
 

 

PIPTIDES: A NEW PEPTIDOMIMETIC DESIGN FOR BIOMOLECULAR 

INTERACTIONS 

 

A Dissertation 

by 

MARITESS NOELLE VICTORIA ARANCILLO 

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY 

 

Chair of Committee,  Kevin Burgess 

Members, David Barondeau 

 Coran Watanabe 

 Thomas R. Ioerger 

Head of Department, Simon North 

 

May 2021 

Major Subject: Chemistry 

Copyright 2021 Maritess Noelle Victoria Arancillo



 

ii 

 

 ABSTRACT 

 

Small molecule probe development is pivotal in biomolecular science. 

Peptidomimetics are generally interesting if they resemble peptides or protein-fragments 

and display biological activities. To achieve this, it is desirable that they have parameters 

such as conformational rigidity (relative to analogs peptides of a similar length), 

proteolytic stability, and the ability to display natural pharmacophores, i.e. amino acid 

side-chains. They must also be easily prepared on a solid phase.  

This dissertation presents a new peptidomimetic design that we call piptides. 

Advantages of the design include efficient and accessible synthesis of oligomers featuring 

most natural amino acid side-chains, atom spacings that correspond to peptide main-

chains, and enhanced rigidity relative to α-peptides, β-peptides and peptoids.  

Solution-phase syntheses of the monomers and solid-phase routes to piptides were 

developed. Its physiochemical properties, which includes predicted physiological 

parameters, pH and proteolytic stabilities, CD, and NMR were also elucidated.  

Illustrative application of piptides against protein-protein interaction (PPI) targets, 

specifically EGF•EGFR and uPA•uPAR, were explored. The Exploring Key Orientations, 

EKO, strategy was used to evaluate piptide candidates for this. Compounds were found to 

have low micromolar values for IC50 and Kd for both studied PPI targets.  
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1. INTRODUCTION  

 

Small molecule probes that perturb biomacromolecular function are useful in 

medicinal science.1-3 High throughput screening can be used to obtain such probes, but 

these strategies are not always fruitful, justifiable, or affordable.4-5 Screening becomes 

more efficient if it features chemotypes that can be quickly, reliably, and inexpensively 

assembled into diverse libraries using combinatorial methods.6 Such strategies are 

optimally useful if they can be performed by researchers possessing only basic synthetic 

skills. Further streamlining may be achieved using “privileged chemotypes” that have a 

bias to positively interact with the target biomacromolecules.7 

 

 Peptides 

Peptides are privileged chemotypes because they interact with biomolecules using 

native pharmacophores (Figure 1-1a). Cyclization8-9 and N-methylation10-12 strategies can 

make them even better probes by rendering them more rigid, proteolytically stable, and 

cell permeable,10, 13-14 but these modifications require more synthetic expertise.  

Useful peptidomimetics, aside from being proteolytically stable should be easily 

accessible with all the side-chains corresponding to the natural α-amino acids, i.e. not just 

the ones that are easy to make. The atom correspondence to the oligoamide backbone of 

peptides, or periodicity, should be somewhat similar, and, ideally, the mimic should have 

more rigidity than α-peptides to reduce the entropic cost of binding protein it targets. 
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 Peptoids 

Two of the most common peptidomimetics today are peptoids and β-peptides. 

Peptoids were first developed by Zuckerman and co-workers (Figure 1-1b).15 Side-chains 

in peptoids are connected to the main-chain nitrogen atoms instead of the C. This 

removes all the secondary amide hydrogens, hence the secondary structure motifs of 

peptides and peptoids must be different. Peptoids lack main-chain hydrogen bonding 

donors, and they are not easily denatured by solvent, temperature, and other agents. They 

also resist proteolysis and tend to be more cell permeable than peptides. Peptoids can be 

made easily using the submonomer method,16 which introduces the side chains via primary 

amines; this is an attribute because a diversity of amines are available.17 

Despite their indisputable popularity, there are problems using peptoids. However, 

they tend to be more flexible than peptides, which must lose more entropy to interact with 

a target, hence rarely bind with dissociation constants <1 M.18-21 Analogs with enhanced 

rigidity are known (e.g. cyclic22-26 and ones with α-chiral centers27) but making them 

requires well-developed synthetic skills. Moreover, population of both cis and trans 

conformers of tertiary amide bonds, of which there are often many, complicate peptoid 

NMR spectra.  

 

 β-Peptides 

β-Peptides, first studied by Seebach28 and Gellman,29 are oligomers of β-amino 

acids (Figure 1-1c). There are two main types of β-peptides: β2-peptides that have the “side 

chain” next to the carbonyl group, and β3-peptides with “side chains” next to the amine 
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group. Both types, like peptoids, are resistant to proteolysis, and synthetically accessible. 

Some β-peptides can form secondary structures due to the gauche conformation favored 

between the α- and β-carbons, e.g. stable helices in solution featuring hydrogen bonding 

in a favorable ring size. Disadvantages of these peptidomimetics involve harder synthesis, 

due to the various possible “side-chains” that could be bonded to the β-carbon and 

retaining chirality, and they tend to be more flexible than -peptides. An exception is 

systems comprised of ,-amino acids (eg cyclic systems), but these cannot be readily 

functionalized with the full complement of side chains corresponding to genetically 

encoded amino acids.30-31 

Despite the limitations of peptoids and -peptides, they are still widely used today, 

20 years after conception. Nevertheless, we hypothesize, better designs with 

complementary properties can be developed for systems featuring piperazine-type amino 

acids, which will be referred to as piptides here (Figure 1-1d). 

 

 

 
Figure 1-1. Comparison of a peptides, b peptoids, c -peptides, and d piptides. Reprinted 

with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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Figure 1-1. Continued. 

 

 

 Exploring Key Orientations 

One compelling reason for our group to develop piptides is that they may be used 

as chemotypes in our method Exploring Key Orientations (EKO) to design molecules to 

perturb protein-protein interactions (PPIs).32 EKO involves: (i) molecular dynamics on the 

scaffold with three methyl side chains (three amino acid side chains are sufficient to 

perturb PPIs33) to establish a large number of accessible conformations; (ii) expression of 



 

5 

 

the results as a database of side-chain orientations based on Cα-Cβ vectors; (iii) formation 

of a similar database of side-chain orientations for one or more PPIs; and, (iv) data mining 

to determine if a conformer of the small molecule can present side-chains in an orientation 

that resembles three residues on a protein in a PPI. A hit, which implicates a conformation 

with highly superimposable orientations of side-chains with the target protein, indicates a 

candidate to perturb the PPI. 

A related strategy that will also be used is called Exploring Key Orientations on 

Secondary-structures (EKOS).34 It uses the same approach but with a database of side-

chain orientations in ideal secondary structures rather than in PPIs. It is important to 

understand that the EKO strategy is performed using a scaffold with three methyl side-

chains, which is a representative and may overlay on Cα-Cβ vectors of any protein side-

chain (except Gly), and an orientation enforced by the protein-binding partner in a PPI. 

Overall, this dissertation describes the synthesis and development of piptides. 

General syntheses of pip acid monomers, piptides and analogues, and elucidation of their 

physiochemical properties are discussed in Chapter 2 and 3, respectively. The ability of 

piptides to disrupt protein-protein interactions in experiments guided by the EKO process 

developed in these laboratories were then discussed in Chapters 4 (EGF•EGFR) and 5 

(uPA•uPAR). 
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2. SYNTHESES OF PIPTIDES* 

 

 Pip acid 

Piptides can be constructed from fragments 2, pip acids (Figure 2-1). Prior to our 

work there were only two synthetic strategies to a small number of pip acids, and both 

rendered only racemic material.35-36 

 

 

 
Figure 2-1. Pip acid general structure 2. Reprinted with permission from ref 112. 

