disulfide peptide also 

displayed modest activity, yet circular dichroism analysis indicated alterations in 

conformation at the mildly acidic pH of 6.5 (Figure 2.9).
 4

 

                                                 
4
 Previously unpublished data. 
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 Since EDA2 appeared to downregulate EGFR phosphorylation, we sought to 

determine whether this activity could also lead to a decrease in cell viability (Figure 

2.10).  Three diverse, EGFR-expressing cell lines (MDA-MB-231, PC-3, and BxPC-3) 

were dosed daily with EDA2 over a 0-50 µM concentration range over a five-day time 

course, after which cell viability was quantified using the Cell Titer Blue assay.  The 

small molecule inhibitor gefitinib was used as a viability control.  At higher 

concentrations (10 µM or higher), viability was reduced to less than 25% in both MDA-

MB-231 and PC-3 cells.  At the lower dose of 6.25 µM, EDA2 reduced viability by 50% 

and 72% in MDA-MB-231 and PC-3 cell lines, respectively.  On the other hand, BxPC-3 

was less sensitive, where viability was only reduced by 34% at the same dose.  Thus, 

while some cells display considerable sensitivity to EDA2 over the five-day period, 

others have less sensitivity and this may be due to additional mutational factors such as a 

mutant TP53 gene in the case of BxPC-3 [177]. 

2.3.5 EDA2 Disrupts Dimerization 

 While EDA2 downregulates receptor phosphorylation, we also wanted to 

investigate whether EGFR dimerization itself was inhibited. As a strategy to measure the 

number of detectable EGFR dimers in intact cells, a quantitative Proximity Ligation 

Assay (PLA) was performed (Figure 2.11). Cells were stimulated with EGF in the 

presence or absence of EDA2 or its scramble control (EDA2-Scr). The cells were then 

fixed and probed with equivalent amounts of the plus and minus PLA probes conjugated 

to an anti-EGFR monoclonal antibody to illuminate EGFR dimers. Fluorescence 

microscopy was used to visualize the DAPI and PLA signals. EDA2-treated cells 

displayed a notable decrease in EGFR dimers, expressed as orange punctate signals, as 
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compared to the untreated and EDA2-Scr control. Quantification of the fluorescent 

signals in individual cells (n=500 cells) indicates that EDA2 caused a significant 

reduction in EGFR dimers by 33% (Figure 2.11b). To verify that EDA2 did not simply 

reduce overall EGFR expression levels, total EGFR was measured under the conditions 

tested. EDA2 and the control peptides were found to have no effect on EGFR expression 

(Figure 2.8). Overall, these results show that EDA2 reduces EGFR dimerization and 

demonstrates the potential of EDA2 for downregulating EGFR activation and signaling. 

 EGFR dimerization in cells was also examined using a crosslinking assay (Figure 

2.12).
5
 MDA-MB-231 cells were treated with peptide or vehicle for 30 min, then 

stimulated with 10 ng/mL EGF for 7 min, after which EGFR dimers were crosslinked in 

intact cells using bis(sulfosuccinimidyl)suberate. Western blot analysis revealed a 

decrease in EGFR dimers compared to the stimulated control. There was also a decrease 

in EGFR monomers, which is suspected to be an artifact of the extended duration of the 

crosslinking assay. During the cross-linking and quenching steps, activated EGFR may 

be internalized and degraded.  

In a separate co-localization experiment, cells stably transfected with EGFR-YFP 

were treated with TAMRA-labelled peptide for 1 hour.
6
 The cells were then stimulated 

with EGF for 15 min, fixed and stained with DAPI. Fluorescence microscopy indicated 

that EDA2 was co-localized with EGFR in the presence or absence of EGF, while the 

scrambled control was not (Figure 2.13). Upon stimulation, there appeared to be a slight 

increase in internalized EGFR in the presence of EDA2 compared to the vehicle and 

scrambled controls, suggesting that EDA2 may increase internalization. 

                                                 
5
 Previously unpublished data. 

6
 Previously unpublished data. 
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2.4 Conclusions 

 In summary, we developed a triazolyl-bridged peptide mimicking the EGFR 

dimerization arm. This peptide was found to have increased proteolytic resistance and 

maintained secondary structural characteristics in an acidic environment. EDA2 was 

further shown to downregulate EGFR dimerization, phosphorylation and cell viability, 

while co-localizing with EGFR in the cell. Although the native sequence of the 

dimerization arm was used in this study, this represents a starting point for sequence 

optimization so as to improve target inhibition and optimize binding interactions. These 

compounds can be used to probe homo- and heterodimerization of ErbB members. By 

targeting the dimer interface, analogous peptides can also be engineered to specifically 

target other members of the EGFR family so as to probe dimerization.  Further, the 

peptides can be applied to study the effects of oligomerization on EGFR regulation. 

While peptide-based therapeutic candidates are generally characterized by high clearance 

and low bioavailability as compared to small molecules, chemical modifications may 

help to increase their half-life and uptake as demonstrated by stapled peptides currently in 

clinical trials [178-181].  The EDA peptides demonstrate resistance to proteolytic 

degradation, yet further improvements upon their ADME characteristics such as 

circulatory half-life may be achieved by additional modification such as PEGylation. 

Thus, further optimization of the EDA2 scaffold may lay the foundation for novel 

therapeutic treatment strategies of EGFR-overexpressing tumors. Ultimately, this study 

demonstrates novel utility of intrastrand triazole crosslinking to generate proteolytically 

stable, biologically active peptide-based macrocycles for targeted EGFR inhibition. 
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2.5 Materials and Methods 

2.5.1 General Information 

All protected amino acids, Rink amide MBHA resin and PAL-NovaPEG resin 

were purchased from Novabiochem unless otherwise noted. HCTU was purchased from 

Peptides International. All synthesis reagents and solvents were purchased from Fisher, 

Sigma-Aldrich, or Acros and used without further purification. Cell culture media and 

phosphate buffer saline were obtained from Lonza, fetal bovine serum from Thermo, 

penicillin/streptomycin and bovine serum albumin from Amresco, trypsin EDTA from 

Cellgro, and EGF from Abcam. Antibody to EGFR p-Y1068 was purchased from Abcam 

or Pierce, total EGFR from Santa Cruz Biotech, and α-tubulin from the University of 

Iowa. PVDF membrane was purchased from Millipore. Immobilized chymotrypsin was 

obtained from Proteochem, and chemiluminescent substrate and immobilized trypsin 

were obtained from Pierce. Peptide characterization and purification were performed on a 

Zorbax SB-C18, 5 µm HPLC column using an Agilent 1200 series HPLC system coupled 

to the Agilent 6120 quadrupole LC/MS. Peptides and viability assays were quantified 

using the Biotek Synergy 2 microplate reader. C57BL/6J mice obtained from Jackson 

Laboratories were maintained in a local breeder colony. All mouse housing and handling 

procedures were approved by the University of Georgia Institutional Animal Care and 

Use Committee. 

2.5.2 Cell Culture  

MDA-MB-231, PC-3, BxPC-3 and MDA-MB-435 cells purchased from ATCC 

were cultured in Roswell Park Memorial Institute-1640 (RPMI) with L-glutamine 

(Lonza) and supplemented with 10% fetal bovine serum (Thermo Scientific) and 
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penicillin/streptomycin (Amresco).  Cells were grown at 37°C with 5% CO2. HeLa Kyoto 

cells stably transfected with YFP-EGFR [182], generously provided by Dr. Carsten 

Schultz of European Molecular Biology Laboratory in Heidelberg, Germany, were 

cultured in DMEM with glucose and L-glutamine, 10% fetal bovine serum and 

penicillin/streptomycin.  All cells were grown at 37°C with 5% CO2 

2.5.3 Synthesis of Azido Amino Acids  

Azido derivatives of amino acids were synthesized as previously described.[176]  

Fresh triflic azide was prepared immediately before the azido transfer reaction. Briefly, 

1M solution of triflic anhydride in dichloromethane (DCM) (6 ml, 6 mmol, 3 equiv.) was 

added to a solution of sodium azide (0.781 g, 12 mmol, 6 equiv.) in 5 ml water at 0°C. 

The solution was stirred for 2.5 hours at 0°C, after which saturated sodium bicarbonate 

was added until the evolution of CO2 stopped. The solution was transferred to a 

separatory funnel and the organic layer was collected. The aqueous layer was washed two 

times with DCM. The organic layers were returned to the separatory funnel to be added 

dropwise to the amino acid. 

An aqueous solution containing zinc chloride (18.5 mg, 0.14 mmol) and 1 

equivalent (2 mmol) of either Fmoc-Dab-OH (Bachem), Fmoc-Orn-OH (Bachem) or 

Fmoc-Lys-OH (CHEM-IMPEX) was added to a round bottom flask. The solution was 

stirred and triethylamine (0.837 ml, 6 mmol, 3 equiv.) was slowly added. Methanol (40 

ml) was added dropwise to create a final ratio of water/methanol/DCM at 3:10:3. After 

complete addition of methanol, the freshly prepared triflic azide solution was added 

dropwise from the separatory funnel. The solution was stirred at ambient temperature for 

2–3 hours and the reaction was monitored by TLC. The organic solvents were removed 
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by rotary evaporation, and the remaining aqueous solution was acidified with 1% (w/v) 

citric acid (20 ml). The aqueous layer was extracted with DCM and the combined organic 

layers were purified by silica gel chromatography using a 0.5–7% (v/v) methanol 

gradient in DCM. Final products were confirmed by NMR and mass spectrometry. 

2.5.4 Peptide Synthesis 

Peptides were prepared using Fmoc-based solid-phase peptide synthesis. The non-

modified peptide control was synthesized on Rink amide MBHA resin. Peptides that 

were engineered to contain a triazole cross-link were synthesized on PAL-NovaPEG 

resin. Resin (25 µmol) was loaded into a fritted peptide synthesis column and 

equilibrated in N-methylpyrrolidinone (NMP). Deprotections were performed using a 

solution of 25% (v/v) piperidine in NMP. Amino acid couplings were performed using a 

0.5 M solution of amino acid (0.5 ml, 0.25 mmol, 10 equiv) along with 0.5 M solution of 

HCTU (0.495 ml, 0.248 mmol, 9.9 equiv) and DIEA (87 µL, 0.5 mmol, 20 equiv). All 

couplings containing the azido-amino acids or propargyl glycine (Peptech) were 

performed using 4 equiv of 0.5 M amino acid (0.1 mmol, 0.2 ml), 3.96 equiv of 0.5 M 

HCTU (0.099 mmol, 0.25 ml), and 8 equiv of DIEA (0.2 mmol, 43.5 ml).  

2.5.5 On-Resin Cyclization of EDA Peptides 

The 1,4-disubstituted-[1,2,3]-triazolyl cross-link was formed on-resin using 

copper(I)-catalyzed azide-alkyne cycloaddition chemistry. The resin (25 µmol) was 

suspended in a 1:2 solution of t-butanol (Alfa Aesar) and water. Sodium ascorbate (160 

mg, 750 µmol, 30 equiv.) and copper sulfate (55 mg, 375 µmol, 15 equiv.) were added, 

causing the mixture to turn bright orange. The mixture was left to stir overnight.  The 

mixture was then returned to a synthesis column, washed with 1:2 solution of t-
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butanol/water, and dried for a test cleavage.  Cyclization was confirmed by a shift in 

retention time using LC/MS. 

2.5.6 N-terminal Fluorescein Labeling 

Unless otherwise stated, all peptides used in this study were labeled with 5(6)-

carboxyfluorescein (Acros) after on-resin cyclization or after the addition of β-Ala. After 

equilibrating the resin in DMF, 5(6)-carboxyfluorescein (19 mg, 50 µmol, 2 equiv), 

HCTU (19 mg, 45 µmol, 1.8 equiv) and DIEA (20 µL, 115 µmol, 4.6 equiv) were 

dissolved in 1 mL DMF. The solution was added to the resin and bubbled overnight while 

protected from light. 

2.5.7 N-terminal 5(6)-Carboxytetramethylrhodamine Labeling 

EDA2 and EDA2-Scr were labelled with 5(6)-carboxytetramethylrhodamine 

(Novabiochem) after on-resin cyclization. After equilibrating the resin in DMF, 5(6)-

carboxytetramethylrhodamine (22 mg, 50 mol, 2 equiv), HCTU (19 mg, 45 mol, 1.8 

equiv) and DIEA (20 L, 115 mol, 4.6 equiv) were dissolved in 1 mL DMF. The 5(6)-

carboxytetramethylrhodamine solution was added to the resin and bubbled overnight 

while protected from light. 

2.5.8 Peptide Cleavage 

Resin cleavage was performed by incubating the resin for 4–5 hours in a cleavage 

solution containing 95:2.5:2.5 trifluoroacetic acid/water/triisopropylsilane. After 

cleavage, the peptide was filtered through glass wool into ice cold methyl t-butyl ether. 

The precipitate was collected by centrifugation at 4 °C. The supernatant was decanted 

and the pellet was air-dried. The peptide product was dissolved in methanol and products 

were confirmed by LC/MS. Non-modified control molecular weight = 1568.6 (expected 
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1569.62); Disulfide Control = 1632.6 (expected 1631.74); EDA1 = 1648.0 (expected 

1648.68); EDA2 = 1648.0 (expected 1648.68); EDA3 = 1662.2 (expected 1662.71); 

EDA4 = 1662.2 (expected 1662.71); EDA5 = 1676.2 (expected 1676.74); EDA6 = 

1676.2 (expected 1676.74); EDA2-Scr = 1647.6 (expected 1648.68); TAMRA-EDA2 = 

1701.6 (expected 1702.8); TAMRA-EDA2-Scr = 1702.0 (expected 1702.8)  

The peptides were purified by reverse phase HPLC on a Zorbax SB-C18 column 

using a flow rate of 4 ml/min and a gradient of 10%–100% (v/v) acetonitrile containing 

0.1% (v/v) TFA over 24 minutes. Fluorescein labeled peptides were quantified using the 

extinction coefficient of 68,000 L mol
-1

 cm
-1

 for fluorescein and 85,000 L mol
-1

 cm
-1

 for 

carboxytetramethylrhodamine in 10 mM Tris pH 8. 

2.5.9 Modeling of EDA Peptides and Molecular Dynamics Simulation 

The peptide coordinates corresponding to EDA wild-type were taken from the 

EGFR dimer structure 3NJP (residues 270–277). Avogadro was used to model the 

triazolyl linker between the terminal ends of the peptide before Tyr270 and after Met277. 

The geometry of the cross-linked peptide was minimized using the GAFF force-field 

implemented within Avogadro. The topological parameters, partial charges and other 

force field parameters were estimated with programs in the AmberTools 13 suite [41]. 

The amber generated force field values were converted to gromacs format using acpype 

[42]. Molecular dynamics simulations were carried out using Gromacs v4.6.2.  

The peptide structures were solvated in a periodic dodecahedron box with at least 

1nm space on all sides of the peptide. Energy minimization using steepest descent was 

carried out until Fmax reached 10 kJ/mol/nm. An NVT simulation with position restraints 

on the peptide atoms were performed with a V-rescale thermostat used for temperature 
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equilibration. Long range electrostatics were treated using PME, with a short range cutoff 

of 0.9 nm. Pressure equilibration was done under similar conditions (including position 

restraints) with an additional Berendsen pressure coupling algorithm. Production runs for 

40ns were carried out under the NPT conditions after removing the position restraints. 

The frames of the trajectory were saved to disk every 2ps. 

The g_hbond program in the Gromacs suite was used to query the number of 

frames in which the hydrogen bond between Asn271 and Tyr275 was observed. The 

hydrogen bond between Asn271 and Gln276 was seen in all peptides with equal 

occupancy and hence is not discussed in the text. Cluster analysis of the trajectories was 

carried out with the g_cluster program in the Gromacs suite with a RMSD cutoff of 1.0 

angstrom. The cluster centers were written to a PDB file and analyzed. 

2.5.10 Proteolytic Degradation of Peptides 

Immobilized trypsin and chymotrypsin were added to 5 µg peptide in digestion 

buffer (100 mM Tris, 200 mM NaCl, 100 mM CaCl2, pH 8.2) where E/S for each 

protease was ~375. Benzyl alcohol was used as an internal standard. Peptides were 

incubated at 37 °C for 0, 0.5, 1, 2 and 4 hours with gentle agitation, after which methanol 

was added to a final concentration of 50% (v/v). The immobilized protease was pelleted 

by centrifugation at 15,000 rpm, and the supernatant was collected and analyzed by 

LC/MS. After incubation with protease, the disulfide and triazole peptide spectra 

displayed a peak with a mass equivalent to the methylated peptide. Data represents the 

combined absorbance of both methylated and unmethylated peptides. Peptide absorbance 

at 220 nm was normalized relative to the benzyl alcohol peak. Data was plotted in 

GraphPad Prism as percentage of parent peptide relative to T0. Normalized curves 
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represent one phase decay where Y0 equals 100, the plateau equals 0, and K is greater 

than 0.  

2.5.11 Peptide Stability in Tissue Culture Media 

A solution of 0.2 mM peptide and 0.1% benzyl alcohol in RPMI-1640 

supplemented with 0.1% (w/v) BSA was incubated at 37°C with mixing at 300 rpm. 

Aliquots were collected in duplicate and quenched with an equal volume of acetonitrile 

with 0.1% (v/v) TFA. The samples were centrifuged at 14,000 rpm and the supernatant 

was analyzed by LC/MS. The peptide absorbances at 220 nm were normalized relative 

the benzyl alcohol standard and the percent of remaining peptide was calculated relative 

to T0. The resulting data was plotted in GraphPad Prism.  

2.5.12 Serum Stability of Peptides 

Blood for serum was collected from mice under the following University of 

Georgia Animal Use Protocols: A2010 08-153 and A2013 07-016. Fresh blood was 

obtained from isoflurane-anesthetized C57BL/6J male or female mice by terminal cardiac 

puncture according to standard procedures. Serum was separated from clotted blood by 5 

min centrifugation at 10,000 g. A solution of 70% (v/v) fresh mouse serum, 0.1% (v/v) 

benzyl alcohol, and 0.2 mM peptide in PBS was incubated at 37°C in a thermomixer with 

shaking at 300 rpm. Aliquots were collected in duplicate at 0, 2, 4, 8 and 16 hours and 

quenched by the addition of an equal volume of acetonitrile and 0.1% (v/v) TFA. The 

proteins were pelleted by centrifugation at 14,000 rpm. The supernatant was collected 

and analyzed by LC/MS. Peptide and benzyl alcohol absorbance at 220 nm was recorded, 

and the percent parent peptide remaining was calculated relative to the benzyl alcohol 

internal standard. Data was plotted in GraphPad Prism as percent parent peptide relative 
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to T0. Normalized curves represent one phase decay where Y0 equals 100, the plateau 

equals 0, and K is greater than 0.  

2.5.13 Circular Dichroism 

CD spectra were obtained on a Jasco J-710 CD Spectrometer at 25°C using a 0.1 

mm cuvette. Solutions of the non-modified control, disulfide control, and EDA2 in 10 

mM sodium phosphate buffer at pH 6.5 and pH 7.4 were prepared. Spectra were recorded 

over 190–260 nm at 0.5 nm intervals using a 2 nm bandwidth, 100 ms time constant, 50 

nm/min scanning speed, and 3 responses. The units were converted to molar ellipticity in 

Jasco Spectra Manager after baseline subtraction. The Savitzky-Golay smoothing filter 

was applied with a convolution width of 21. 

2.5.14 EGFR Phosphorylation in MDA-MB-231 Cells 

MDA-MB-231 cells cultured on non-tissue culture-treated plates were seeded in 

24 well tissue culture-treated plates in RPMI-1640 supplemented with 10% FBS and 

penicillin/streptomycin. Cells were incubated at 37°C until approximately 80% confluent. 

The media was then replaced with RPMI 1640 supplemented with 0.1% (w/v) BSA, and 

the cells were incubated overnight. Serum starved cells were then pretreated with 0.05, 

0.5, or 5 µM peptide for 30 min, followed by a 5 min stimulation with 50 ng/mL EGF. 

Cells were immediately lysed in 1x Laemmli buffer.  

Proteins were separated by 8% SDS-PAGE then transferred onto PVDF 

membrane. Identical membranes were probed for EGFR p-Tyr1068 and α-Tubulin. 

Bands were visualized by chemiluminescence and quantified using Licor Image Studio 

Lite. Results were normalized to the corresponding α-Tubulin and reported as a ratio 

relative to EGF-stimulated cells in the absence of peptide. The average of at least three 
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experiments was plotted in GraphPad Prism, where error bars represent SEM. 

Significance values were calculated using two-way ANOVA with Bonferonni multiple-

comparison test.  Evaluation of total EGFR levels upon treatment with the non-modified 

peptide, EDA2, and EDA2-Scr was performed in separate experiments as described 

above. Total EGFR is reported as the average of two experiments performed in at least 

duplicate, where error bars represent SEM. Significance values were calculated using 

one-way ANOVA with Bonferonni multiple-comparison test. 

2.5.15 Cell Viability Assays 

MDA-MB-231, PC-3, or Bx-PC3 cells were seeded at 7,500 cells/well in a 96 

well plate and allowed to adhere in RPMI-1640 containing 1% FBS. Media was then 

replaced with RPMI-1640 containing 0.1% FBS and peptide or gefitinib at concentrations 

ranging from 1.56 to 50 µM. Treatment solutions were refreshed daily for a total of five 

days of treatment. After 5 days of treatment, the media was replaced with 100 µL serum 

free RPMI and 10 µL of Cell Titer Blue reagent (Promega) was added.  Cells were 

incubated at 37 °C for 5 hrs.  Fluorescence was quantified using 530 nm excitation and 

590 nm emission filters.  Data is plotted in GraphPad Prism as the average percent 

viability relative to the vehicle control, where error bars represent SEM. 

2.5.16 EGFR Dimerization Duolink Fluorescence Assay 

MDA-MB-231 cells were seeded into 8 well chamber slides in RPMI-1640 

supplemented with 10% FBS and 1x penicillin/streptomycin. The cells were grown to 

80–90% confluence then serum starved for 24 hours in RPMI-1640 supplemented with 

0.1% (w/v) BSA. The cells were then treated with 5 µM peptide for 30 minutes and 

stimulated for 5 minutes with 10 ng/mL EGF. The cells were then washed with PBS and 



48 

 

fixed with 2% paraformaldehyde and permeabilized in Triton-X 100. The Duolink In Situ 

Assay was performed according to the manufacturer’s instructions. Wells were blocked 

using the Duolink Blocking Solution. Equal volumes of the Plus and Minus PLA probes 

conjugated to the EGFR monoclonal antibody (Millipore) were added to the wells and 

incubated at 4 °C overnight. The probes were then ligated and amplified using the 

Duolink Orange Detection Kit. The slide was mounted using Permafluor mounting 

medium with Dapi. Images were obtained at 40x magnification using TRITC and DAPI 

filters on an IX71 inverted fluorescent microscope with Cell Sens software (Olympus). 

Fluorescent signals per cell were counted from five representative 40X magnification 

microscope fields per condition. The averages from a single experiment performed in 

duplicate were plotted using GraphPad Prism. Error bars represent SEM.  Significance 

values were calculated in GraphPad Prism using the D’Agostino-Pearson normality test, 

which demonstrated a non-Gaussian distribution, followed by a non-parametric ANOVA 

with Kruskal-Wallis and Dunn’s multiple-comparison tests. 

2.5.17 EGFR Dimerization Crosslinking Assay
7
 

MDA-MB-231 cells were seeded into 24 well plates in RPMI 1640 containing 

10% FBS and penicillin/streptomycin. Cells were grown to approximately 80% 

confluency, then they were washed and serum starved in RPMI 1640 containing 0.1% 

BSA.  After 24 hours, the cells were pretreated with 0.05, 0.5, or 5 µM peptide for 30 

minutes.  Cells were then stimulated with 10 ng/mL EGF for 7 minutes, washed with 

PBS, then incubated with 3.5 mM BS
3
 (Thermo Scientific) at 4°C for 30 minutes.  The 

crosslinking reaction was quenched by incubating the cell solution with 20 mM Tris at 

                                                 
7
 Previously unpublished data 
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room temperature for 15 minutes.  Cells were washed with PBS then lysed in 1X 

Laemmli buffer for immunoblotting. 

Proteins were separated on 5%-8% gradient gels by SDS-PAGE then transferred 

onto PVDF membranes.  The membranes were probed using anti-EGFR.  Bands were 

visualized by chemiluminescence and quantified using Licor Image Studio. Results were 

normalized to α-Tubulin and reported as a ratio relative to EGF-stimulated cells in the 

absence of peptide. The averages of two experiments performed in triplicate were plotted 

using GraphPad Prism.  Error bars represent SEM. 

2.5.18 Co-localization of TAMRA-labelled Peptides to EGFR-YFP
8
 

HeLa Kyoto cells stably transfected with EGFR-YFP were seeded into 8 well 

chamber slides in DMEM supplemented with 10% FBS and 1x penicillin/streptomycin.  

The cells were grown to 80-90% confluence then serum starved for 24 hours in DMEM.  

The cells were then pretreated with or 5 M peptide for 1 hour then stimulated with 50 

ng/mL EGF for 15 minutes.  The cells were then washed with PBS and fixed with 2% 

paraformaldehyde, and the nucleus was stained with DAPI.  The slide was mounted using 

Permafluor. Images were obtained at 40x magnification using FITC, TRITC and DAPI 

filters on an IX71 inverted fluorescent microscope with Cell Sens software (Olympus). 

 

  

                                                 
8
 Previously unpublished data 
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FIGURE 2.1   Dimerization Arm Targeting Strategy for Inhibition of EGFR  

(a) EGF-induced activation of the extracellular receptor of EGFR. In the inactive state, 

the dimerization arm (dark blue) of the extracellular receptor is buried within domain IV 

(beige). In the active state, the receptor undergoes a conformational change to promote 

intermolecular interactions of the dimerization arm for receptor dimerization. Other 

features of the receptor include domain I (green), domain II (blue), domain III (brown) 

and EGF (dark grey). (b) The dimerization arm (dark blue) makes extensive contacts with 

domain II of the receptor binding partner (beige).  (c) Triazolyl-bridged peptides were 

designed to mimic the dimerization arm, thereby blocking receptor dimerization and 

activation of the kinase (violet) through occlusion of the dimerization arm binding 

pocket. Additional features include the transmembrane domain (grey dashed lines). 

Structures were rendered using PyMol (PDB files: 1NQL, 3NJP, and 2GS6). 
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FIGURE 2.2   Design and Synthesis of EDA Peptides 

(a) Peptide sequences were derived from the dimerization arm sequence of EGFR. The 

overall linker length and positioning of the azide and alkyne amino acids were varied. 

Non-natural amino acids are show in red and blue. (b) Dimerization arm mimics were 

synthesized by incorporating non-natural amino acids into the peptide sequence using 

solid phase peptide synthesis (SPPS). Peptides were cyclized on solid support via copper 

(I)-catalyzed azide-alkyne cycloaddition prior to resin cleavage. (c) Non-natural amino 

acids used for the triazole cross-link: N-Fmoc-L-propargylglycine (Pg), N-Fmoc-4-azido-

L-homoalanine (Aha), N-Fmoc-5-azido-L-norvaline (Anv), N-Fmoc-6-azido-L-

norleucine (Anl). 
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FIGURE 2.3   Molecular Dynamics Simulations of EDA Peptides  

(a) Molecular dynamics simulations were performed and the g_hbond program in 

Gromacs suite was used to determine the stability of the hydrogen bond characteristic of 

the β-loop conformation. A query of the number of frames in which the hydrogen bond 

between Asn271 and Tyr275 is present predicts that this hydrogen bond is largely 

maintained in EDA2 and EDA4. Data is plotted as the percent of molecular dynamics 

trajectory frames in which the hydrogen bond between Asn271 and Tyr275 is present. (b) 

Molecular dynamics simulations were performed to predict the overall structure of the 

EDA peptides and the cluster centers for EDA1-6 are shown. Red arrows indicate linkers 

that fold over the non-binding surface of the peptide. The black dashed line indicates the 

hydrogen bond between Asn271 and Tyr275. Widths between the β-sheets were 

measured between the Cα carbon of residues Tyr270 and Nle277 (red dashed line).  
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FIGURE 2.4   EDA Peptides are Resistant to Proteolytic Degradation 

Proteolytic stability was measured in the presence of (a) a cocktail of immobilized 

chymotrypsin and trypsin over a time range of 0-4 hours and (b) 70% mouse serum over 

a time range of 0–16 hours. (c,d) CD spectra of the non-modified and EDA2 peptides 

were obtained on a Jasco J-710 CD Spectrometer at 25 °C in 10 mM sodium phosphate 

buffer at pH 6.5 and 7.4.  EDA2 maintains its structure under both conditions. 