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

Tri(4-nitrobenzene sulfonate) {tri-nosyl or tri-4Ns} 3 had been reacted with 

primary arylamines under microwave conditions to give N-aryl,N-4Ns-piperazines.37 

Compounds 3 could be converted into a variety of N-4Ns-pip acid esters 4, then selectively 

deprotected to their C-free N-protected forms 5 (and, under other conditions, to C-

protected N-free analog 6, vide infra; Scheme 2-1). These N-protected pip acids tend to be 

 

*Reprinted with permission from “Piptides: New, Easily Accessible Chemotypes For Interactions With 

Biomolecules” by Maritess Arancillo, Jaru Taechalertpaisarn, Xiaowen Liang, and Kevin Burgess, 2020. 

Angew. Chem., Int. Ed., DOI: 10.1002/anie.202015203, Copyright 2020 by Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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solids. They can be made from amino acid building blocks with protected-functionalized 

side chains, i.e. exactly the ones commonly used in the FMOC approach to peptides,38-39 

and appropriate for solid-phase syntheses on trifluoroacetic acid (TFA)-sensitive resins. 

This is important because incorporation of functionalized side chains into peptidomimetic 

chemotypes can be time-consuming and experimentally tedious.  

 

 

 
Scheme 2-1. Generalized syntheses of pip acids. Lower case one-letter codes are used to 

delineate amino acid side chains (R) and relate them to the closest amino acid; primed 

letters indicate protected side chains (e.g. d’ for the –CH2CO2
tBu of Asp and k’ for the –

(CH2)4NHBoc of Lys). Reprinted with permission from ref 112. Copyright 2020 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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 Solution phase syntheses 

Denosylation of Phe- and Thr(OtBu)-derived pip acids L-4f and L-4t’, 

respectively, gave the piperazines 6 used to initiate trial solution phase syntheses. Several 

denosylation methods were investigated, and the conditions shown in Scheme 2-2 were 

the best found.  

(2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

(HBTU)40-42 was used to activate the C-free N-protected units 5 to give the C,N-

diprotected dipiptides 7 then tripiptides 8 (Scheme 2-2a). Scheme 2-2b illustrates how 

piptides with repeating sequences can be made by dividing intermediates like 8, selective 

deprotection of either terminus, then recombination. 

 

 Solid-phase syntheses 

Solid-phase piptide syntheses may be guided by the following concepts. The 

protection strategy is similar to common peptide syntheses because side chain-protected 

amino acids appropriate for FMOC-peptide syntheses38 are used to make the 

functionalized N-protected pip acid derivatives 5. In that case, use of resins functionalized 

with TFA-sensitive handles allows successive couplings of side chain-protected pip acids 

with retention of their masking groups. Finally, cleavage of the target piptide with 

simultaneous side chain deprotection, could be achieved via treatment with scavenger 

cocktails containing TFA. Uncoupled, supported, piptide N-termini are better stained 

using the chloranil test43 than via ninhydrin,44-45 just as for peptides syntheses where Pro 
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is the N-terminal residue. Thus, visual chloranil tests indicate situations in which two or 

more coupling cycles are necessary to drive the reactions to completion. Denosylation of 

supported piptides (cf for supported peptides46), and the coupling reactions used to form 

them, may optionally be accelerated using microwave reactors (Scheme 2-3). Scheme 2-

3 also illustrates how hybrids of piptides, and peptides can be produced easily by coupling 

-amino acids to piptide N-termini, as in the synthesis of compounds 10 shown.  

 

 

 
Scheme 2-2. a Linear, and b divergent-convergent solution phase syntheses of piptides. 

Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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Scheme 2-2. Continued. 

 

 

Isolated yields are indicated in Scheme 2-3, but these parameters are notoriously 

variable in solid-phase syntheses due to the small amounts of material cleaved from the 

support, losses in prep-HPLC purification, and because all yields based on support loading 

are hard to measure accurately. Analytical HPLC UV/ELSD analyses of crude materials 

from illustrative solid-phase syntheses are given in the Appendix; these data show that the 

purity of piptides cleaved from the resin is high. Moreover, solid-phase syntheses of 

piptides are not restricted to two or three repeat residues; Appendix Scheme A-1 shows 

preparation of a 9-mer piptide. 
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Scheme 2-3. Illustrative solid-phase synthesis of piptides on TentaGel S-RAM resin (blue 

spheres). Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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3. PHYSIOCHEMICAL PROPERTIES OF PIPTIDES* 

 

 Predicted Physiochemical Data 

Table 3-1 shows predicted physiochemical data (QikProp)47-48 for a structure LLL-

10aaa (with all methyl side-chains). Physiochemical characteristics of piptides vary 

widely with their side-chain functionalities as expected, but LLL-10aaa represents the 

core framework, and this is relevant to application outlined below. That structure has a 

relatively low molecular mass and no rule-of-five violations. One of the attributes of amine 

pharmaceutical-candidates is that their equilibration between ammonium and free-base 

forms is conducive to cell permeation; similar equilibration might be expected for 10. 

Moreover, there is also potential to optimize for cell permeability by varying the 

ammonium N-terminus.  

 

 

Table 3-1. Predicted physiochemical properties of LLL-10aaa and its protonated form 

[LLL-10aaa]3+ calculated using QikProp. Reprinted with permission from ref 112. 

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

parameter neutral protonated ideal for cell permeability 

MW 368.5 371.5 <500 

log Po/w -3.8 -3.8 <5 

rule-of-five violations none none 
<5 HB donors; 

<10 HB acceptors 

PSA (Å) 138.2 132.4 7-200 

P Caco-2 (nm/s) 0.3 0.5 25-500 

 

*Reprinted with permission from “Piptides: New, Easily Accessible Chemotypes For Interactions With 

Biomolecules” by Maritess Arancillo, Jaru Taechalertpaisarn, Xiaowen Liang, and Kevin Burgess, 2020. 

Angew. Chem., Int. Ed., DOI: 10.1002/anie.202015203, Copyright 2020 by Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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 Protease and pH stability 

Two experiments were performed to assess relative stabilities of piptides and 

peptides towards hydrolysis. To test enzymatic proteolysis, piptide LLL-10fff and the 

closely related peptide LLL-11fff (Figure 3-1a) were incubated at 37 °C in pH 7.4 PBS 

with Pronase® (a protease mixture used in proteomic studies).49 The peptide degraded 

rapidly under these conditions (t1/2 ~ 2 h), whereas the piptide showed no significant 

decomposition after 24 h (Figure 3-1b). To test for pH-mediated hydrolysis, the same 

piptide was maintained in aqueous media under acidic, basic, and neutral conditions; it 

showed essentially no decomposition at low pH but around 30 % decomposition was 

observed at pH 10 (Figure 3-1c). 

Short piptide-containing sequences such as 10 would not be expected to fold into any 

preferred conformation in solution. Indeed, circular dichroism spectra collected for LLL-

10ysl in methanol showed only very weak molar ellipticities, i.e. its CD spectrum was 

essentially flat (Appendix Figure A-1). 
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Figure 3-1. Hydrolytic stability of piptides. a Piptide 10fff and peptide 11fff. b Pronase®-

mediated decomposition. c pH-dependent decomposition of 10fff (HCl, PBS, and NaOH). 

Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

 

Exploring Key Orientations on Secondary structures (EKOS)34 was used to 

evaluate biases of preferred conformations of 10aaa. In EKOS, conformations of the 
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mimic are simulated, preferred ones (within 3 kcal/mol of the lowest energy conformation 

identified) are systematically overlaid on ideal secondary structures according to their 

three Cα – Cβ vectors, and the fit of the superimpositions are evaluated in terms of the 

root mean square deviations (RMSDs) of the six Cα and Cβ coordinates involved. We 

have shown,34, 50-51 superior secondary structure mimics overlay with RMSD values <0.5 

Å. Figure 3-2 shows 10aaa is an excellent mimic of strand-turn-strand, and parallel and 

antiparallel b-sheets. A Ramachandran plot (Appendix Figure A-2) shows preferred 

conformers of 10aaa are concentrated in a narrow range of -bond angles, indicative of 

conformational rigidity. 