 

  



54 

 

 

 

FIGURE 2.5   EDA2 is Stable in Tissue Culture Medium  

Peptide stability was measured in the presence of RPMI-1640 tissue culture medium over 

a time range of 0-4 hours at 37 °C. The relative amount of loss as compared to that of the 

parent peptide at t=0 was quantified by LC/MS using an internal standard. Data is plotted 

in GraphPad Prism as the average of duplicates, where error bars represent SEM. 
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FIGURE 2.6   EDA2 Down-Regulates Activated EGFR  

(a) Cells were stimulated with 50 ng/mL EGF for 5 min in the presence or absence of 

EDA peptides, followed by western blotting. An apparent decrease in phosphorylated 

EGFR was observed when treated with EDA2. Vertical lines indicate non-adjacent 

samples from the same western blot. (b) Quantification of EGFR phosphorylated at 

Tyr1068, normalized to tubulin, shows that EDA2 reduces phosphorylated EGFR by 

greater than 60%, while the non-modified and scrambled controls do not. Data is plotted 

as the average of at least three experiments, where error bars represent SEM. * p < 0.05, 

** p < 0.01 relative to the EGF-stimulated control.  All remaining means are not 

significant (p > 0.05) relative to the EGF-stimulated control.  
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FIGURE 2.7   The Effect of EDA1 and EDA3-6 on EGFR Phosphorylation   

Serum starved MDA-MB-231 cells were treated with peptide or vehicle for 30 minutes, 

after which cells were stimulated for 5 minutes with 50 ng/mL EGF. Cells were 

immediately lysed following stimulation and proteins were separated by 8% SDS-PAGE. 

Western blot analysis showed that EDA1 and EDA3-6 do not inhibit EGFR 

phosphorylation at Tyr1068. Vertical lines indicate non-adjacent samples from the same 

western blot. Data is plotted as the average of three experiments, where error bars 

represent SEM.  All peptide means did not significantly differ (p > 0.05) from the EGF-

stimulated control. 
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FIGURE 2.8   The Effect of EDA2 and Its Controls on Total EGFR Protein Levels 

(a) Serum starved MDA-MB-231 cells were treated with peptide or vehicle for 30 

minutes then stimulated with 50 ng/mL EGF for 5 minutes.  Cells were immediately 

lysed and total EGFR levels were analyzed by western blotting. (b) Total EGFR was 

quantified and normalized to the tubulin loading control.  Data is plotted as the average of 

two experiments performed in duplicate and triplicate, where error bars represent SEM. 

The means did not significantly differ (p > 0.05), indicating that the peptides do not affect 

total EGFR protein levels in the cell. 
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FIGURE 2.9   Disulfide Peptide Activity and Stability
9
 

(a) Serum starved MDA-MB-231 cells were treated with disulfide peptide or vehicle for 

30 minutes then stimulated with 50 ng/mL EGF for 5 minutes.  Cells were immediately 

lysed and phospho EGFR levels were analyzed by western blotting. EGFR 

phosphorylation was quantified and normalized to the tubulin loading control.  Data is 

plotted as the average of four replicates from two experiments, where error bars represent 

SEM. A reduction of 37% was observed at 5 µM. One-way ANOVA with Tukey’s 

multiple comparison test was performed. * p < 0.05. (b) Circular dichroism analysis of 

the disulfide peptide indicated a shift in the minimum from 204 nm to 201 nm at pH 7.4 

and pH 6.5, respectively. This shift indicates potential alterations in conformation under 

mildly acidic conditions. (c) Proteolytic stability was measured in the presence of 70% 

mouse serum over a time course of 0-16 hours. The disulfide was resistant to degradation. 

  

                                                 
9
 Previously unpublished data 
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FIGURE 2.10   EDA2 Reduces Cell Viability 

 A panel of cell lines was dosed daily with EDA2 or gefitinib for 5 days, and viability 

was quantified using the Cell Titer Blue assay.  6.25 µM EDA2 reduced viability by 

50%, 72%, and 34% in MDA-MB-231, PC-3, and Bx-PC-3 cells, respectively.  EDA2 

did not reduce viability in EGFR negative MDA-MB-435
10

 cells at 6.25 µM. Data is 

plotted as the average of quadruplicates, where error bars represent SEM. 

  

                                                 
10

 Previously unpublished data. 



60 

 

 

 

FIGURE 2.11   EDA2 Down-Regulates EGFR Dimers  

(a) MDA-MB-231 cells were stimulated with 10 ng/mL EGF for 5 min in the presence or 

absence of 5 µM EDA2 and the scrambled control peptide (EDA2-Scr). The dimer 

species of EGFR was detected using a fluorescent Duolink assay and is shown as an 

overlay of the PLA signal (orange) and DAPI (blue). When dimerized, one EGFR 

molecule may bind the plus probe while the other may bind the minus probe. The close 

proximity of the plus and minus PLA probes then allows for ligation and amplification, 

which can be detected as a punctate fluorescent signal.   Images were obtained with a 40x 

objective and scale bars represent 25 µm scale. (b) The dimer signals of individual cells 

were measured for each condition tested (n=500 cells per condition). Data is plotted as 

the average signal count per cell, where error bars represent SEM. **** p < 0.0001 

relative to the stimulated control, #### p < 0.0001 relative to the scrambled control.  

Remaining comparisons do not differ significantly (p > 0.05). 
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FIGURE 2.12   EGFR Dimerization Cross-linking Assay
11

 

MDA-MB-231 cells were pretreated with increasing concentrations of EDA2, then 

stimulated with 10 ng/mL EGF for 7 min. Dimers were then cross-linked using 

bis(sulfosuccinimidyl) suberate. The dimer species of EGFR was detected using western 

blot analysis. Two replicates are represented here, illustrating the decrease in EGFR 

dimers and monomers compared to the controls. 

  

                                                 
11

 Previously unpublished data 
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FIGURE 2.13   EDA2 Co-localizes with EGFR
12

  

Hela-Kyoto cells stably transfected with EGFR-YFP were treated with vehicle or 

TAMRA-labeled peptide for 1 hr. Cells were then stimulated with 50 ng/mL EGF for 15 

min. EDA2 appears to be co-localized with EGFR in the absence and presence of 

stimulation, while the scrambled does not. Scale bar = 25 µm. 

                                                 
12

 Previously unpublished data. 



63 

 

 

 

CHAPTER 3 

DESIGN OF A SELENYLSULFIDE-BRIDGED EGFR DIMERIZATION ARM 

MIMIC
13
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3.1 Abstract 

 The epidermal growth factor receptor (EGFR) dimerization arm is a key feature 

that stabilizes dimerization of the extracellular receptor, thereby mediating activation of 

the tyrosine kinase domain.  Peptides mimicking this β-loop feature can disrupt dimer 

formation and kinase activation, yet these peptides lack structural constraints or contain 

redox sensitive disulfide bonds which may limit their stability in physiological 

environments.  Selenylsulfide bonds are a promising alternative to disulfide bonds as they 

maintain much of the same structural and chemical behavior, yet they are inherently less 

prone to reduction.  Herein, we describe the synthesis, stability and activity of 

selenylsulfide-bridged dimerization arm mimics.  The synthesis was accomplished using 

an Fmoc-based strategy along with C-terminal labeling for improved overall yield. This 

selenylsulfide-bridged peptide displayed both proteolytic stability and structural stability 

even under reducing conditions, demonstrating the potential application of the 

selenylsulfide bond to generate redox stable β-loop peptides for disruption of protein-

protein interactions. 

3.2 Introduction 

 Peptides are gaining increased momentum as disruptors of protein-protein 

interactions (PPIs) due to the development of diverse chemical modifications that 

enhance the structural and proteolytic stability of the peptide-based scaffold. Various 

modifications such as disulfides, lactams, triazolyl-bridges and hydrocarbon staples can 

be utilized to reinforce peptide secondary structural characteristics including beta-turns 

and helices [130,153,183,184]  These constraints can be applied to stabilize the spatial 

orientation of key features for PPI interfaces, thereby enhancing the ability of a peptide to 
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occlude a binding surface and ultimately disrupt critical interaction surfaces for protein 

function or signaling events.  The study of alpha-helical peptide mimics has led to the 

development of diverse PPI disruptors including p53-Mdm2, BID-BCL-2, and AKAP-

PKA interactions [35,43,65,137,139]. However, β-loop/turn structures also play a 

significant role in various PPIs. Although there are many examples of constrained β-

loop/turns, including backbone-disulfide-stabilized mimetics [185], linkage of two β-

strands via a triazole bridge [170], cyclization of a linear precursor using a triazole bridge 

[186,187], and hydrocarbon-linked turns [188], design of β-loop mimics as PPI disruptors 

remains a challenge. 

One example of PPI-mediated dimerization stems from a key β-loop structure on 

the epidermal growth factor receptor (EGFR) dimerization interface (Figure 3.1) 

[48,49,53,54,82].  EGFR dimerization is an essential step for kinase domain activation.  

Once activated, EGFR initiates multiple signaling pathways to regulate various cellular 

processes including proliferation.  The dimerization of the extracellular receptor is largely 

stabilized by interactions involving the dimerization arm, a β-loop structure within 

domain II, that binds a shallow pocket on the opposing monomeric receptor surface [54].  

Further, the dimerization arm is divergent among the ErbB family since it shares only 

30%, 40%, and 60% sequence identity with ErbB2, ErbB3 and ErbB4, respectively 

(Figure 3.1b), thereby serving as a potential site for selective targeting [189,190]. 

Recent efforts have focused on developing peptide disruptors that target the 

dimerization arm interface on EGFR [57,58,60,187].  One example is a disulfide bridged 

peptide that maintains the β-loop conformation as found in the dimerization arm of the 

protein [57,60].  The disulfide bridge is a common peptide modification due to the ease 
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of cysteine incorporation into a protein or peptide sequence, yet the disulfide bond is 

inherently susceptible to reducing conditions such as those present in intracellular 

compartments and the tumor microenvironment [132,191,192].  In contrast, a 

selenylsulfide bond has a lower reduction potential, thereby making it less susceptible to 

reduction and therefore more stable than the disulfide bond [144,193-195]. 

Selenocysteine has been applied to various synthetic strategies including native chemical 

ligation [196,197] and in selenoconotoxin synthesis to stabilize complex peptide 

structures [143,145,198-200]. Since EGFR is a highly relevant target for inhibition, we 

sought to utilize selenylsulfide chemistry to generate a redox-stable dimerization arm 

mimic. 

The synthesis of selenopeptides is often accomplished using Boc-based strategies 

since piperidine used in Fmoc-synthesis promotes β-elimination of the p-methoxybenzyl-

protected selenium [144]. However, due to the harsh cleavage conditions and specialized 

equipment required for handling hydrofluoric acid that are required for Boc synthesis, we 

sought to utilize the more facile Fmoc-based approach. Although pentafluorophenyl ester 

derivatives of amino acids do not require the use of base during coupling reactions, 

current Fmoc-based strategies require the use of base during deprotection steps [144]. 

Thus, we explored different strategies so as to improve the overall yield of a 

selenocysteine-containing peptide using Fmoc chemistry.  Herein, we describe the 

synthesis, stability and toxicity of a selenylsulfide-bridged EGFR dimerization arm 

mimic. 
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3.3 Results and Discussion 

3.3.1 Peptide Design and Synthesis 

Peptides were designed using residues 270-277 (UniProtKB P00533) of the native 

hEGFR dimerization arm sequence as a template (Figure 3.1c and 3.2).  All peptide 

sequences were modified with a short polyethylene glycol linker (PEG) to increase 

solubility and a 5(6)-carboxyfluorescein label. Peptides were prepared using Fmoc-based 

solid phase peptide synthesis. Disulfide peptide controls were designed by inserting 

cysteine at the C- and N-terminus of the peptide, while the uncyclized peptide controls 

were similarly designed with alanine residues at these positions.  Since p-methoxybenzyl 

(PMB)-protected selenocysteine has a propensity to undergo β-elimination in the 

presence of piperidine and diisopropylethylamine (DIPEA) during deprotection and 

coupling, we designed the selenylsulfide peptides with selenocysteine at the N-terminus 

so as to minimize exposure of the protected selenol to additional coupling and 

deprotection steps. Selenylsulfide peptides were cleaved in a solution of trifluoroacetic 

acid (TFA) and thioanisole, using 2,2’-dithiobis(5-nitropyridine) (DTNP) to remove the 

PMB-protecting group from selenocysteine [201,202].  

Selenylsulfide peptide 1b (Figure 3.2) was first synthesized using standard 

coupling procedures. However, the synthesis resulted in a mixture of side products 

including methylated products and the dehydroalanine-containing peptide, which was 

present to a large extent. This indicates that the addition of PEG and fluorescein after 

selenocysteine coupling is sufficient to cause elimination of the PMB-protected selenol. 

However, an initial screening of disulfide 1a and selenylsulfide 1b mixture demonstrated 

that both peptides were capable of inhibiting phosphorylation in a dose-dependent 
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manner (Figure 3.2). Thus, replacement of the disulfide bond does not appear to interfere 

with the ability of the peptide to inhibit EGFR phosphorylation. Further, it appears that 

the selenylsulfide-bridged compound is stabilized in a favorable conformer for targeting 

the dimerization arm binding pocket. 

To improve peptide yield, formation of dehydroalanine was prevented by 

minimizing the use of bases such as piperidine and diisopropylethylamine during and 

after selenocysteine coupling (Figure 3.3). Oxyma Pure and diisopropylcarbodiimide 

(DIC) were used as coupling reagents as a means to circumvent addition of piperidine 

during coupling of PMB-protected selenocysteine [203]. After coupling the 

selenocysteine residue, two brief 5-minute deprotections were performed using 25% 

piperidine to remove the Fmoc group. (PEG)3 and 5(6)-carboxyfluorescein were then 

coupled using similar conditions to minimize exposure to base. Although selenopeptide 

2c was observed, the dehydroalanine product was also present to a large extent 

(approximately 1-2 times that of the selenylsulfide product).  The elimination of the 

selenol also resulted in a molar increase for the ratio of DTNP to selenocysteine during 

the cleavage step. Thus, the excess DTNP resulted in Npys-protected selenol and thiol 

side chains as illustrated in Figure 3.3. The overall yield of the synthesis was <1%.  

Since the two additional deprotections after incorporation of the selenocysteine 

contributed to elimination of the selenol group, we redesigned the peptide so that (PEG)3 

and 5(6)-carboxyfluorescein moieties were incorporated at the C-terminus of the peptides 

prior to selenocysteine coupling (Figure 3.4) so as to reduce exposure of PMB-protected 

selenocysteine to piperidine and DIEA. This was accomplished by first coupling Fmoc-

Lys(Mtt)-OH directly to the resin followed by a short (PEG)3 linker and the peptide 



69 

 

sequence preceding selenocysteine. While the N-terminus of the peptide remained Fmoc-

protected, the Mtt group of lysine was selectively removed using 1% trifluoroacetic acid 

in DCM to expose the ε-amine, and 5(6)-carboxyfluorescein was coupled to the lysine 

side chain.  To prevent reactivity of the hydroxyls present in the 5(6)-carboxyfluorescein, 

these hydroxyl groups were first protected with trityl chloride [204]. The peptide was 

then deprotected with piperidine prior to addition of the selenocysteine. To minimize 

exposure of PMB-protected selenocysteine to piperidine, the final Fmoc group was 

removed with three brief 5-minute exposures to piperidine.   

Since an excess of DTNP resulted in Npys-protected selenol and thiol side chains 

and since the DTNP may be recycled during the deprotection reaction, DTNP was 

reduced from 0.4 to 0.25 mol. equiv to deprotect the selenocysteine during cleavage 

[201]. Further, the selenol was found to readily oxidize to form the selenylsulfide bridge, 

therefore an additional oxidation reaction was unnecessary. Peptide 3c was synthesized in 

an improved overall yield that was greater than 20 times that of peptide 2c. 

3.3.2 Peptide Structure and Stability 

Next, proteolytic stability was measured. Peptides 3a-c were incubated with fresh 

mouse serum over a time course of 12 hours (Figure 3.5). Degradation was quantified as 

the change in percent composition of the degradation products.  After 12 hours, 

uncyclized peptide 3a was degraded by 70%, while disulfide 3b and selenylsulfide 3c 

were less than 15% degraded. Additionally, chromatographic peaks corresponding to 

cleavage between (PEG)3 and Ala278 at the C-terminus and between N-terminal residues 

Ala269, Tyr270 and Asn271 of the uncyclized peptide 3a were observed. In contrast, 

minimal peaks corresponding to the degradation of disulfide 3b and selenylsulfide 3c 
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peptides were observed. Interestingly, the dehydroalanine product of selenylsulfide 3c 

was observed after incubation with the serum. The significant reduction of degradation 

products at the end of the time course demonstrates that the selenylsulfide-bridge appears 

to prevent proteolytic cleavage due to incorporation of the structural constraint. 

Peptide stability was also measured in the presence of the reducing reagent 

dithiothreitol (DTT). Circular dichroism spectra were obtained over a 0-400 M 

concentration range of DTT (Figure 3.6). The uncyclized peptide 3a maintained a 

minimum at 198 nm.  However, an apparent shift in the minimum to 198 nm for 

selenylsulfide 3c was not observed until 32 equiv of DTT was added (400 M), 

demonstrating the stability of the secondary structure of the constrained peptide to this 

reducing agent over a broader concentration range. 

3.3.3 The Effect of Peptides on Cell Viability 

Although selenium is an essential trace nutrient, higher concentrations are toxic 

[205]. To measure whether the selenopeptide was toxic to cells, a variety of diverse cell 

lines were treated with unlabeled peptides 4a-c for 6 hours at three concentrations 

ranging from 1 to 10 M. Viability was measured for peptides 4a-c using an MTT assay 

(Figure 3.7). No toxicity was observed over the concentration range tested, demonstrating 

that the selenylsulfide-bridged peptide is not toxic over this concentration range. 

While the selenylsulfide peptide was not toxic after 6 hours of treatment, it may 

affect cell viability after an extended treatment period. A variety of cell lines were treated 

with peptides 4b-c or gefitinib for 5 days at concentrations ranging from 1 to 25 µM. 

Viability was recorded using the CellTiter Blue assay (Figure 3.8)
14

. Selenylsulfide 

                                                 
14

 Previously unpublished data 
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peptide 4c reduced viability by 59%, 42%, and 51% in MDA-MB-231, PC-3, and BxPC-

3 cells, respectively. However, disulfide 4b appeared to have greater activity, reducing 

viability by 71%, 59.5%, and 76% in MDA-MB-231, PC-3, and BxPC-3 cells, 

respectively. 

3.4 Conclusions 

 In conclusion, we have synthesized a selenylsulfide-bridged peptide mimicking 

the EGFR dimerization arm using Fmoc chemistry. By labeling the peptide at the C-

terminus prior to selenocysteine coupling, we were able to overcome elimination of the 

PMB-protected selenol during Fmoc-based solid phase peptide, thereby dramatically 

improving the yield of the synthesis. Although Boc-based synthesis is often used to 

prepare selenylsulfide-containing peptides to circumvent the acidic conditions of 

deprotection that cause elimination of PMB-protected selenium, Fmoc-based synthesis 

provides a more facile approach for peptide synthesis by eliminating the need for harsh 

cleavage conditions and specialized equipment for handling hydrofluoric acid [144]. 

Additionally, pentafluorophenyl esters have been used in selenopeptide synthesis to 

eliminate the use of base in coupling steps, yet these amino acids are more costly and do 

not eliminate the use of base during subsequent deprotection steps [144,145]. The 

synthetic design strategy shown in this study provides a useful alternative for efficient 

Fmoc-based synthesis of labeled selenylsulfide-bridged peptides. This peptide also 

demonstrated resistance to proteolytic degradation as well as structural stability in the 

presence of the reducing agent DTT. Thus, this redox stable bond may act as a useful tool 

for the generation of β-loop peptides to target PPIs. 
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3.5 Materials and Methods 

3.5.1 General Information 

 All resins and amino acids were purchased from Novabiochem. 2-(6-chloro-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) and 

Fmoc-11-amino-3,6,9-trioxaundecanoic acid were purchased from ChemPep. All 

solvents and chemical reagents were purchased from Sigma, Fisher, or Acros and used 

without further purification. Cell culture media and PBS was obtained from Lonza, 

trypsin EDTA from Corning, fetal bovine serum and horse serum from Fisher, and 

penicillin/streptomycin from Amresco. 

 All high-performance liquid chromatography and LC-MS were performed on an 

Agilent 1200 series HPLC coupled to an Agilent 6120 quadrupole mass spectrometer.  

Absorbance measurements were acquired using a Biotek Synergy 2 microplate reader. 

3.5.2 Cell Culture 

 Cells were cultured at 37 ºC with 5% carbon dioxide. MDA-MB-231, PC-3 and 

BxPC-3 cells were cultured in RPMI-1640 (Lonza) with 10% fetal bovine serum (Fisher) 

and penicillin/streptomycin (Amresco). HCT-116 cells were cultured in DMEM (Lonza) 

with glucose and L-glutamine, 10% fetal bovine serum, and penicillin/streptomycin. Mia 

Paca-2 cells were cultured in DMEM with glucose and L-glutamine, 10% fetal bovine 

serum, 2.5% horse serum (Fisher), and penicillin/streptomycin. 

3.5.3 General Peptide Synthesis Procedure 

 Peptides were synthesized on rink amide MBHA resin on a 25mol scale.  The 

resin was deprotected with a solution of 25% piperidine in N-methyl-pyrrolidinone 

(NMP) for 25 min and washed three times with NMP.  Fmoc-protected amino acids were 
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then coupled using 0.5 M amino acid (0.5 mL, 250 mol, 10 equiv.), 0.5 M HCTU (0.495 

mL, 247.5mol, 9.9 equiv.) and DIPEA (87 L, 0.5 mmol, 20 equiv.) in NMP for at 

least 45 min. Fmoc protecting groups were removed in a solution of 25% piperidine in 

NMP for 25 min. Peptides were labeled with 5(6)-carboxyfluorescein (19 mg, 50 mol, 2 

equiv.), HCTU (19 mg, 46 mol, 1.8 equiv.) and DIPEA (20 L, 115 mol, 4.6 equiv.) in 

DMF overnight. Peptides were cleaved in a solution of 95% TFA, 2.5% water, and 2.5% 

triisopropylsilane for 4 h. The solution was then filtered through glass wool into ice cold 

tert-butyl-methyl-ether and the precipitate was pelleted by centrifugation at 4 ºC. The 

supernatant was discarded and the pellet was dried and dissolved in methanol.  The 

peptide was the characterized by LC-MS using a Zorbax SB-C18, 5µm column. 

Purification was performed using reverse-phase HPLC with a 10-100% gradient of 

acetonitrile in water containing 0.1% TFA.  The absorbance of 5(6)-carboxyfluorescein at 

495 nm was measured using a Biotek Synergy 2 microplate reader and the quantity of 

peptide was calculated from the molar extinction coefficient of 68000 M
-1

. Uncyclized 2a 

molecular weight = 1687.0 (expected = 1687.8); disulfide 2b molecular weight = 1750.6 

(expected = 1749.9). 

3.5.4 Synthesis of Peptides 1a-b 

Peptides were synthesized on a 25 mol scale using rink amide MBHA resin. 

Deprotections were performed in 25% piperidine in NMP for 25 min. All Fmoc-protected 

amino acids were coupled using 0.5 M amino acid (0.5 mL, 250 mol, 10 equiv.), 0.5 M 

HCTU (0.495 mL, 247.5 mol, 9.9 equiv.) and DIPEA (87 L, 0.5 mmol, 20 equiv.) for 

at least 45 min. unless otherwise noted.  Fmoc-Sec(PMB)-OH and Fmoc-12-amino-

4,7,10-trioxadodecanoic acid were coupled using 0.5 M amino acid (0.2 mL, 0.1 mmol, 4 
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equiv.), 0.5 M HCTU (0.248 mL, 124 µmol, 4.96 equiv) (Peptides International), and 

DIPEA (43.5 µL, .250 µmol, 10 equiv.) for at least 1 hr. Peptides were labeled with 5(6)-

carboxyfluorescein (19 mg, 50 mol, 2 equiv.), HCTU (19 mg, 45 mol, 1.8 equiv.) and 

DIPEA (20 L, 115 mol, 4.6 equiv.) in DMF overnight. The disulfide peptide was 

cleaved in a solution of 95% TFA, 2.5 % triisopropylsilane, and 2.5% water for 4 hours.  

The selenylsulfide was cleaved in a solution of 97.5% TFA, 2.5% thioanisole, and DTNP 

(4 mg, 12.5 mol, 0.5 equiv.) for 1.5 hr. Peptides were characterized by LC-MS and 

purified using reverse-phase HPLC with a gradient of 10-100% acetonitrile in water with 

0.1% TFA.  Disulfide 1a molecular weight = 1765.4 (expected = 1763.9). Selenylsulfide 

1b products: selenylsulfide 1b molecular weight = 1806.6 (expected 1810.8), methylated, 

reduced peptide molecular weight = 1827.6 (expected = 1826.8) and methylated 

dehydroalanine peptide = 1744.6 (expected = 1744.9). 

3.5.5 Synthesis of Selenylsulfide Peptide 2c with Oxyma Pure 

 The peptide sequence was synthesized on a 25 mol scale using general coupling 

and deprotection procedures. Fmoc-Sec(PMB)-OH and Fmoc-11-amino-3,6,9-

trioxaundecanoic acid were coupled using 0.5 M amino acid (0.2 mL, 0.1 mmol, 4 equiv.) 

and 0.2 mL of a pre-activated solution of Oxyma Pure (14 mg, 0.1 mmol, 4 equiv), DIC 

(15.5 L, 0.1 mmol, 4 equiv.) in DMF for at least 2 h.  Deprotections were performed 

using two 5 min. reactions with 25% piperidine in NMP.  The peptide was labeled using a 

pre-activated solution of 5(6)-carboxyfluorescein (19 mg, 50 mol, 2 equiv.), Oxyma 

Pure (7 mg, 50 mol, 2 equiv.) and DIC (7.7 L, 50 mol, 2 equiv.) in 1 mL DMF. The 

peptide was cleaved in a solution of 97.5% TFA, 2.5% thioanisole and DTNP (3 mg, 10 
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mol, 0.4 equiv.) for 1.5 h. The peptide was collected and purified using general 

procedures. Overall yield: 0.2%. Molecular weight = 1797.6 (expected = 1796.8). 

3.5.6 Synthesis of Peptides 3a-c 

 Peptides 3a-c were synthesized on a 25 mol scale using rink amide MBHA 

resin. The resin was deprotected in 25% piperidine in NMP. Fmoc-Lys(Mtt)-OH and 

Fmoc-11-amino-3,6,9-trioxaundecanoic acid were coupled using a solution containing 

0.5 M amino acid (0.2 mL, 0.1 mmol, 4 equiv.), 0.5 M HCTU, (0.248 mL, 124 µmol, 

4.96 equiv.) and DIPEA (43.5 µL, 250 µmol, 10 equiv.) in NMP for at least 1.5 h. The 

peptide sequence preceding the final alanine, cysteine, or selenocysteine was then 

synthesized using general procedures. With the N-terminus Fmoc-protected, the Mtt-

protecting group of lysine was removed by performing multiple washes with 1% TFA in 

DCM for a total of 30 min. The peptide was then labeled overnight using a solution of 

5(6)-carboxyfluorescein (19 mg, 50 mol, 2 equiv.), HCTU (19 mg, 45 mol, 1.8 equiv.) 

and DIPEA (20 L, 115 mol, 4.6 equiv.) in DMF. The fluorescein was then tritylated 

using two overnight reactions of 12.5 mol peptide with a solution of trityl chloride (21 

mg, 75 mol, 6 equiv.) and DIEA (13 L, 75 mol, 6 equiv.) in 1.5 mL DCM. The N-

terminus was then deprotected using 25% piperidine in NMP for 25 min. Fmoc-

Sec(PMB)-OH was then coupled using 0.5 M amino acid (0.25 mL, 0.125 mmol, 5 

equiv.), 0.5 M HCTU (0.248 mL, 124 µmol, 4.96 equiv.) and DIPEA (43.5 µL, 250 

µmol, 10 equiv.) in NMP, while cysteine and alanine were coupled using standard 

procedures. Three 5 min reactions or a 25 min reaction with 25% piperidine in NMP were 

used to deprotect the final residue of the selenylsulfide or uncyclized/disulfide peptides, 

respectively. Peptides were cleaved using general procedures.  The PMB-protecting 
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group of the selenylsulfide was removed using 97.5% TFA, 2.5% thioanisole, and DTNP 

(1.9 mg, 6.25 mol, 0.25 equiv.) for 1.5 hr. The peptides were characterized, purified, 

and quantified using general procedures. Uncyclized 3a  molecular weight = 1815.0 

(expected = 1815.9). Disulfide 3b molecular weight = 1879.0 (expected = 1878.0). 