 

 

 
Figure 3-2. RMSD (Å) of the overlays of 10aaa on each of the ideal secondary structures, 

organized a by stereochemistry or b by decreasing RMSD. No hits were observed for β-

strands and γ-turns (regular or inverse), throughout. c Overlay of DDD-10aaa (gold) on a 

parallel β-sheet (blue), RMSD 0.34 Å. Reprinted with permission from ref 112. Copyright 

2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 3-2. Continued. 
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4. PERTURBATION OF THE INTERACTION OF EGF WITH ITS RECEPTOR* 

 

 Introduction 

Epidermal growth factor receptor (EGFR) is overexpressed at varying levels in 

most types of cancer cells.52-55 High surface densities of EGFR favor dimerization, making 

cells overexpressing EGFR abnormally sensitive to stimulation by their complementary 

endogenous protein growth hormones (EGF and TGF), hence promoting unconstrained 

cell growth.56 For instance, secretion of TGF is associated with various cancer types 

including breast, lung,57 kidney, melanoma, liver,58 and glioblastomas.56 In general, there 

seems to be a causal link between increased EGF or TGF expression and tumor 

development.59 Conversely, blockade of EGFR suppresses tumor cell growth in vitro and 

in vivo.  

EGFR antagonists used for cancer chemotherapy can be divided into “biologicals” 

(typically antibodies, e.g. cetuximab, panitumumab, and trastuzumab) that perturb 

ligand•EGFR interactions,57, 60-64 and kinase inhibitors (e.g. gefitinib, erlotinib, lapatinib) 

that suppress signaling from the receptors.61-62, 65-66 However, small molecule inhibitors of 

the EGF kinase domain are not ideal probes for EGFR-mediated signaling because they 

tend to inhibit other kinases. Furthermore, in the clinic, EGFR kinase inhibitors (and even 

humanized mAbs for this target) are vulnerable to intrinsic and acquired resistance.63 

 

*Reprinted with permission from “Piptides: New, Easily Accessible Chemotypes For Interactions With 

Biomolecules” by Maritess Arancillo, Jaru Taechalertpaisarn, Xiaowen Liang, and Kevin Burgess, 2020. 

Angew. Chem., Int. Ed., DOI: 10.1002/anie.202015203, Copyright 2020 by Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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The non-ligated, “inactive” form of EGFR rests in an autoinhibited conformation. 

On introduction of TGF or EGF, two of the same protein ligands bind two identical 

domains along the EGFR periphery causing conformational changes, but the EGFR•EGFR 

interface is maintained.67-68 Mutagenesis of EGF and of TGF have revealed key residues 

for interactions with EGFR. For instance, affinity between TGF and EGFR seems to 

disproportionately rely on 42Arg and 48Leu of the ligand.69 A molecular dynamics study70 

and X-ray crystallography (1MOX) has also revealed several residues of TGF that are 

involved in hydrogen bonding and salt bridge formation with EGFR, including 44Glu and 

46Ala. 

In the current study, the EKO strategy32 was used to evaluate piptide-based 

chemotypes for their potential to disrupt protein ligand•EGFR interactions. Briefly, EKO 

compares favored conformations of small molecules that present three amino acid 

sidechains, with PPI interface regions, based on degree of fit of side chain C and C 

coordinates. Validation for the strategy has been reported in the context of the HIV-1 

protease dimer,32 the anti-thrombin dimer,71 and PCSK9•LDLR.72  

 

 Results and Discussion 

Here, EKO analyses indicated preferred conformers of chemotype 10 overlaid on 

EGF or TGF at the TGF•EGFR interface (Figure 4-1). Figures 4-1b – g illustrates 

different stereoisomers of 10aaa overlaid well on 39Val, 44Glu, and 46Ala, in both possible 

orientations (i.e. N-to-C, and C-to-N). Thus, Figure 4-1b shows the C-terminus of DLD-

10aaa superimposed on 39Val, whereas DDD-10aaa best matched its N-terminus on 39Val 
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in Figure 4-1e. Observations such as these, where “pseudo-symmetrical” chemotypes, like 

10, overlay with either N-to-C polarity, are unsurprising because EKO considers only the 

side chain orientations and not the scaffold core. 

 

 

 
Figure 4-1. EKO analyses of piptide-based chemotypes on TGF•EGFR. a TGF•EGFR 

dimer interface (1MOX). b-g EKO implicated stereoisomers of 10aaa overlaid on 

TGF 39Val, 44Glu, and 46Ala. Note structure 1MOX indicates 44Glu and 46Ala are 

involved in H-bonding with EGFR. Figures in purple represent the root mean squared 

deviation of mimic and protein-ligand at the six C and C coordinates involved. 

Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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ELISA primary assays revealed five of the 14 EKO-implicated chemotypes 

perturbed EGF•EGFR at micromolar concentrations with satisfactory dose-response 

profiles. Figure 4-2 calibrates their inhibition of EGF•EGFR relative to a blank with no 

protein ligand (equivalent to 100% “inhibition” because there is no EGF binding to EGFR) 

and to 10 M EGF-biotin (under these conditions EGF-biotin saturates the available 

EGFR hence “inhibition” is set to 0%). That graphic also includes data for LLL-10faa, 

which is a “partial control” insofar as it has the same chemotype core, but some of the side 

chains and stereochemistries are not ones predicted to be appropriate from the EKO 

analyses. Compound LLL-10faa also has hydrophobic sidechains, which could promote 

non-specific binding, and, indeed, in the event, that partial control showed only relatively 

low inhibition with no dose-response (Figure 4-2a). Concentrations of the three best 

inhibitors from the primary ELISA were varied at closer intervals to obtain IC50 values 

(M throughout; Figure 4-2b): LDL-10eav, 30.5  1.2; LLL-10aev, 33.3  1.7; DDL-

10vae, 35.8  2.2. 
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Figure 4-2. ELISA assays to a detect inhibition of binding 10 M EGF-biotin to EGFR 

anchored to a microplate, and to b determine IC50 values. Reprinted with permission from 

ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

In SPR experiments, binding of LDL-10eav and DDL-10vae to EGFR was shown 

to be reversible as indicated by complete dissociation to baseline level. However, LLL-

10aev showed more significant secondary binding and aggregation on the receptor 

surface, as indicated by incomplete dissociation after extended washing. The Kd values 

calculated from SPR were LDL-10eav, 41.1  13.2; LLL-10aev, 50.6  13.8; DDL-10vae, 
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30.7  10.2 M (Figure 4-3). Competition experiments were performed to complement 

these direct binding assays. In these, the compounds were tested in competition with 30 

nM TGF or 27 nM EGF on immobilized EGFR. Ratios of Kd values of EGF or TGF 

for EGFR with and without the featured compounds were obtained; values greater than 1 

indicate diminished binding of the natural protein ligands to EGFR. In the event, the 

compound predicted to have the lowest Kd for EGFR in the direct binding SPR studies, 

DDL-10vae, had the most negative impact on the binding of TGF to EGFR in the 

competitive assay, as expected (Appendix Figure A-3c). 

 

 

 
Figure 4-3. Direct binding of compounds 10 to EGFR immobilized on Biacore sensor 

chip surface (SPR) shown as a sensorgram. Reprinted with permission from ref 112. 

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

Cytotoxicity assays were performed on the five hit compounds featured in Figure 

4-4a with the expectation that reduced viabilities would result if these bind EGFR. A549 

human lung cancer cells were used in this study because they overexpress EGFR.73-74 
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Figure 4-4a shows all the five of these featured compounds reduced viability more than 

the partial negative control LLL-10faa, but less than gefitinib (a FDA-approved EGFR 

kinase inhibitor).75-76 Compounds were also tested using HEK293 (EGFR-negative) cells 

and showed little to no cytotoxicity (Appendix Figure A-4).  

Flow cytometry experiments indicated gefitinib and LDL-10eav caused 

cytotoxicity via early apoptosis (annexin V staining), more than necrosis (propidium 

iodide; Figure 4-4b and Appendix Figure A-5). Western blot assays were performed to 

determine if an illustrative piptide-based probe impedes EGF-induced pTyr at EGFR. 