Selenylsulfide 3c overall yield: 5.1%; molecular weight = 1925.6 (expected = 1924.9). 

3.5.7 Synthesis of Peptides 4a-c 

 Unlabeled peptides 4a-c were synthesized by coupling Fmoc-11-amino-3,6,9-

trioxaundecanoic acid directly to the resin using a solution containing 0.5 M amino acid 

(0.2 mL, 0.1 mmol, 4 equiv.), 0.5 M HCTU (0.248 mL, 124 µmol, 4.96 equiv.) and 

DIPEA (43.5 µL, 250 µmol, 10 equiv.) in NMP for at least 1.5 h. The peptide sequence 

was completed using standard procedures and Fmoc-Sec(PMB)-OH was coupled and 

deprotected using the conditions above. Uncyclized and disulfide peptides were cleaved 

in 95% TFA, 2.5% water, and 2.5% triisopropylsilane for 4 h.  The selenylsulfide peptide 

was cleaved in a solution of 97.5% TFA, 2.5% thioanisole and DTNP (1.94 mg, 6.25 

mol, 0.25 equiv.) for 2.5 h. Peptides were characterized and purified according to 

general procedures.  The peptides were quantified in 6 M guanidine HCl using the molar 

extinction coefficient of Tyrosine (1280 M
-1

) and cysteine (120 M
-1

) [206]. Uncyclized 

4a overall yield: 11%; molecular weight = 1328.6 (expected = 1329.5). Disulfide 4b 

overall yield: 12%; molecular weight = 1392.6 (expected = 1391.6). Selenylsulfide 4c 

overall yield: 5.1%; molecular weight = 1439.2 (expected = 1438.5). 

3.5.8 EGFR Phosphorylation Assay with Peptides 1a-b 

MDA-MB-231 cells were seeded into 24 well plates in RPMI-1640 supplemented 

with 10% FBS and penicillin/streptomycin.  Cells were allowed to adhere and grow to 
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approximately 70% confluence then serum starved in RPMI-1640 containing 0.1% BSA 

and penicillin/streptomycin for 23.5 hours.  Cells were pretreated with peptide for 

approximately 30 min. then stimulated with 50 ng/mL EGF for 5 min.  Cells were 

immediately lysed in 1x Laemmli. Lysates were boiled 10 min. and proteins were 

separated by SDS-PAGE on an 8% gel. Western blotting was performed using PVDF 

membrane, and membranes were probed for EGFR p-Y1068 (Abcam) and -Tubulin 

(University of Iowa).  Bands were quantified using Licor Image Studio Lite. 

3.5.9 Serum Stability 

 Fresh mouse serum was collected from pooled blood obtained by terminal cardiac 

puncture from isoflurane-anesthetized C57BL/6J mice; blood collection and mouse 

husbandry procedures were approved by the University of Georgia IACUC committee. 

Peptides 3a-c were incubated at a concentration of 0.2 mM in a solution containing 50% 

mouse serum, 0.4% benzyl alcohol, and 15% DMSO in PBS, pH 7.2 at 37 ºC. Aliquots 

were drawn in triplicate at 0, 1.5, 3, 6, and 12 h and proteins were precipitated with an 

equal volume of acetonitrile containing 0.1% TFA. The precipitate was pelleted by 

centrifugation at 14,000 rpm for 5 min, and the supernatant was collected. Degradation 

was monitored at 280 nm by LC-MS using a Zorbax Eclipse XDB-C18, 5 m column, 

with a gradient of 0-100% acetonitrile in water containing 0.1% TFA and a 1.0 mL/min 

flow rate at 45 ºC. Absorbance was integrated between 9 and 10.75 min using the 

ChemStation software to determine absorbance of degradation products. The parent 

peptide peak was also integrated. The percent composition of degradation products was 

calculated relative to the combined absorbance of degradation products and parent 

peptide. The percent composition at T0 was subtracted from all values to determine the 
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increase in percent composition and is plotted over time, where error bars represent SD of 

triplicate experiments. 

3.5.10 Circular Dichroism 

 Circular dichroism spectra were obtained for peptides 3a-c with a C-terminal 

label in 10 mM sodium phosphate buffer, pH 7.0 at concentrations of approximately 10-

20 µM, using a Jasco J-710 CD Spectrometer. Peptides were treated with 16, 80, or 400 

µM DTT for 10 min prior to reading.  Blanks were obtained for each concentration of 

DTT and subtracted from the spectra. Spectra were obtained with a 0.1 cm path length 

using 100 mdeg sensitivity, 1 nm data pitch, continuous scanning mode with a speed of 

50 nm/min, 4 sec response, 2 nm bandwidth, and 3 accumulations. Savitzky-Golay 

smoothing was applied with a convolution width of 17. Mean residue ellipticity was 

calculated for the peptides using the equation [207,208]: 

[θ] = (θ * 0.1 * MRW)/P * C  

where θ is the theta machine units in mdeg, MRW is the mean residue weight (molecular 

weight of the peptide/total number of residues), P is the path length in cm, and C is the 

concentration in mg/mL. The final concentration of peptide was confirmed following the 

experiment using the Biotek Synergy 2 microplate reader. 

3.5.11 MTT Toxicity Assay 

 Cells were seeded at 10,000 cells per well in a 96 well plate in complete media 

and allowed to grow for 48 hours at 37 ºC.  The media was replaced with a 0, 1, 5 or 

10M solution of unlabeled peptide 4a-c in complete media and incubated for 6 hours.  

Following treatment, the media was replaced with 110 L media containing 0.45 mg/mL 

MTT and incubated for 2 hours at 37 ºC. The solution was removed and 100 µL DMSO 
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was added and rocked on an orbital shaker for 15 minutes protected from light.  The 

absorbance was measured at 570 nm. Percent viability was calculated relative to the 

vehicle control. The average of quadruplicates was plotted in GraphPad Prism, where 

error bars represent SEM. For each peptide, a two-way ANOVA was performed across 

all cell lines with Tukey’s multiple comparison test. 

3.5.12 Cell Viability Assay with Peptides 4b and 4c
15

 

 MDA-MB-231, PC-3, or BxPC-3 cells were seeded at 7,500 cells per well in a 96 

well plate using RPMI-1640 supplemented with 1% FBS and penicillin/streptomycin. 

After the cells adhered, the cells were treated in quadruplicate with increasing peptide or 

gefitinib concentrations, 0-25 µM, in RPMI supplemented with 0.1% FBS and 

penicillin/streptomycin. The solutions were refreshed daily for a total of five days of 

treatment. The solution was then replaced with 100 µL of serum free RPMI and 10 µL of 

CellTiter Blue reagent. The cells were incubated for 3 hours at 37°C, after which, 

fluorescence was measured using a 530 nm excitation filter with a 25 nm bandwidth and 

a 590 nm emission filter with a 35 nm bandwidth. The fluorescence of the blank 

containing media and CellTiter Blue but no cells was subtracted from the fluorescence 

values of the samples. Viability is reported as percent relative to the vehicle control, 

where error bars represent SEM. 
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FIGURE 3.1   Design of EGFR Dimerization Arm Mimics 

(a) In the active conformation, the dimerization arm (magenta) of the receptor is exposed 

and forms contacts with domain II (light teal) of the second receptor half-site.  Domain I 

is shown in orange, domain III in yellow, domain IV in purple, and EGF in black. Images 

were rendered in Pymol using PDB ID 3NJP. (b) Sequence alignment of the ErbB 

dimerization arms. Polar amino acids are shown in green, acidic in blue, basic in 

magenta, and nonpolar in red. An asterisk represents conserved residues, while a colon 

represents residues with high similarity. (c) Peptide sequences were designed from the 

native EGFR dimerization arm with cysteine or selenocysteine added to the termini for 

cyclization. Cysteine and selenocysteine were replaced with alanine in the uncyclized 

control. U = Selenocysteine; FAM = 5(6)-carboxyfluorescein; PEG = 11-amino-3,6,9-

trioxaundecanoic acid 
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FIGURE 3.2   Disruption of Phosphorylation by Dimerization Arm Mimics 

Sequences of peptides 1a and 1b are listed in the top panel (U = selenocysteine, FAM = 

5(6)-carboxyfluorescein, and PEG = 12-amino-4,7,10-trioxadodecanoic acid). Serum-

starved MDA-MB-231 cells were pretreated with peptide 1a or 1b for 30 min, then 

stimulated with 50 ng/mL EGF for 5 min.  Proteins were separated by SDS-PAGE on an 

8% gel and western blot analysis was performed.  Treatment with both the disulfide and 

selenylsulfide products resulted in a notable decrease in phosphorylated EGFR. Vertical 

lines indicate non-adjacent bands from the same membrane image. Images are 

representative of three experiments. 
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FIGURE 3.3   Synthesis of Selenylsulfide Peptide 2c 

(i) Fmoc-based solid phase peptide synthesis on rink amide MBHA resin. Deprotection: 

25% piperidine in NMP, 25 min. Coupling:  10 equiv amino acid, 9.9 equiv HCTU, 20 

equiv DIPEA in NMP, ≥45 min. (ii) Deprotection: 25% piperidine in NMP, 2 x 5 min. 

Coupling: 4 equiv amino acid, 4 equiv Oxyma Pure, 4 equiv DIC in DMF, 135-160 min. 

(iii) 2 equiv. 5(6)-carboxyfluorescein, 2 equiv. Oxyma Pure, 2 equiv. DIC in DMF, 

overnight. (iv) 97.5% TFA, 2.5% thioanisole, 0.4 equiv. DTNP, 1.5 h. FAM = 5(6)-

carboxyfluorescein, U = selenocysteine, Dha = dehydroalanine. 
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FIGURE 3.4   Synthesis of Selenylsulfide Peptide 3c 

(i) Fmoc-based solid phase peptide synthesis on rink amide MBHA resin. Deprotections: 

25% piperidine in NMP, 25 min. Couplings: 10 equiv amino acid, 9.9 equiv HCTU, 20 

equiv DIPEA in NMP, ≥45 min.  (ii) 1% TFA in DCM, 30 x 2 min. (iii) 2 equiv 5(6)-

carboxyfluorescein, 1.8 equiv HCTU, and 4.6 equiv DIPEA in DMF, overnight. (iv) 6 

equiv Trityl chloride and 6 equiv DIPEA in DCM, overnight. (v) Deprotection: 25% 

piperidine in NMP 25 min. Coupling: 5 equiv Fmoc-Sec(PMB)-OH, 4.95 equiv HCTU, 

10 equiv DIPEA in NMP, 95 min. (vi) 25% piperidine in NMP, 3 x 5 min. vii) 95% TFA, 

2.5% water, 2.5% Triisopropyl silane, 3 h. (viii) 97.5% TFA, 2.5 % thioanisole, 0.25 

equiv DTNP, 1.5 h. 
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FIGURE 3.5   The Selenylsulfide Peptide is Stable to Serum Proteases   

Peptides 2a-c were incubated in the presence of 50% mouse serum over a time course of 

12 h. Degradation was monitored by LC-MS. The 280 nm absorbance of each peptide 

and their corresponding degradation products was measured. Degradation was measured 

as compared to the initial time point.  Error bars represent SD. 
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FIGURE 3.6   The Selenylsulfide-Bridged Peptide is Resistant to Reduction by DTT  

By circular dichroism analysis, the selenylsulfide showed a notable shift in the minimum 

from 201 nm to 198 nm after the addition of 400 M DTT (32 equiv), demonstrating the 

stability of the peptide in the presence of a reducing agent. The dashed line indicates the 

minima at 0 M DTT. 
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FIGURE 3.7   Selenylsulfide 4c is Non-Toxic 

Cells were incubated with unlabeled peptide for 6 h, followed by cell viability analysis 

using an MTT assay. Percent viability relative to the untreated control is reported as the 

average of quadruplicates, where error bars represent SEM. A two-way ANOVA was 

performed for all cell lines with Tukey’s multiple comparison test. For all conditions, p > 

0.5 as compared to the untreated control. 
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FIGURE 3.8   Selenylsulfide 4c Reduces Cell Viability
16

 

Cells were incubated with peptide or gefitinib for 5 days, after which viability was 

measured using the CellTiter Blue assay. Fluorescence was recorded using 530/25 nm 

excitation, and 590/35 emission filters. Selenylsulfide 4c reduced viability by 59%, 42%, 

and 51% in MDA-MB-231, PC-3, and BxPC-3 cells, respectively. Data is plotted as 

average percent viability of quadruplicates relative to the vehicle control, where error 

bars represent SEM. 
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CHAPTER 4 

SYNTHESIS OF A 1,5-DISUBSTITUTED TRIAZOLYL-BRIDGED EGFR 

DIMERIZATION ARM MIMIC
17
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4.1 Abstract 

 Protein-protein interactions are attractive targets for the development of allosteric 

modulators of kinase activity. Features present at the interface of these interactions can 

provide templates for the development of peptide-based PPI disruptors. These features 

may be composed of a variety of secondary structures, including well-defined helices, 

strands and loops. The epidermal growth factor receptor (EGFR) dimer is an extensively 

studied example of a PPI that is stabilized by a β-loop structure called the dimerization 

arm.  Peptides mimicking the dimerization arm may disrupt the dimer interface, enabling 

the study of this interaction and its contribution to EGFR activation and signal 

transduction. These mimics can be constrained and stabilized using cyclization strategies, 

including the triazolyl-bridge. The [1,2,3]-triazolyl-bridge offers a highly stable, 

irreversible and unreactive modification that can be incorporated between amino acid 

side chains using azide-alkyne cycloaddition. The regioselectivity of the reaction depends 

on the catalyst used, with copper promoting the 1,4-substitution pattern, while ruthenium 

catalysts promote the 1,5-substitution. The differences in the structure of these two 

bridges may affect the overall conformation of the peptides, which may alter their affinity 

for the target. Thus, we sought to develop a 1,5-triazolyl-bridged analog of our previously 

reported dimerization arm mimic, EDA2, for future comparison of structure and activity.  

Testing various reaction conditions with ruthenium based catalysts, we synthesized a 1,5-

disubstituted triazolyl-bridged dimerization arm mimic, 1,5-EDA2. The structure and 

stability of this peptide were compared to 1,4-EDA2 using circular dichroism and serum 

stability assays, which demonstrated that differences between the two bridges affected the 

overall secondary structure without compromising stability. This is one of the first 
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reported examples of a 1,5-triazolyl-bridged peptide designed to mimic a β-loop that 

stabilizes a protein-protein interaction. 

4.2 Introduction 

Protein-protein interactions have significant roles in a variety of cellular 

processes, including signal transduction pathways and spatiotemporal regulation [1-4]. In 

signal transduction cascades, PPIs can serve as allosteric modulators of enzymes or 

function as scaffolds to recruit elements of a signaling cascade to a signaling event [1-4].  

Disrupting these interactions presents a promising strategy for studying the kinases 

without alterations in gene expression or the potential off-target effects of small 

molecules that target the highly conserved kinase active site [132]. Additionally, disease 

relevant PPIs represent promising targets for therapeutic development [10,11]. One 

extensively studied example of a therapeutically relevant PPI is the EGFR dimer 

[48,49,53,54,82]. EGFR, a receptor tyrosine kinase, is a well validated target for anti-

cancer therapeutic development. Receptor dimerization is primarily stabilized by a β-loop 

called the dimerization arm (Figure 4.1a) and leads to activation of the kinase domains 

[49,54].  Sequence of alignment of the EGFR dimerization arm illustrates that the turn 

residues of this loop are conserved in multiple species (Figure 4.1b), suggesting the 

importance of these residues in the interactions with the PPI interface. Secondary 

structures, such as the EGFR dimerization arm, that contribute to “hot-spot” binding in 

PPIs provide a template for the design of PPI disruptors. 

Constrained peptides are promising protein-protein interaction disruptors. 

Peptides can be designed to mimic key protein features that are critical to interactions at 

the PPI interface [42,130]. Although an unmodified peptide sequence is highly flexible in 
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aqueous solution, a chemical constraint can help to stabilize the preferred secondary 

structure and reduce the conformational flexibility of the peptide, lowering the entropic 

barrier that the peptide must overcome for binding [132].  A chemical constraint can also 

improve proteolytic stability by reducing the accessibility of the peptide backbone to 

proteases. Furthermore, some constraints as well as peptide modifications may help to 

improve cell penetration, enabling the design of peptides for intracellular targets [131].  

The triazolyl-bridge is a promising constraint that has been reported to stabilize hairpins 

and helices [41,153,155,170]. Although additional modifications may be necessary to 

improve uptake, the triazole is suitable for extracellular targets and has the advantage of 

being irreversible and hydrophilic, enhancing both stability and solubility [149]. 

While the incorporation of a 1,4-triazole is extensively reported in the literature as 

a peptide bond surrogate, a cyclization strategy or a side chain modification, there are 

fewer examples of peptides bearing a 1,5-triazolyl bridge [148,155,166-173].  Similar to 

the 1,4-triazole, the 1,5-triazole has applications in the synthesis of peptide bond 

surrogates or in peptide macrocyclization [153,209]. Cyclization may be performed off-

resin, yet this approach may result in a lower purity as oligomeric peptides may be 

formed [210]. The 1,5-triazole can also be formed on-resin, yet there are fewer examples 

of this method. A transition metal-free cyclization strategy was reported for peptides 

bearing a 1,5-triazole [151,152]. However, this strategy was reported for cyclic peptides 

bearing a head-to-tail constraint rather than side-chain-to-side-chain, which prevents 

modification of the peptide termini. In an alternative strategy, a sunflower trypsin 

inhibitor peptide was synthesized using ruthenium catalyzed azide-alkyne cycloaddition, 

resulting in formation of the triazolyl-bridge between side chains [154]. In the same 
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report, the structures of the 1,4- and 1,5-disubstituted triazolyl-bridges were compared to 

that of the disulfide bridge, demonstrating that these regioisomers affected the distance 

between peptide strands.  Due to these differences, the substitution patterns of the 

triazolyl bridge may contribute to the overall conformation of the peptide, affecting the 

affinity of the peptide for its target.  

 Previously, we developed a 1,4-triazolyl-bridged dimerization arm mimic for 

EGFR dimerization disruption, referred to here as 1,4-EDA2 [187].  As the 1,5-

disubstituted triazolyl bridge may have a different effect on the overall conformation of 

the peptide, we sought to develop a 1,5-triazolyl-bridged dimerization arm mimic for 

further evaluation. Here we describe the development of 1,5-EDA2 using on-resin 

ruthenium-catalyzed azide-alkyne cycloaddition. The structure and stability of 1,5-EDA2 

relative to 1,4-EDA2 are also discussed. 

4.3 Results and Discussion 

4.3.1 Peptide Design and Synthesis 

Using 1,4-EDA2 as a template, a peptide bearing the 1,5-disubstituted triazolyl-

bridge was developed (Figure 4.2). Azido-homoalanine was incorporated at the C-

terminus, while propargyl glycine was incorporated at the N-terminus. Peptides were 

synthesized on solid support using standard Fmoc methods. Two different 

pentamethylcyclopentadienyl ruthenium chloride catalysts were selected for the reaction: 

a bis(triphenylphosphine) substituted catalyst (Cp*RuCl(PPh3)2) and a cyclooctadiene 

substituted catalyst (Cp*RuCl(COD)). The Cp*RuCl(PPh3)2 catalyst is stable to high 

temperatures, while the cyclooctadiene is more easily displaced in the Cp*RuCl(COD) 

catalyst  [211]. Thus, each catalyst offers different advantages.  
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Ruthenium catalyzed azide-alkyne cyclization was performed using conditions 

previously described on rink amide MBHA resin, with 0.2 equiv Cp*RuCl(COD) in 

DMF in a 60°C oil bath for 5.5 hours [154]. However, cyclization was undetected using 

these conditions. To improve the yield of the cyclized peptide, we tested different 

conditions, altering catalyst, solvent and reaction time.  Preliminary experiments were 

designed to select the solvent for future experiments. Three solvents with varying polarity 

were selected: dimethylformamide (DMF), tetrahydrofuran (THF) and toluene. As the 

resin showed poor swelling capacity in toluene, DMF and THF were selected for 

additional experiments. Cyclization was performed using 0.2 equiv. Cp*RuCl(PPh3)2 in 

either DMF or THF for up to 24 hours at 60°C. A low loading resin was selected in order 

to reduce interstrand crosslinking. The reaction was performed on a 10 µmol scale in 

vented polypropylene vials. While a small amount of cyclization was observed in the first 

replicate of this synthesis, with the most cyclization observed at 24 hours, cyclization was 

not detected in subsequent syntheses. Although there was little difference in the amount 

of cyclization in DMF or THF, the swelling capacity of the resin seemed improved in 

DMF. For future experiments we sought to reduce evaporation, maintain anhydrous 

conditions, and increase catalyst concentration in order to improve cyclization. 

 As there seemed to be little difference between cyclization in the presence of 

DMF or THF, DMF was used for further testing due to improved resin swelling and 

higher boiling point. Cyclization was next tested in the presence of two different 

catalysts, Cp*RuCl(COD) and Cp*RuCl(PPh3)2. The reaction was performed on a 25 

µmol scale using 0.5 equiv. of catalyst under inert gas and anhydrous conditions for 24 

hours at 60°C. Cyclized product was detected under these conditions, with little to no 
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starting material remaining after 24 hours. The purified yield of fluorescein labelled 

peptide was less than 1%, and there seemed to be little difference between cyclization 

using Cp*RuCl(PPh3)2 and Cp*RuCl(COD). However, an impurity was observed in the 

crude product of peptide cyclized with Cp*RuCl(PPh3)2, which was difficult to separate 

from the cyclized peptide during RP-HPLC. This impurity had a mass of approximately 

14 amu less than the expected peptide mass. As reactions with Cp*RuCl(PPh3)2 did not 

appear to improve the yield of cyclized peptide, and the impurities in the crude product of 

this peptide were difficult to separate from the cyclized peptide, Cp*RuCl(COD) was 

used in future experiments. 

 Although the no starting material was detected after the 24 hour cyclization in the 

presence of Cp*RuCl(COD), the overall yield of the peptide after cyclization and 

labeling was low. To determine if the reaction time could affect the purity and yield of 

the peptide, peptide was reacted with catalyst for 6, 12 and 25 hours. There was a 

dramatic decrease in purity of the crude product following the ruthenium catalyzed 

cyclization, with a purity of approximately 65% and 16-18% for the starting material and 

cyclized product, respectively (Figure 4.3). There was little difference in the purity 

between 6 and 25 hours, with a percent purity of 16 ± 2, 17 ± 3, and 18 ± 2 at 6 hours, 12 

hours and 25 hours, respectively. These results indicate that the reaction can proceed for 

longer times without an effect on the overall purity.  However, little to no starting 

material was observed after 6 hours, indicating that all material had reacted, and the 

extended reaction times did not improve yield of the peptide.  The overall yields were 

approximately 2.0%, 1.2% and 1.1% for the 6, 12 and 25 hour reactions, respectively.  

These results demonstrate that there is no advantage to extending the reaction time, which 
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may reduce the yield. Under these conditions, the yield is fairly comparable to that of the 

previously reported synthesis using microwave synthesis [154]. Since all of the starting 

material had reacted by 6 hours, and longer reaction times appeared to reduce the yield, it 

may be necessary to terminate the reaction before 6 hours so as to improve the yield and 

purity of the peptide. 

4.3.2 Circular Dichroism 

 Circular dichroism experiments were performed to determine if the 1,5-

disubstituted triazolyl-bridge affected the overall secondary structure of the dimerization 

arm peptide. Spectra were obtained in 10 mM phosphate buffer, pH 7, for the uncyclized 

parental peptide, 1,4-EDA2 and 1,5-EDA2 (Figure 4.4). The parental peptide displayed a 

representative random coil spectrum with a minimum at approximately 198 nm. A broad 

minimum was observed at approximately 209 nm for 1,4-EDA2, with a minor minimum 

at 220 nm. The spectrum of1,5-EDA2 displayed a minimum at approximately 200 nm, 

with a shoulder at approximately 218 nm. Interestingly, the spectra of 1,5-EDA2 closely 

resembled that of the parental peptide. The variations between the spectra of 1,4-EDA2 

and 1,5-EDA2 suggest that the regiochemistry of the triazole moiety in the bridge may 

affect the overall structure of the peptide. 

4.3.3 Serum Stability of the Cyclic Peptides 

 To determine if the two bridges affect the overall stability of the peptide in the 

presence of serum proteases, serum stability experiments were performed over a 24 hour 

time course using 75% mouse serum.  Peptide was quantified using LC-MS, measuring 

absorbance at 280 nm and normalizing the absorbance of the parent peptide to that of the 

internal standard (Figure 4.5).  After 3 hours, no peaks corresponding to the mass of the 
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uncyclized peptide were observed, indicating complete degradation of the uncyclized 

control. A peak corresponding to the mass of 1,4-EDA2 and 1,5-EDA2 was observed at 

each time point, demonstrating that the bridged peptides are more resistant to degradation 

than the uncyclized peptide. The 1,5-triazolyl bridged peptide appears to be slightly more 

stable than the 1,4-triazolyl-bridged peptide, with 34% 1,5-EDA2 and 56% 1,4-EDA2 

degraded after 24 hours.  Interestingly, 1,5-EDA2 was resistant to proteolytic degradation 

despite the similarities in the circular dichroism spectra compared to the rapidly degraded 

uncyclized peptide. 

4.4 Conclusions 

 The 1,5-disubstituted triazolyl-bridged EGFR dimerization arm mimic was 

synthesized. Multiple conditions were tested for the ruthenium-catalyzed azide-alkyne 

cycloaddition. Reaction with 0.5 equiv. Cp*RuCl(COD) at 60°C for 6 hours appeared to 

be favorable conditions for formation of the 1,5-EDA2, with an overall yield 

approximately two-fold greater than 25 hour reactions. Additional testing of reaction 

conditions at different temperatures and shorter reactions times may improve the yield 

and purity. Circular dichroism spectra indicate that the secondary structural content of 

1,5-EDA2 may more closely resemble that of the uncyclized peptide than that of 1,4-

EDA2. Interestingly, despite this similarity, 1,5-EDA2 was resistant to proteolytic 

degradation, while the uncyclized peptide was rapidly degraded, suggesting that the shift 

in the minimum was a result of increased secondary structure stabilization.  Further 

analysis of the structure using NMR techniques may elucidate the effects of the two 

bridges on the overall structure and flexibility of the peptide.  Future cell-based 

experiments will determine if these differences between the bridges affect the overall 
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activity of the peptide. This is one of the first reported examples of a 1,5-triazolyl-bridged 

peptide designed to mimic a critical feature of the PPI interface. 

4.5 Materials and Methods 

4.5.1 General Information 

Resins and Fmoc-protected amino acids were purchased from Novabiochem 

unless otherwise noted. O-(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate (HCTU) and Fmoc-11-amino-3,6,9-trioxaundecanoic acid (Fmoc-

PEG3) were purchased from ChemPep. All solvents and chemical reagents were 

purchased from Sigma, Fisher, or Acros and used without further purification. Phosphate 

buffered saline (PBS) was obtained from Lonza. 

 High-performance liquid chromatography (HPLC) and  liquid chromatography-

mass spectrometry (LC-MS) were performed on an Agilent 1200 series HPLC coupled to 

an Agilent 6120 quadrupole mass spectrometer using ChemStation software version 

B.04.02 SP1.  The Biotek Synergy 2 microplate reader and the Gen5 software version 

2.00.18 were used to obtain absorbance measurements. Circular dichroism spectra were 

obtained using a JASCO J-710 CD spectrometer and the Spectra Manager software 

version 1.08.01. 

4.5.2 N-Fmoc-azidohomoalanine Synthesis 

 Fmoc-azidohomoalanine was synthesized as previously described [176]. To a 100 

mL round bottom flask containing a magnetic stir rod, sodium azide (2.340 mg, 36 mmol, 

6 equiv) was added and dissolved in water (15 mL). The flask was fitted with a septum 

and purged with argon. The solution was allowed to cool to 0°C, after which a 1 M 

solution of triflic anhydride in DCM (18 mL, 18 mmol, 3 equiv) was added dropwise to 
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the solution. The solution was stirred on ice under argon for 2 hr. Saturated sodium 

bicarbonate was added until carbon dioxide no longer evolved. The organic layer was 

then collected by separatory funnel, and the aqueous layer was washed twice with 10.6 

mL DCM.  The combined organics were then returned to a separatory funnel and 

saturated sodium bicarbonate was added to the funnel. 