Figure 4-4c illustrates that phosphorylation could be suppressed almost completely by 

LDL-10eav in competition with EGF.  

 

 

 
Figure 4-4. Cellular data for piptide-based chemotypes. a A549 cell viabilities as 

monitored using alamarBlue. b Flow cytometry data for A549 cells treated with either 15 

M gefitinib or 50 M LDL-10eav. c Inhibition of EGFR pTyr for LDL-10eav at 

concentrations (M) decreasing from 112.5, 75, 50, 25, 12.5 in competition with EGF 

(uniformly used at 50 ng/mL). Reprinted with permission from ref 112. Copyright 2020 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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additive

none

50 ng/mL EGF + 

LDL-10eav EGF

 
Figure 4-4. Continued. 

 

 

 Conclusions 

Our data on EGFR indicate piptide-based chemotypes can be starting point probes 

for PPI targets. Five viable hits emerged from a library of only 14 molecules selected by 

evaluation with EKO; their Kd values (20 – 50 M) are modest, but detection of any 

measurable binding is a notable success in studying small molecules to perturb PPIs, 

particularly because solubilized EGFR is probably not in a native conformation when 
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immobilized on a gold surface for SPR. Moreover, the best binders from these five hits 

were active in cellular assays (induce cytotoxicity via apoptosis and inhibit EGF-mediated 

phosphorylation of intracellular Tyr residues in EGFR).  
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5. PERTURBATION OF THE INTERACTION OF UROKINASE WITH ITS 

RECEPTOR 

 

 Introduction 

Urokinase, also called urokinase-type plasminogen activator (uPA), has two 

functions.77-78 First, uPA is a serine protease that becomes involved with degradation of 

the interstitial tissue in tumor growth and metastasis. Proteolytic activity of the protease 

is upregulated on binding the uPA receptor (uPAR), causing uPA to mediate hydrolysis 

of plasminogen to its active form, plasmin, which degrades extracellular matrix proteins 

such as fibronectin, vitronectin, and fibrin, which are essential processes in metastatic 

spread. Consequently, uPA is a marker for a poor prognosis of cancer patient survival.79 

Second, interaction of uPA and uPAR (Figure 5-1) at the cancer cell surface is critical in 

the pathogenesis of neoplastic growth and metastasis, mediating tissue remodeling, tumor 

cell invasion, adhesion, and proliferation.80 Activated macrophages in the tumor-reactive 

stroma have high levels of uPAR, but expression on normal cells is low, in some cases 

undetectable, hence opportunities for off-target effects are not apparent. Upregulation of 

uPAR is also associated with activation by vascular endothelial growth factor (VEGF), 

which promotes development of vasculature to feed tumors. Overall, the anticipated in 

vivo effects of targeting this protein-protein interaction (PPI) are different from inhibiting 

the enzyme.81-83 Research reported here relates to disruption of uPA•uPAR with small 

molecules. 
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Figure 5-1. uPA•uPAR interaction (PDB: 3bt1). 

 

 

Most molecules reported to disrupt uPA•uPAR are monoclonal antibodies 

(mAbs),84-86 and peptides,87 including AE105,88 large cyclic peptides,89-92 peptoids,93-94 

and recombinant uPA.95-97 Only a few small molecules have been shown to perturb 

uPA•uPAR even though that interaction has been studied for three decades.98-100 Reports 

of these small molecules include patents by pharmaceutical companies, including 

Roche101 and Shering-Plough,102 and, more recently, heterocyclic compounds initially 

discovered by Meroueh’s group through screening.103-105 

Our interest in uPA•uPAR as a target arose while using Exploring Key 

Orientations (EKO)32, 34 to evaluate preferred conformations of peptidomimetics designed 

for similarity with side-chain orientations at PPI interfaces. One mode of use for EKO is 

this comparison for all the crystallographically characterized PPI interfaces in a single run; 

uPA•uPAR gave a good match when this was done. One of the chemotypes that emerged 
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as a virtual hit in these evaluations was based on piptides 10. Another was chemotypes 12 

that we colloquially refer to as “ladder-rung” mimics because they tend to overlay on 

sheet-turn-sheet motifs like rungs on a ladder.106 Recently, we found select examples of 

molecules 12 do, in fact, impede the uPA•uPAR interaction. Those encouraging results 

led to the studies reported here for the piptide system 10. Design, synthesis, and testing of 

chemotypes 13 and 14 are also reported here; these are chimeras of 10 and 12 (Figure 5-

2).  

 

 

 

 

 
Figure 5-2. General structures of 12-14. 
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 Results and Discussion 

Syntheses of the piptides 10 used in these studies have already been reported. 

Eighteen EKO-implicated compounds were prepared for this study. Our primary assay in 

this work was ELISA, augmented by fluorescence polarization (FP) and surface plasmon 

resonance (SPR) to confirm the dissociation constants of the key compounds from 

solubilized human uPAR. Wound healing, migration, and invasion assays were performed 

on selected compounds to assess their potential to retard tumor outgrowth and metastatic 

spread. Anticipated effects of compounds that putatively disrupt uPA•uPAR relate to 

formation of metastases, though not directly to cytotoxicity; nevertheless, cytotoxicities 

of the compounds were checked using MDA-MB-231107 (a triple negative breast cancer 

cell line) to establish if they had characteristics that triggered unanticipated cell death 

(Appendix Figure B-3).  

A competitive ELISA (uPAR anchored, uPA in solution) was used to monitor 

binding with uPAR. All 18 EKO-implicated structures prepared showed evidence for 

disruption of uPA-HRP •uPAR (HRP is horse radish peroxidase, Appendix Figure B-1) at 

50 M sample concentrations. Three of these were selected for determination of IC50 

values: DDD-10skf, 3.06 ± 0.04; DDL-10skf, 6.88 ± 0.03; and DDD-10fns, 14.67 ± 0.05 

μM, respectively (where errors quoted are standard deviations; Figure 5-3a). 

FP assay was used to determine dissociation constants of the three lead compounds 

with respect to solubilized human uPAR (Figure 5-3b; FITC-AE105,108 was used as a 

competitor). Ki values obtained from FP were between 2.75 and 13.2 μM, where DDD-

10skf was retained most strongly (2.75 ± 0.06 μM).  
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Figure 5-3. a IC50 determination through ELISA, and b fluorescence polarization assay 

of Compounds 10. 

 

 

These EKO analyses predict chemotypes 10 and 12 overlay different but 

overlapping regions of the strand-turn-strand motif of uPA in uPA•uPAR; Figure 5-4a 

show the chemotypes separately, and 5-4b depicts them superimposed. These observations 
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led to the hypothesis that hybrid molecules comprising fragments of both 10 and 12 also 

might be effective inhibitors of uPA•uPAR. Thus, compounds LDDL-13sfks and LLLL-

14kssi, implicated as logical design targets, were prepared as shown in the schemes below. 

 

  

 

 
Figure 5-4. a Overlays of DDD-10skf, LDD-12skf, and LLL-12fsi on uPA (PDB: 3bt1). 

b Superimposed overlays of 10 and 12 used for the hybrid (13sfks, left, and 14kssi, right) 

designs. 

 

 

Solid-phase synthesis of LDDL-13sfks (Appendix Scheme B-1) featured coupling 

an azido acid to an anchored pip acid, then copper-mediated cycloaddition109 of this to an 

allyl amine. This click product was coupled with another amino acid, and the two C-

terminal residues were cyclized to a hydantoin using conditions previous developed in 

these labs to prepare compounds 12.106  

Synthesis of LLLL-14kssi (Appendix Scheme B-2) was more difficult than LDDL-

13sfks. LLLL-14kssi was prepared from a dipiptide 15, cleaved with retention of the side-

chain protecting groups. The piperidine fragment of 15 was coupled with the supported 
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isocyanate to form a urea linkage,110 then cleaved from the support, with simultaneous 

deprotection, to give the desired product.  

ELISA and FP binding assays for the chimeras gave the following data (IC50 for 

the ELISA, and Ki for FP, respectively): LDDL-13sfks, 2.22 ± 0.09 and 1.99 ± 0.09; LLLL-

14kssi, 2.52 ± 0.08 and 2.26 ± 0.08 M (Figure 5-5).  

 

 

 
Figure 5-5. a IC50 from ELISA, and b Ki from FP, for LDDL-13sfks and LLLL-14kssi. 
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Figure 5-5. Continued. 

 

 

Surface plasmon resonance (SPR) data was obtained for DDD-10skf, LDDL-13sfks, 

and LLLL-14kssi; these are given in Table 5-1 and compared with the others for our 

previous compound LLL-12fsi, and Meroueh’s compounds B104 and C.105 Compounds DDD-

10skf, LDDL-13sfks, and LLLL-14kssi have values in the low micromolar range. B and C 

have comparable Ki values with those previously mentioned, but their reported IC50 values 

were higher; Kd values could not be compared since they were not reported. Meanwhile, 

earlier reported data106 of LLL-12fsi showed higher IC50 and Ki values, but it has the lowest 

Kd out of all the tested compounds based on recent SPR experiments. IC50 and Ki values 

of the hybrids LDDL-13sfks, and LLLL-14kssi are lower than those of DDD-10skf and LLL-

12fsi, but formation of these chimeric molecules did not have a profound effect when all 

the data is considered together. 
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Table 5-1. Comparison of IC50, Ki, and Kd values of compounds 10 and 12-14 against 

other small molecules B104 and C.105 

 

Compound IC50 (M)a Ki (M)b Kd (M)c 

DDD-10skf 3.06 ± 0.04 2.75 ± 0.06 0.21 ± 0.09 

LLL-12fsi 8.35 ± 0.05 7.5 ± 0.1 0.07 ± 0.02 

LDDL-13sfks 2.22 ± 0.09 1.99 ± 0.09 4 ± 3 

LLLL-14kssi 2.52 ± 0.08 2.26 ± 0.08 0.2 ± 0.1 

B 18.4 0.7 N.D. 

C 15.5 2.5 N.D. 

Values were obtained from aELISA, bFP, and cSPR. N.D.: No data was provided in the text. 

 

 
 

 

Mimics DDD-10skf, LDDL-13sfks and LLLL-14kssi were evaluated in wound 

healing, cell migration, and invasion assays using MDA-MB-231 cells throughout. Some 

of the compounds appear to show a trend, but the values obtained are within experimental 

error, while others show clear dose dependence (Figure 5-6). Of the three featured 

compounds, DDD-10skf suppress migration (Figure 5-6b) and invasion (Figure 5-6c) most 

effectively, while compound LDDL-13sfks was most effective in the wound healing assay 

(Figure 5-6a).   
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Figure 5-6. a Wound healing, b migration, and c invasion assay of compounds 10, 13 and 

14 on MDA-MB-231. The concentration of compound A in the experiments was 0.5 M. 

 

  



 

36 

 

 Conclusions 

All the piptide chemotypes bound uPAR at concentrations of 50 M or less. Select 

members of this series had Kd values as low as 0.2 M and showed favorable responses in 

cellular assays designed to simulate wound healing, migration, and invasion; these data 

are comparable with the best small molecule uPA•uPAR disruptors in the literature (from 

conventional screening).
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6. CONCLUSIONS AND FUTURE WORK 

 

 Conclusions 

Piptides can be prepared expeditiously by researchers with only moderate 

synthesis skills; and they would become even more accessible if pip acids became 

commercially available.   

Other work from these laboratories has demonstrated the use of EKO technique 

on: HIV-1 protease dimer,32 antithrombin oligomer formation,71 PCSK9•LDLR,72 

NEDD8•NAE,111 and which now includes EGF•EGFR112 and uPA•uPAR.106 Here, and in 

the examples featuring PCSK9•LDLR and NEDD8•NAE, the compounds were also active 

in cellular assays. This validates the EKO approach for identification of chemotypes with 

micromolar affinities to the protein receptor.  

The closest parallel to piptides in the literature is oligooxopiperazines.113 

Oligooxopiperazines have been used for disrupting PPIs,114-116 but are harder to access, 

and the range of side chains so far incorporated is less. Further, the two chemotypes are 

simply different, thus probably suitable for complementary applications. 

 

 Future Work 

It should be possible to optimize these leads using conventional docking 

techniques and iterative cycles of synthesis and testing to establish SAR. However, it has 
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been generally difficult to obtain sub-micromolar binders for these PPIs directly from the 

EKO technique. We conclude that this is likely because EKO is restricted to small 

molecule chemotypes wherein only three amino acid side chains are conformationally 

matched on the PPI interface. Consequently, other methods could be developed that 

complement EKO, but which facilitate identification molecules that can be related to 

larger segments of PPI interface. 

A solid supported library can also be prepared via split-mix methodology, 

according to the method of Lam et al.117 That library will include most natural amino acid 

side-chains (which should also contain the ones implicated by EKO), to make a one-bead-

one-compound (OBOC) library. Positive hits not implied by EKO could be discovered 

with this strategy. 

This study does not feature intracellular targets, but researchers might be interested 

in applying the strategy to such PPIs. Other PPIs implicated by EKO for scaffolds 10 and 

12 include the biomedicinally significant intracellular targets RAS•SOS118 and PD-

L1•PD-1.119 An attractive feature of piperazines is that they can be reversibly protonated, 

and this can facilitate passive diffusion through membranes. Piptides with appropriate side 

chains might conceivably be somewhat cell permeable. Doing a chloroalkane penetration 

assay (CAPA),120 by adding a chloroalkyl group to the N-terminus, can also be used to 

measure and optimize cell penetration of piptides. 
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Piptides can also be further studied to: see if it could form other structures or if it 

can be synthesized and utilized as a polymer like with peptoids,121 synthesize on different 

solid supports like smart polymers that might have potential to be utilized in drug delivery, 

or be included as linkers for PROTACs.122 
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APPENDIX A* 

SUPPORTING INFORMATION FOR CHAPTERS 2-4 

 

General Experimental Procedures  

All reactions were carried out under an inert atmosphere (nitrogen, or argon where 

stated) with dry solvents under anhydrous conditions. Glassware for anhydrous reactions 

was dried in an oven at 140 ºC for minimum 6 h prior to use. Dry solvents were obtained 

by passing the previously degassed solvents through activated alumina columns. Reagents 

were purchased at a high commercial quality (typically 97 % or higher) and used without 

further purification. Analytical thin layer chromatography (TLC) was carried out on 

Merck silica gel plates with QF 254 indicator and visualized by UV, ceric ammonium 

molybdate, ninhydrin, para-methoxybenzaldehyde and/or potassium permanganate stains. 

Flash chromatography was performed using silica gel (230-600 mesh). Microwave 

irradiation for solid-phase syntheses was done using CEM MARS 5® system. LC-MS 

analyses were collected from Agilent 1260 Infinity Quaternary LC and Agilent 6120 

Quadrupole LC-MS modules using Poroshell 120 EC-C18 2.7 μM (4.6 x 50 mm) column 

in 10-90% MeCN/water gradient with 0.1% formic acid over 10 minutes. Agilent 1260 

 

* Reprinted with permission from “Piptides: New, Easily Accessible Chemotypes For Interactions With 

Biomolecules” by Maritess Arancillo, Jaru Taechalertpaisarn, Xiaowen Liang, and Kevin Burgess, 2020. 