 In a 500 mL round bottom flask containing a magnetic stir rod, zinc chloride (57 

mg, 0.42 mmol, 0.07 equiv), Fmoc-diaminobutyric acid (2.042 g, 6 mmol, 1 equiv) were 

dissolved in water (36 mL). Triethylamine (2.509 mL, 18 mmol, 3 equiv) was added 

dropwise followed by methanol (120 mL). The solution of triflic anhydride was added 

dropwise to the amino acid mixture. The reaction was allowed to proceed at room 

temperature while the reaction progress was monitored by TLC. After the starting 

material was consumed, approximately 2.5 hr, the organics were removed by rotary 

evaporation. A solution of 1% citric acid (60 mL) was added and the organics were 

extracted with three 60 mL portions of DCM. The combined organics were dried over 

magnesium sulfate, and solvent was removed by rotary evaporation. Fmoc-

Azidohomoalanine was purified by silica gel chromatography using 0.5-7% methanol in 

DCM. The product was confirmed by LC-MS: molecular weight = 389.1 (expected 

366.4; sodium adduct 389.4)  

4.5.3 General Peptide Synthesis 

Peptides were synthesized manually using Fmoc chemistry on solid support. 

Amino acids were coupled using a solution of 0.5 M amino acid in NMP (1 mL, 10 

equiv.), 0.5 M HCTU in NMP (990 µL, 9.9 equiv.), and 174 µL of DIPEA (20 equiv.). 

Fmoc-azidohomoalanine, Fmoc-propargyl glycine, and Fmoc-PEG3 were coupled using 
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half of these volumes. The solution was allowed to bubble for at least 45 min, and the 

resin was then washed three times with NMP to remove coupling reagents. The N-

terminal Fmoc group was removed with a solution of 25% piperidine in NMP for 25 min, 

after which the resin was washed three times with NMP. The coupling and deprotection 

cycle was repeated until the peptide sequence was complete. The peptide was left Fmoc-

protected during cyclization reactions. After completion of the peptide sequence and/or 

cyclization, the peptide was deprotected to expose the N-terminal amine. Labelled 

peptides (25 µmol) were reacted with 5(6)-carboxyfluorescein (19 mg, 50 µmol, 2 equiv), 

HCTU (19 mg, 45 µmol, 1.8 equiv) and DIPEA (20 µL, 115 µmol, 4.6 equiv) in DMF 

overnight. The resin was washed three times with DMF and dried after washing three 

times each with DCM, ether, and methanol. Peptides (25 µmol) were then cleaved in 1.5 

mL solution containing 95% TFA, 2.5% triisopropylsilane, and 2.5% water for 4 hr. The 

solution was filtered through glass wool into 3 mL ice cold tert-butyl-methyl ether and 

centrifuged at 0-4°C and 2800 rcf for 30 min. The supernatant was decanted and the 

pellet containing the crude peptide was dried by forced air. Peptides were then dissolved 

in at least 1 mL methanol and filtered through a 0.45 µm PTFE filter for characterization 

by LC-MS and purification by RP-HPLC. Labeled peptides were then quantified using 

the absorbance at 495 nm in 10 mM Tris base pH 8 and the extinction coefficient of 

68000 M
-1

. Unlabeled peptides were quantified using the absorbance at 280 nm and the 

extinction coefficient of for tyrosine of 1280 M
-1

 in 6 M guanidine HCl, 0.02 M sodium 

phosphate monobasic, pH 6.5. PEGylated parental molecular weight = 1791.0 (expected 

1791.9); uncyclized control = (expected 1569.6). 
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4.5.4 Copper-Catalyzed Azide-Alkyne Cycloaddition 

 EDA2 was synthesized according to the general peptide synthesis procedure using 

PAL-NovaPEG resin (resin loading 0.37-0.56 µmol/g). The resin was dried prior to Fmoc 

removal and 25 µmol (according to initial resin loading) was loaded into a 2 mL reaction 

vial and equilibrated with 1.5 mL 2:1 water/t-butanol. Copper (II) sulfate (55 mg) and 

sodium ascorbate (160 mg) were added and the mixture was agitated until the color of the 

solution changed to a bright orange color. The vial was placed on a rotisserie overnight, 

after which the resin was returned to a fritted column, washed three times each with 2:1 

water/t-butanol and methanol and dried. Resin (10-12 mg) was removed for cleavage in 

0.5 mL cleavage solution using standard procedures. Cyclization was confirmed by a 

shift in retention time compared to the starting material. The remaining peptide was then 

deprotected, labeled, and cleaved using standard procedures. Unlabeled 1,4-EDA2 

molecular weight = 1218.8 (expected 1219.3); 1,4-EDA2 = 1647.6 (expected = 1648.7). 

4.5.5 Solvent Effects on Ruthenium-Catalyzed Azide-Alkyne Cycloaddition (RuAAC) 

 The EDA2 sequence was synthesized according to general peptide synthesis 

procedures using Rink Amide MBHA. The resin was dried and 10 µmol resin was 

transferred into 2 mL reaction vials. The vials were purged with argon and the resin was 

equilibrated in 0.25 mL dry toluene, THF or DMF. To the resin, 4 mM Cp*RuCl(PPh3)2 

(0.5 mL, 2 µmol, 0.2 equiv) in either toluene, THF or DMF was added. The caps of the 

vials were vented with a needle, and the reaction mixture was agitated on a thermomixer 

at 60°C and 800 rpm for 6-24 hrs. Solvent was replaced as necessary due to evaporation. 

The reaction was terminated by washing three times each with methanol, 0.5% sodium 
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diethyldithiocarbamate in DMF, and DMF. The resin was dried and cleaved using 

standard procedures. LC-MS was used to detect cyclization. 

4.5.6 The Effect of Catalyst on RuAAC 

 The EDA2 peptide sequence was prepared according to general procedures on 

Rink amide AM resin (loading of 0.43 mmol/g). The dried resin containing Fmoc-

protected peptide (25 µmol) was transferred to a dry, 10 mL round bottom flask with a 

magnetic stir bar. The flask was fitted with a septum and purged with argon. Dry DMF 

(0.75 mL) was added and the resin was equilibrated. Cp*RuCl(PPh3)2 (11 mg, 14 µmol) 

or Cp*RuCl(COD) (5 mg, 13 µmol) was added to a dry teardrop flask. The flask was 

fitted with a septum and purged with argon. Dry DMF (2.5 mL) was added and the 

solution was heated to 60°C and stirred under argon. The catalyst solution (2.19 mL, 12 

µmol, 0.5 equiv.) was then added to the resin, and the solution was stirred at 60°C under 

argon for 24 hr. After 24 hours, the resin was washed three times each with methanol, 

0.5% sodium diethyldithiocarbamate in DMF, and DMF. The resin was dried and 11 mg 

of resin was removed for cleavage in 0.5 mL cleavage solution using standard 

procedures. The cleaved peptide was dissolved in methanol, and cyclization was 

confirmed by detecting a shift in retention time compared to the starting material using 

LC-MS. The remaining peptide was deprotected, labelled and cleaved using standard 

procedures. 1,5-EDA2 molecular weight = 1648.0 (expected 1648.7).  

4.5.7 Effect of Reaction Time on RuAAC 

 The EDA2 sequence was prepared as described above on Rink amide AM resin 

(loading = 0.43 mmol/g). After completion of the sequence, the resin was dried and 25 

µmol was transferred to 3 dry, 10 mL round bottom flask with a magnetic stir rod. The 
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flask was fitted with a septum and purged with argon. The resin was then swelled in 0.75 

mL of dry DMF. A solution of Cp*RuCl(COD) (16 mg, 42 µmol) in dry DMF (7.5 mL) 

was prepared, and 2.2 mL of this solution was added to the resin in each flask (12 µmol, 

0.5 equiv catalyst). The reaction mixture was stirred at 37°C under argon. After 6, 12 or 

25 hours, the catalyst was removed by washing three times each with methanol, 0.5% 

diethyldithiocarbamate in DMF, and DMF. The resin was equilibrated in NMP and the 

peptide was deprotected in 25% piperidine in NMP for 25 min. The resin was dried and 

the peptide was cleaved using standard procedures, and cyclization was confirmed by a 

shift in retention time compared to the starting material using LC-MS. Peptides were 

eluted using a gradient of 10%-100% acetonitrile in water with 0.1% TFA over 18 

minutes, a flow rate of 0.75 mL/min, and a column temperature of 35°C. Purity was 

calculated as percent peptide absorbance at 280 nm relative to the total absorbance of 

peaks eluting after 5 minutes using the auto integration function in ChemStation. 

Uncyclized EDA2 molecular weight = 1219.2 (expected 1219.3); unlabeled 1,5-EDA2 = 

1219.0 (expected 1219.3). 

4.5.8 Circular Dichroism Spectra 

 Circular Dichroism Spectra were obtained for the non-modified peptide, 1,4-

EDA2, and 1,5-EDA2. The peptides were dissolved in 10 mM sodium phosphate buffer 

pH 7.0 and filtered through a 0.45 µm PTFE filter. Spectra were collected from 190-260 

nm at 25 °C using a Jasco circular dichroism spectrometer. Response time = 4 sec, 

bandwidth = 2 nm, and scan rate = 50 nm/min. A smoothing filter was applied in to the 

spectra using the Prism’s Savitzky-Golay algorithm with a smoothing factor of 11. 
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4.5.9 Serum Stability Assay 

 Solutions containing 0.2 mM peptide, 2.5% DMSO, 0.2% benzyl alcohol and 

75% mouse serum (previously frozen) in PBS were prepared in triplicate. A 10 µL 

aliquot from each was immediately removed and quenched with 10 µL acetonitrile. The 

precipitates were pelleted by centrifugation for 5 min at 14,000 rpm. The supernatant was 

collected and analyzed by LC-MS. The remaining samples were incubated at 37°C on a 

thermomixer at 300 rpm. Aliquots were removed and quenched as described after 3, 6, 

12, and 24 hr. Peaks were integrated manually at 280 nm, and the average of three 

manual integrations were recorded for each sample. The integrations of the parent peptide 

peak were normalized to those of the internal standard. Percent parent peptide is plotted 

as the average of three replicates, where error bars represent SD. 
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FIGURE 4.1   Sequence and Structure of the EGFR Dimerization Arm 

(a) EGFR dimerizes upon ligand binding, allowing for activation of the kinases. The 

receptor dimer is shown in yellow and teal. EGF is shown in dark grey. A magnification 

of the dimerization arm (yellow cartoon) is shown bound to domain II of the activated 

receptor (inset). Structures were generated in Pymol using the PDB file 3NJP. (b) 

Sequence alignment of the dimerization arm and surrounding residues in human 

(P00533), rhesus macaque (P55255), mouse (Q01279), chicken (P13387) and fruit fly 

(P04412). The dimerization arm beta-loop residues are shown in bold. The turn residues 

of the dimerization arm are conserved between the selected species. Residues are 

highlighted as polar uncharged (purple), basic (green), acidic (red), hydrophobic (blue), 

and aromatic (yellow). 
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FIGURE 4.2   Design of Triazolyl-Bridged Dimerization Arm Mimics 

(a) Sequences of the EGFR dimerization arm peptides. Triazolyl-bridged peptides were 

based on the native dimerization arm sequence with the azide and alkyne functionalities 

incorporated at the termini. (b) Synthesis of 1,4- and 1,5-disubstituted triazolyl-bridged 

dimerization arm mimics using copper- and ruthenium-catalyzed azide-alkyne 

cycloaddition. Avogadro was used to generate and energy minimize the triazolyl bridge 

structure. The bridge is shown relative to the native dimerization arm structure to 

emphasize differences in the bridge structure. 
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FIGURE 4.3   Confirmation of Cyclization in Crude Peptide Products 

Cyclization was confirmed by a shift in the retention time of cyclized peptide relative to 

the uncyclized peptide using LC-MS. The absorbance at 280 nm is plotted over time 

(top). The relative abundance of ions of m/z = 610 is plotted over time (bottom). 

Uncyclized peptide had a retention time of approximately 9.6 min, while cyclized 1,4-

EDA2 had a retention time of 9.3 min. Cyclized 1,5-EDA2 had a greater shift in retention 

to 9.1 min. Cyclized and uncyclized peptide were coinjected to confirm the presence of 

two separate products. The duration of the ruthenium catalyzed cyclization did not appear 

to have a significant effect on the purity of the crude peptide. 
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FIGURE 4.4   Circular Dichroism Spectra of Triazolyl-Bridged Peptides 

Circular dichroism spectra were obtained for 1,4-EDA2, 1,5-EDA2 and the uncyclized 

peptide control. A minimum of 198 nm was observed for uncyclized peptide, 

representative of a disordered structure. Two minima were observed at approximately 

209 nm and 220 nm for 1,4-EDA2. A minimum was observed at approximately 200 nm 

for 1,5-EDA2.  Differences in the spectra of 1,4-EDA2 and 1,5-EDA2 suggest that the 

structure of the triazolyl-bridge may affect the overall conformation of the peptide. 
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FIGURE 4.5   Serum Stability of Triazolyl-Bridged Peptides 

The stability of the peptides towards serum proteases was determined. Peptides were 

incubated with 75% mouse serum over a time course of 24 hours. The absorbance of the 

peptide and internal standard were measured at 280 nm using LC-MS.  The absorbance 

was normalized to the internal standard. Data is plotted as the average percent parent 

peptide relative to T0, where error bars represent SD.  The mass of the uncyclized peptide 

could not be detected after 3 hours (N.D.), indicating complete degradation. After 24 

hours, 1,4-EDA2 and 1,5-EDA2 were degraded by approximately 56% and 34%, 

respectively. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary of Results 

 In summary, three chemistries were tested as cyclization strategies for the 

development of stable peptides mimicking the β-loop fold of the EGFR dimerization arm. 

The 1,4-disubstituted triazolyl bridge and the 1,5-disubstituted triazolyl bridge were 

selected as irreversible constraints with easily modified structures. The selenylsulfide was 

selected as a redox stable constraint that that could closely mimic the structure and 

chemical nature of a previously used disulfide bond [57,60]. The constrained peptides 

were synthesized on solid support using Fmoc chemistry, and the effect of the constraints 

on peptide conformation and stability were evaluated. Comparison of the three 

constraints revealed variations in peptide conformation, stability and ease of synthesis 

(Table 5.1). 