Angew. Chem., Int. Ed., DOI: 10.1002/anie.202015203, Copyright 2020 by Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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Infinity II LC together with the Agilent 1290 Evaporative Light Scattering Detector was 

used with Poroshell 120 EC-C18 2.7 μM (4.6 x 100 mm) column in 10-90% MeCN/water 

gradient with 0.1% TFA over 25 minutes. Well plates for bioassays were analyzed using 

Biotek Synergy H4 Microplate Reader. Circular Dichroism spectrums were recorded on a 

CD spectrometer using a 2 mm quartz cuvette at 200 μM in acetonitrile. High field NMR 

spectra were recorded with Bruker Avance III at 400 MHz for 1H, and 100 MHz for 13C 

and were calibrated using residual deuterated solvent as an internal reference (CDCl3: 
1H 

NMR = 7.24, 13C NMR = 77.0, MeOD: 1H NMR = 3.30, 13C NMR = 49.0, DMSO-d6: 
1H 

NMR = 2.50, 13C NMR = 39.5). The following abbreviations were used to explain the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, dd = double 

doublet, dt = double triplet, dq = double quartet, m = multiplet, br = broad. Electrospray 

ionization mass spectrometry (ESI+MS) data were collected on triple-stage quadrupole 

instrument in a positive mode.  

All statistical analyses were carried out by Graphpad Prism version 6.0 (Graphpad 

Software). Student’s t-test was used to determine significant differences between 

compounds and negative control. Results are represented as means ± SD. 
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Syntheses of Pip Acids 5 

Generalized Procedure 

 

 

 

 
 

 

Tri(4-nitrobenzene sulfonate) {tri-nosyl or tri-4Ns} 3 had been reacted with 

primary arylamines under microwave conditions to give N-aryl,N-4Ns-piperazines. 

Following this lead, we explored reactions of 3, and its tri(2-nitrobenzene sulfonate) {tri-

2Ns} analog, with amino acid esters. Studies of the 2Ns-compounds were abandoned 

because more impurities were generated in the formation of pip acids, and removal of 

2Ns123 required harsher conditions, presumably due to steric effects.  

The 4Ns -protected diethanolamine, 3, was prepared as previously described.37 

Compound 3 (1 eq), the (acid-labile) side-chain and appropriate C-terminus-protected 

amino acids (1.2 eq), and iPr2NEt2 (4.0 eq), were mixed in acetonitrile (1 M) and stirred 

for 6 h at 70 oC. Solvent was completely removed in vacuo, re-dissolved in 10 mL CH2Cl2, 
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then extracted with 10 mL each of 10% aq. citric acid, saturated NaHCO3, and brine. The 

organic phase was dried over MgSO4 and concentrated in vacuo to afford the crude 

product. This crude product was purified by flash column chromatography (50-90% 

hexane/EtOAc or 0-15% CH2Cl2/MeOH) to give compound 4. Deprotection of the ester 

gave the product 5. 

 

Deprotection of t-butyl esters 

Compound 4 was dissolved in 5 mL 75% TFA/DCM and stirred for 2 h at 25°C. 

Solvent was removed and product was re-dissolved in 5 mL 1M HCl in MeOH for another 

30 min at 25°C. Solvent was again removed in vacuo. 

Deprotection of methyl esters 

Compound 4 (1 eq) was dissolved in 5 mL anhydrous ethyl acetate under argon. 

Lithium iodide (12 eq) was added, and reaction was refluxed for 48 h under argon. The 

reaction mixture was diluted with 5 mL water and adjusted to pH 3 with 10% aq. citric 

acid and then washed with 15 mL CH2Cl2. The organic phase was dried over MgSO4 and 

removed in vacuo.
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L-5d’  

 
(S)-4-(Tert-butoxy)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)-4-oxobutanoic acid, 

55%, white solid 

1H NMR (400 MHz, MeOD) δ 8.45 (d, J = 8.3 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 3.51 (t, 

J = 7.4 Hz, 1H), 2.93 (m, 4H), 2.71 (d, J = 4.5 Hz, 2H), 2.55 (m, 3H), 2.35 (dd, J = 15.3, 

7.1 Hz, 1H), 1.28 (s, 9H).  
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13C NMR (100 MHz, DMSO-d6) δ 171.8, 170.4, 150.6, 141.1, 129.6, 125.1, 80.30, 63.49, 

48.45, 46.85, 35.44, 28.06.  

 
 

HRMS (ESI) m/z calc’d for C18H26N3O8S
+ 444.1362; found 444.1365. 
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L-5e’  

 
 

(S)-5-(Tert-butoxy)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)-5-oxopentanoic acid, 

35%, white solid 

1H NMR (400 MHz, acetone-d6) δ 8.59 – 8.44 (m, 2H), 8.19 – 8.00 (m, 2H), 3.21 – 3.14 

(m, 1H), 3.09 (dt, J = 16.3, 5.8 Hz, 4H), 2.91 – 2.84 (m, 2H), 2.70 – 2.60 (m, 2H), 2.21 

(m, 2H), 1.88 – 1.78 (m, 2H), 1.36 (s, 9H).  
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13C NMR (100 MHz, MeOD) δ 174.17, 171.07, 150.47, 141.75, 128.89, 124.11, 63.31, 

60.17, 53.38, 50.54, 34.43, 19.46, 13.05.  

 
 

HRMS (ESI) m/z calc’d for C19H28N3O8S
+ 458.1519; found 458.1515.
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L-5f  

 
 

(S)-2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)-3-phenylpropanoic acid, 98%, light 

yellow solid 

1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.27 – 

7.11 (m, 5H), 3.34 (dd, J = 9.3, 6.0 Hz, 1H), 3.18 – 2.96 (m, 5H), 2.91 – 2.69 (m, 5H).  
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13C NMR (100 MHz, DMSO-d6) δ 150.78, 141.11, 129.96, 129.71, 129.62, 129.00, 

128.85, 127.33, 125.31, 100.00, 49.05, 48.99, 33.66. 

 
 

HRMS (ESI) m/z calc’d for C19H22N3O6S
+ 420.1151; found 420.1150. 
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L-5h’ 

 
(R)-2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)-3-(1-trityl-1H-imidazol-4-yl)propanoic 

acid, 35%, white solid 

1H NMR (400 MHz, DMSO-d6) δ 8.43 (m, 2H), 8.19 – 7.88 (m, 2H), 7.54 – 7.29 (m, 10H), 

7.02 (m, 6H), 6.64 (s, 1H), 3.46 (t, J = 7.4 Hz, 1H), 2.88 (s, 4H), 2.82 – 2.64 (m, 4H), 2.54 

(dd, J = 10.6, 4.9 Hz, 2H).  
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13C NMR (100 MHz, DMSO-d6) δ 172.65, 150.45, 142.56, 141.54, 137.54, 137.37, 

129.60, 128.56, 125.18, 119.48, 75.04, 67.49, 66.44, 48.31, 46.85, 25.59.  

 
 

HRMS (ESI) m/z calc’d for C35H34N5O6S
+ 652.2152; found 652.2153. 
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L-5i 

 
(2S,3S)-3-Methyl-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)pentanoic acid, 60%, 

white solid 

1H NMR (400 MHz, DMSO-d6) δ 12.40 (s, 1H), 8.45 (d, J = 8.8 Hz, 2H), 8.01 (d, J = 8.8 

Hz, 2H), 3.47 – 3.34 (m, 1H), 2.98 (s, 4H), 2.78 – 2.53 (m, 4H), 1.79 – 1.42 (m, 2H), 0.97 

(m, 1H), 0.86 – 0.70 (m, 6H).  
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13C NMR (100 MHz, DMSO-d6) δ 172.11, 150.59, 141.48, 129.52, 125.21, 100.00, 

46.85, 46.74, 32.03, 26.42, 11.50, 10.60. 

 
 

HRMS (ESI+) m/z calc’d for C16H24N3O6S
+ 386.1308; found 386.1311. 
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L-5k’  

 
(R)-6-((Tert-butoxycarbonyl)amino)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-

yl)hexanoic acid, 69%, white solid 

1H NMR (400 MHz, DMSO-d6) δ 8.47 (d, J = 11.1 Hz, 2H), 8.05 (dd, J = 27.5, 8.7 Hz, 

2H), 6.68 (s, 1H), 3.11 (s, 1H), 2.99 (s, 4H), 2.85 (m, 2H), 2.66 (m, 4H), 2.51 (s, 1H), 1.54 

(m, 2H), 1.39 – 1.28 (m, 11H), 1.18 (m, 2H).  
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13C NMR (100 MHz, DMSO-d6) δ 173.13, 156.01, 150.58, 141.45, 129.54, 125.18, 77.72, 

66.51, 48.27, 46.65, 29.91, 29.69, 28.70, 28.39, 23.31. 

 
 

HRMS (ESI+) m/z calc’d for C21H33N4O8S
+ 501.1941, found 501.1940. 
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L-5l 

 
(S)-4-Methyl-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)pentanoic acid, 80%, white 

solid 

1H NMR (400 MHz, MeOD) δ 8.48 (dd, J = 9.1, 2.1 Hz, 2H), 8.11 – 8.06 (m, 2H), 3.98 

(dd, J = 9.7, 4.0 Hz, 1H), 3.67 – 3.34 (m, 8H), 1.89 – 1.68 (m, 3H), 1.04 – 0.92 (m, 6H).  
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13C NMR (100 MHz, MeOD) δ 170.64, 152.22, 142.50, 130.45, 125.84, 67.54, 50.77, 

44.66, 37.29, 26.59, 23.58, 21.46. 

 
 

HRMS (ESI+) m/z calc’d for C16H24N3O6S
+ 386.1308, found 386.1309. 
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L-5q’ 

 
(S)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)-5-oxo-5-(tritylamino)pentanoic acid, 

55%, yellow solid 

1H NMR (400 MHz, DMSO-d6) δ 8.64 (s, 1H), 8.44 (d, J = 8.8 Hz, 2H), 8.05 (d, J = 8.7 

Hz, 2H), 7.11 (m, 15H), 3.62 (m, 1H), 2.96 (m, 4H), 2.95 – 2.85 (m, 2H), 2.70 (dd, J = 

14.7, 10.4 Hz, 1H), 2.65 – 2.55 (m, 2H), 2.41 (dd, J = 14.8, 4.9 Hz, 1H), 1.84 – 1.70 (m, 

2H).  
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13C NMR (100 MHz, DMSO-d6) δ 172.39, 169.65, 150.47, 145.15, 140.99, 129.68, 

128.96, 127.71, 126.58, 125.21, 69.66, 67.49, 48.30, 46.88, 25.60. 

 
 

HRMS (ESI+) m/z calc’d for C33H33N4O7S
+ 629.1992, found 629.1990. 
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L-5s’ 

 
(S)-3-(Tert-butoxy)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)propanoic acid, 80%, 

white solid 

1H NMR (400 MHz, CDCl3) δ 8.38 (d, J = 8.8 Hz, 2H), 7.93 (d, J = 8.8 Hz, 2H), 3.70 – 

3.64 (m, 1H), 3.05 (s, 4H), 2.85 – 2.76 (m, 2H), 2.70 (dd, J = 15.7, 8.2 Hz, 1H), 2.65 – 

2.57 (m, 2H), 2.43 (dd, J = 15.7, 7.0 Hz, 1H), 1.35 (s, 9H).  
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13C NMR (100 MHz, CDCl3) δ 175.7, 151.3, 146.0, 128.4, 128.4, 124.9, 124.7, 82.3, 71.2, 

62.7, 51.3, 51.2, 49.2, 49.1, 28.9, 28.7 

 
 

HRMS (ESI+) m/z calc’d for C17H26N3O7S
+ 416.1413; found 416.1412. 

 

 

  

 

 

a 
b 

c 

d e 

f 

g 
h 

i 

j 

k 
a 

b 

c 

d 
e 

f 

k 

g 

h 

i 

j 

i 



 

75 

 

L-5t’ 

 
(2S,3S)-3-(Tert-butoxy)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)butanoic acid, 95%, 

light yellow solid 

1H NMR (400 MHz, DMSO-d6) δ 8.45 (d, J = 8.8 Hz, 2H), 8.01 (d, J = 8.8 Hz, 2H), 4.03 

(p, J = 6.1 Hz, 1H), 3.17 (d, J = 5.4 Hz, 1H), 2.95 (m, 4H), 2.87 – 2.67 (m, 4H), 2.54 – 

2.47 (m, 3H), 1.06 (s, 9H).  
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13C NMR (100 MHz, DMSO-d6) δ 171.17, 150.57, 141.37, 129.57, 125.16, 73.77, 72.21, 

67.49, 51.22, 49.54, 46.81, 28.75, 20.30. 

 
 

HRMS (ESI+) m/z calc’d for C18H28N3O7S
+ 430.1570; found 430.1575. 
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L-5v 

 
(S)-3-Methyl-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)butanoic acid, 77%, brown 

solid 

1H NMR (400 MHz, CDCl3) δ 8.43 – 8.38 (m, 2H), 7.99 – 7.93 (m, 2H), 3.09 (dd, J = 

15.1, 11.6 Hz, 4H), 2.78 – 2.61 (m, 4H), 2.59 (d, J = 10.7 Hz, 1H), 2.01 – 1.89 (m, 1H), 

0.84 (m, 6H).  
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13C NMR (100 MHz, CDCl3) δ 170.31, 150.24, 142.20, 128.86, 124.31, 81.32, 74.93, 

48.48, 46.64, 28.35, 26.63, 19.46, 19.15. 

 
 

HRMS (ESI+) m/z calc’d for C15H22N3O6S
+ 372.1151; found 372.1153. 
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L-5w 

 
(S)-3-(1H-Indol-3-yl)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)propanoic acid, 48%, 

white solid 

1H NMR (400 MHz, DMSO-d6) δ 10.74 (s, 1H), 8.45 (d, J = 8.7 Hz, 2H), 8.01 (d, J = 8.7 

Hz, 2H), 7.45 (d, J = 7.8 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.12 – 6.98 (m, 2H), 6.93 (t, J 

= 7.4 Hz, 1H), 3.46 (m, 1H), 3.13 – 3.03 (m, 1H), 2.98 (s, 4H), 2.90 – 2.82 (m, 1H), 2.72 

(m, 4H).  
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13C NMR (100 MHz, DMSO-d6) δ 172.61, 150.58, 141.31, 136.48, 129.55, 127.64, 

125.16, 123.69, 121.28, 118.69, 118.60, 111.79, 110.82, 67.88, 48.61, 46.84, 24.86. 

 
 

HRMS (ESI+) m/z calc’d for C21H23N4O6S
+ 459.1260; found 459.1263. 
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L-5y’ 

 
(S)-3-(4-(Tert-butoxy)phenyl)-2-(4-((4-nitrophenyl)sulfonyl)piperazin-1-yl)propanoic 

acid, 88%, light yellow solid 

1H NMR (400 MHz, DMSO-d6) δ 8.44 (d, J = 8.7 Hz, 2H), 7.99 (d, J = 8.7 Hz, 2H), 7.05 

(d, J = 8.3 Hz, 2H), 6.79 (d, J = 8.3 Hz, 2H), 3.41 – 3.35 (m, 1H), 2.92 (s, 4H), 2.88 – 2.82 

(m, 1H), 2.78 – 2.67 (m, 3H), 2.64 – 2.54 (m, 2H), 1.21 (s, 9H).  
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13C NMR (100 MHz, DMSO-d6) δ 172.35, 153.69, 150.54, 141.28, 133.37, 129.93, 

129.54, 125.12, 123.76, 77.96, 68.38, 48.50, 46.81, 34.19, 28.96. 

 
 

HRMS (ESI+) m/z calc’d for C23H30N3O7S
+ 492.1726; found 492.1730. 
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L-5a 

 
(S)-2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)propanoic acid, 95 %, white solid 

1H NMR (400 MHz, DMSO-d6) δ 8.51 (d, J = 8.8 Hz, 2H), 8.13 (d, J = 8.9 Hz, 2H), 4.27 

(q, J = 7.2 Hz, 1H), 3.79 – 3.72 (m, 2H), 3.62 (t, J = 6.6 Hz, 2H), 3.33 (dt, J = 3.2, 1.6 Hz, 

4H), 1.66 (d, J = 7.3 Hz, 3H). 