 Each of the constrained peptides differed in overall conformation as indicated by 

variations in the circular dichroism spectra. While 1,4-EDA2 showed the greatest 

difference compared to the unconstrained peptide, 1,5-EDA2 and the selenylsulfide-

bridged peptide showed similarities, with minima of 200 nm and 201 nm, respectively. 

All minima were shifted compared to the unconstrained minima of 198 nm, indicating an 

increase in secondary structure content. Thus, these results demonstrate that the chemical 

constraints alter the overall conformation of the cyclic peptides. Although, circular 

dichroism provides information on the overall conformation of the peptides, it does not 
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provide complete structural information. Future studies using nuclear magnetic resonance 

spectroscopy or x-ray crystallography may provide detailed information on the geometry 

of the peptide bonds, helping to elucidate the structure of the peptides.  

 Although the chemical constraints differed in effect on the overall conformation 

of the peptides, all cyclic peptides exhibited increased resistance to proteolytic 

degradation. It is also interesting to note that despite similarities in the circular dichroism 

spectra, the unconstrained peptide was significantly less stable to proteolysis than 1,5-

EDA2 and the selenylsulfide-bridged peptide. However, in contrast to the triazolyl 

bridge, the selenylsulfide bridge was susceptible to degradation by elimination of the 

selenol. Thus, the triazolyl bridge provides a more stable chemical constraint compared to 

the selenylsulfide bridge. 

 In addition to variations in the effect of the constraints on conformation and 

stability, differences in the ease of synthesis of the constrained peptides were noted. 1,4-

EDA2 was easily synthesized on solid support using copper-catalyzed azide-alkyne 

cycloaddition.  However, selection of a resin with suitable swelling properties in water is 

necessary. In contrast to 1,4-EDA2, synthesis of 1,5-EDA2 required optimization. While 

the formation of the 1,4-triazole was accomplished in an aqueous environment, formation 

of the 1,5-triazole was performed under anhydrous conditions and inert gas. Additionally, 

the concentration of the catalyst used in ruthenium-catalyzed azide-alkyne cycloaddition 

may affect the overall yield and purity of 1,5-EDA2. Furthermore, the yield and purity 

1,5-EDA2 may also be affected by temperature and reaction time. Although formation of 

1,5-EDA2 was accomplished on resin using 0.5 equiv. Cp*RuCl(COD) at 60°C for 6 
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hours, further optimization of the reaction conditions may be necessary to achieve overall 

yields greater than 2%. 

 In contrast to the triazolyl-bridged peptides, the major obstacle in the synthesis of 

the selenylsulfide bridged peptide was the incorporation of selenocysteine to form the 

bridge. The alkyne and azide that form the triazole are relatively unreactive to conditions 

used for Fmoc-based solid phase peptide synthesis. However, the p-methoxybenzyl-

protected selenocysteine is susceptible to beta-elimination in the presence of base, 

resulting in formation of dehydroalanine. This side reaction presents limitations using 

Fmoc chemistry, as base is required for deprotection. Peptide synthesis using acid labile 

Boc chemistry is more suitable for the preparation of selenopeptides, yet this approach 

requires specialized equipment and harsh hydrofluoric acid for cleavage. Here, we show 

that synthesis of selenopeptides using Fmoc chemistry can be accomplished by 

incorporating the selenocysteine at the N-terminus, minimizing repeated exposure to 

basic deprotection conditions. This strategy presents limitations for peptide labeling, as 

incorporation of the label at the N-terminus results in exposure of the selenocysteine to 

base during deprotection. However, the C-terminal labeling procedure used for the 

synthesis of the selenylsulfide-bridged dimerization arm mimics circumvents this issue 

by enabling incorporation of the label prior to selenocysteine coupling. 

 Based upon these observations, the selenylsulfide bridge appears to be more 

limited in its applications due to potential side reactions of the selenol, yet the triazolyl 

bridge appears to be more versatile. Using Fmoc-based methods, the amino acids forming 

the triazolyl bridge can be incorporated at either terminus of the peptide, while the 

selenocysteine forming the selenylsulfide bridge may be more suited for the N-terminus 
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to minimize potential side reactions during synthesis. Additionally, the triazolyl bridges 

appeared to be fairly stable during serum stability assays, while elimination of the selenol 

was observed for the selenylsulfide-bridged peptide. However, all peptide backbones 

exhibited increased resistance to proteolysis. Although the overall yield of 1,5-EDA2 was 

relatively low, the circular dichroism spectrum was comparable to that of the 

selenylsulfide-bridged peptide, suggesting that the 1,5-triazole may provide a more stable 

alternative to the selenylsulfide while maintaining similar effects on peptide 

conformation. As an additional observation, the selenylsulfide-bridged peptides were less 

soluble than the triazolyl-bridged peptides, requiring incorporation of a short 

polyethylene glycol linker to improve solubility. Thus, using the two triazole constraints, 

enhanced stability, aqueous solubility, and multiple peptide conformations can be 

achieved. 

 Although it was not within the scope of this research to compare the binding 

affinities or inhibitory activities of each constrained peptide, 1,4-EDA2 was tested to 

evaluate the potential of the constrained β-loop mimics as PPI disruptors. Cell-based 

assays demonstrated that 1,4-EDA2 disrupts EGFR dimerization and phosphorylation in 

cells. Furthermore, 1,4-EDA2 reduced cell viability in a panel of EGFR overexpressing 

cell-lines. Treatment of cells with the selenylsulfide-bridged peptide also resulted in a 

modest reduction in viability. Notably, this activity was observed without optimization of 

the peptide sequence, demonstrating significant potential for this strategy in the 

development of optimized peptides targeting EGFR dimerization. Thus, these results 

suggest that constrained peptides mimicking β-loop features of the protein interface may 

be effective PPI disruptors with therapeutic potential. 
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5.2 Future Directions 

The development of constrained peptides mimicking the EGFR dimerization arm 

and the demonstration of their potential as PPI disruptors serves as a foundation for future 

studies.  Results indicate that the constraints alter the overall conformation of the 

peptides, yet the specific effects that the constraints have on the peptide structure are not 

well defined by circular dichroism. Additional structural information can be obtained 

using techniques such as nuclear magnetic resonance (NMR) spectroscopy or X-ray 

crystallography. Two dimensional homonuclear NMR spectroscopy techniques such as 

nuclear Overhauser effect spectroscopy (NOESY) or rotating frame Overhauser effect 

spectroscopy (ROESY) can be used to study the distances between backbone hydrogens. 

These techniques have previously been used to evaluate the structure of β-hairpins and 

may help to reveal the effects that the constraints may have on the backbone 

conformation of the dimerization arm peptides [212,213]. As variations in the constraints 

used to cyclize the peptides may affect the overall conformation of the peptide, the 

alterations in the constraints could ultimately affect binding affinity. Thus, in 

combination with structure elucidation, the results of binding studies such as co-

immunoprecipitation, fluorescence anisotropy or surface plasmon resonance may help to 

reveal the effect of each constraint and conformation on affinity. This information can 

then be applied to predict the optimal conformation for binding and aid in optimization of 

the crosslink.  Additional chemistries are available for peptide cyclization, including the 

all-hydrocarbon staple. Like the triazolyl-bridge, the length of the all-hydrocarbon staple 

can be varied by incorporating alkenyl amino acids that differ in the number of methylene 

units within the side chain. In contrast to the triazolyl-bridge, the all-hydrocarbon staple 
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introduces a large hydrophobic patch within the peptide, which may expand hydrophobic 

interactions with the dimerization arm binding surface.  

Additional sequence optimization may also enhance the binding affinity of the 

peptide for EGFR. For example, substitution of Met277 with a branched aliphatic amino 

acid such as leucine may increase binding interactions with a nearby hydrophobic patch 

(Figure 5.1a). Alternatively, Met277 could be substituted with glutamic acid or glutamine 

to take advantage of potential hydrogen bonding interactions with His304 or Ser306 

(Figure 5.1b). Since Met268 appears to have interactions with the binding interface, 

methionine could be added at the N-terminus of the peptide to mimic these interactions, 

or a glutamic acid or glutamine could be added to the N-terminus for interactions with 

His304 (Figure 5.1c). Computational methods would greatly aid in the prediction of 

favorable mutations in the peptide sequence for optimization of binding.  

As the EGFR dimerization arm contributes interactions with other members of the 

ErbB family in the heterodimer, binding studies may also reveal the selectivity of the 

peptides for individual ErbB members. Since overexpression of members of the ErbB 

family contributes to resistance against EGFR targeted therapies, the ability of the 

dimerization arm mimics to bind to multiple ErbB receptors may be advantageous in 

therapeutic development. Alternatively, increasing the selectivity of the peptides for 

specific ErbB members could provide useful molecular probes in chemical biology. Since 

1,4-EDA2 demonstrated the ability to disrupt EGFR dimerization, phosphorylation and 

cell viability, additional optimization of the peptide sequence may be performed to 

potentially increase selectivity for specific ErbB members. By targeting specific ErbB 

members, the role of the homo- or heterodimer can be studied without alteration of gene 
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expression. This strategy could be useful in cell lines expressing multiple members of the 

ErbB family, including those with ErbB2 and ErbB3 overexpression as a resistance 

mechanism to EGFR inhibitors. Disrupting the dimer interactions of a particular member 

could reveal the contributions of a particular member to downstream signaling. Thus, 

upon optimization, the dimerization arm mimics may serve as molecular probes of ErbB 

dimerization mechanisms to assess their role in signaling pathways. 

The synthetic approaches used to develop the cyclic EGFR dimerization arm 

mimics have broader applications in the disruption of additional β-loop mediated PPIs. 

While many studies have focused on the development of helix mimics, relatively fewer 

have examined constrained peptides as disruptors of β-loop mediated interactions. The 

constraints used here to stabilize the EGFR dimerization arm mimics may be applied to 

novel β-loops targeting specific PPIs that contribute to cell signaling and disease. For 

example, the CD4-gp120 interaction of HIV-1 is mediated by a β-loop interaction and is 

considered a potential target for anti-HIV therapies (Figure 5.2) [132,183]. The CD4-

gp120 interaction is reported to be involved in viral entry into the host cell, promoting 

conformation changes in gp120 that enable binding to chemokine receptors [214]. 

Current methods targeting this interaction include the development of a scorpion toxin 

miniprotein mimicking the CD4 loop, small molecule CD4 mimics, and a short peptide 

segment mimicking the turn of the CD4 loop [215-219]. Generating a constrained peptide 

mimicking the entire CD4 loop enables the peptide to target a larger surface area than 

small molecules, while reducing the size compared to the miniprotein, and maintaining 

stability through cyclization. Triazolyl-bridged peptides mimicking the CD4 loop may be 

able to disrupt this interaction and prevent viral entry. In addition to proteins involved in 
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viral infections, growth factor receptors are promising targets in chemical biology and 

drug discovery. Although many growth factor receptor dimers are stabilized through 

interactions of their ligands, crystal structures reveal that many have β-strand or loop 

interactions at the dimer interface, including fibroblast growth factor receptor (FGFR) 

[220], vascular endothelial growth factor receptor (VEGFR) [75], stem cell growth factor 

receptor kit (Kit) [68], and tyrosine kinase receptor A (TrkA) [74] (Figure 5.3). Allosteric 

modulators binding the extracellular domains of receptor tyrosine kinases have been 

reported to disrupt signaling without targeting ligand binding [221]. Thus, it may be 

possible for peptides that target the interface of these receptors to perturb the dimeric 

structure and alter kinase activity without complete ligand-receptor or dimer disruption.  

Overall, the three chemistries tested here are promising cyclization strategies for 

the stabilization of peptides mimicking the EGFR dimerization arm. They demonstrated 

promise as disruptors of EGFR dimerization, and with further optimization they may 

have therapeutic potential. This is a significant step in the development of peptides 

targeting β-loop interactions as this approach may be applied to numerous PPIs mediated 

by β-loops, providing novel molecular probes and potential therapeutic peptides for a 

variety of cellular processes and disease states. 
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TABLE 5.1   Summary of Constraint Synthesis, Stability and Conformation 

  Unconstrained 1,4-Triazole 1,5-Triazole Selenylsulfide 

Synthesis  Facile synthesis 

 High yield 

 Facile synthesis 

 Requires water 

compatible resin 

 Potential sensitivity 

to moisture and air 

 Low yield 

  

 Selenocysteine is 

sensitive to base 

 Position of 

selenocysteine is 

limited to the N-

terminus 

Constraint 

Stability 

 N/A  Stable  Stable  Susceptible to 

elimination of the 

selenol 

Proteolytic 

Stability 

 Rapidly degraded  Resistant  Resistant  Resistant 

Conformation  Representative 

random coil spectrum 

with a minimum of 

198 nm 

 Unique spectrum 

with a broad 

minimum of at 209 

nm and a second 

minimum at 220 nm 

  

 Spectrum similar to 

unconstrained 

peptide with a 

minimum of 200 

nm 

  

 Spectrum similar to 

unconstrained peptide 

with a minimum of 

201 nm 
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FIGURE 5.1   Selected Dimerization Arm Interactions for Optimization 

Structures of the EGFR dimerization arm (green) are shown bound to EGFR. (a) Met277 

(black) could be mutated to take advantage of the hydrophobic patch. (b) His304 and 

Ser306 are available for hydrogen bonding interactions. Mutation of Met277 (black) to a 

glutamic acid may take advantage of these interactions. (c) Met268 (black) could be 

mutated to glutamic acid for potential interactions with His204. Structures were 

generated in Pymol (PDB: 3NJP). 
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FIGURE 5.2   Structure of the CD4-gp120 Interaction 

Binding of human CD4 (orange) to HIV gp120 (teal). (a) The first two domains of CD4 

are shown bound to gp120. (b) The loop region of CD4 contributing a majority of the 

binding interactions is shown bound to gp120. A constrained peptide mimicking the β-

loop fold of this structure may have potential as a disruptor of the CD4-gp120 interaction 

that contributes to HIV entry into host cells. Structures were generated in Pymol (PDB: 

5CAY).  
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FIGURE 5.3   Oligomeric Protein Structures Showing High β-Strand Content 

Structures of dimeric receptors (blue and magenta) with high β-strand content are shown 

in complex with growth factors (green). (a) SCF bound to the c-Kit dimer (PDB: 2E9W). 

(b) NGF bound to domain V of the TrkA dimer (PDB: 1WWW). (c) FGF bound to 

domains II and III of the FGFR1 dimer (PDB: 1FQ9). 
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