 

  

 

 

a b 
c d 

e 
f 

a 
b d 

e 

c 

f 

X 



 

84 

 

13C NMR (100 MHz, MeOD) δ 169.24, 150.83, 141.08, 129.12, 128.53, 124.50, 124.25, 

62.57, 52.72, 50.74, 43.03, 41.52, 11.67.  

 
 

HRMS (ESI) m/z calc’d for C13H18N3O6S
+ 344.0838; found 344.0840. 
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L-5c’  

 
(R)-2-(4-((4-Nitrophenyl)sulfonyl)piperazin-1-yl)-3-(tritylthio)propanoic acid, 60%, 

yellow solid 

1H NMR (400 MHz, MeOD) δ 8.43 – 8.39 (m, 2H), 8.01 – 7.95 (m, 2H), 7.35 (m, 6H), 

7.26 (m, 4H), 7.09 – 7.03 (m, 5H), 3.55 (dd, J = 16.2, 8.2 Hz, 1H), 3.13 – 2.81 (m, 8H), 

2.63 (dd, J = 17.0, 11.1 Hz, 2H).  
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13C NMR (100 MHz, MeOD) δ 173.08, 169.55, 152.21, 142.52, 130.46, 129.90, 125.82, 

125.62, 64.86, 52.11, 51.43, 44.66, 42.86, 32.89.  

 
 

HRMS (ESI) m/z calc’d for C32H32N3O6S2
+ 618.1654; found 618.1657.  
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Analytical HPLC  

Diode Array 

 
 

ELSD 
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Solid-Phase Synthesis of Piptide Analogues 10 

 

 

 

 

 

 
 

 

TentaGel S RAM (100 mg, 0.26 meq/g) beads were swelled in DMF for 1 h. 

Deprotection of Fmoc was performed by adding 20% piperidine in DMF to the beads and 

were heated under microwave irradiation (160 W, 75 ºC, 3 min). Solution was drained, 

and beads were washed with DMF several times. The first pip acid was loaded through 

the coupling step detailed below. The beads were then capped by adding 25% acetic 

anhydride/DMF and made to shake at 25 oC. After 5 min, 1.5 eq of iPr2NEt2 was added to 
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the solution before shaking for an additional 30 min. The nosyl of the first pip acid was 

removed before coupling with the next pip acid (details of both coupling and deprotection 

outlined below). The nosyl group was deprotected again before coupling with the Fmoc-

amino acid. Fmoc deprotection was done before the compound was cleaved off the bead 

by the addition of 95/2.5/2.5% TFA/triethylsilane/H2O. The beads were shaken for 3 h at 

25 oC before the solution was collected. Side chain protecting groups were also removed 

by the cleavage solution. The collected solution was dried under N2 stream and purified 

by preparative reversed-phase HPLC (10% - 90% MeCN/water with 0.05% TFA) and 

lyophilized to obtain the product 10. 

 

Coupling on solid phase 

The pip acid or amino acid (4 eq) was activated with HATU (4 eq) and iPr2NEt2 (8 eq) in 

DMF (0.2 M). This solution was added to the beads and subjected to microwave 

irradiation (100 W, 75 ºC, 10 min). Solution was drained, and beads were washed with 

DMF several times.  

 

Deprotection of nosyl group on solid phase 

2-Mercaptoethanol (3 eq) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 5 eq) in DMF 

(1 M) were added to the beads and subjected to microwave irradiation (100 W, 50 ºC, 15 

min). Solution was drained, and beads were washed with DMF several times. 
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Analytical HPLC – ELSD and HRMS 

 

HRMS (ESI) m/z calc’d for C21H39N6O5
+ 454.2977 

  

LLL-10aev 

 
found (M+H)+ 454.2975 

 

LDL-10eav 

 

 
found (M+H)+ 454.2980 

 

LDL-10vae 

 
found (M+H)+ 454.2979 
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9-mer Piptide Solid Phase Synthesis 

 

 

 
Scheme A-1. Synthesis scheme of a long piptide chain. Reprinted with permission from 

ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ELSD Traces 

After coupling of each pip acid in the long piptide chain synthesis, the resulting 

product was analyzed using the ELSD to check the yield each time. Internal standard (IS) 

is used, in this case bromobenzoic acid, to compare the ratio of the products (number 

beside the peak of the product, e.g. 1:164 for the first trace) relative to each other. 
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pH Stability Assay 

A stock solution of LLL-10tff (50 mM) in DMSO was prepared and stored at 25 

°C. 9 μL of the DMSO stock solution was dissolved in aqueous solutions with different 

pH (pH 7.4, PBS buffer; pH 12, 10 mM NaOH; pH 2, 10 mM HCl) to give a 400 μM 

working solution. The solution was filtered through a 0.2 μm membrane filter and 

analyzed by reversed-phase HPLC (see general methods) at intervals. The peak areas of 

LLL-10tff from rp-HPLC were measured and plotted against incubation time. 

 

Protease Stability Assay 

A stock solution of LLL-10fff (50 mM) in DMSO was prepared and stored at 25 

°C. A similar stock solution containing 50 mM linear LLL-11fff peptide was prepared in 

DMSO as a control. A 0.2 unit / mL stock solution of Pronase from Streptomyces griseus 

was prepared in PBS buffer and further diluted to 0.4 unit / L with PBS buffer containing 

20 % MeOH. 4.5 μL of 10 or 11 stock solution was added to 1.5 mL Pronase solution and 

then filtered through a 0.2 μm membrane filter and the resulting solution was analyzed by 

rp-HPLC at intervals. The peak areas of LLL-10fff or LLL-11fff from rp-HPLC were 

measured and plotted against incubation time. Under the experimental condition, no 

decomposition of LLL-10fff was observed even after 12 h, while for the control linear 

peptide LLL-11fff the half-life of decomposition was about 3 h. 
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Circular Dichroism Spectra of 10 

 

 

 
Figure A-1. CD Spectra of different configurations of 10 with the same side chains. 

Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

 

QMD, EKO, EKOS and Ramachandran Plots 

Quenched molecular dynamics (QMD) was used to generate simulated 

conformations of all diastereomers of 10aaa. The procedures had been reported 

previously.124 Approximately 1500 conformers of each diastereomer within 3.0 kcal/mol 

of the global minimum were matched on TGF-EGFR protein-protein interaction (PDB 

ID: 1mox) using the Exploring Key Orientations (EKO) analyses.32 The C-
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C coordinates from the side chains of peptidomimetics were systematically overlaid on 

C-C coordinates of the TGF side chains at the protein-protein interface using an in-

house algorithm. The goodness of fit was reported as root mean square deviation (RMSD). 

Lower RMSDs mean the C-C orientations between chemotypes and protein side chains 

are similar, thus chemotypes can mimic the protein side chains. Conformers within RMSD 

≤ 0.50 Å were considered as “potential hits” which were summarized in Table A-1. Only 

the ones in red were synthesized, since less (or none of the) starting materials were 

available for the others. Those with Cys residues were avoided for the meantime as well. 

 

 

Table A-1. Potential TGF- mimics (10) from EKO analyses within RMSD ≤ 0.50 Å. 

Reprinted with permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

Configuration R3 R2 R1 RMSD (Å) 

DDD 

His Cys Ala 0.50 

Ala Glu Val 0.42 

Leu Ala Glu 0.47 

Thr Phe Phe 0.37 

DDL 

Thr Phe Phe 0.36 

Ala Glu Val 0.50 

Val Ala Glu 0.47 

Phe Phe Thr 0.47 

Ala Cys His 0.43 

DLD 

His Cys Ala 0.50 

Val Glu Ala 0.47 

Phe Phe Thr 0.21 

Glu Val Ala 0.41 

Val Glu Arg 0.50 

DLL 

His Cys Ala 0.46 

Glu Val Ala 0.41 

Val Glu Arg 0.48 
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 Table A-1. Continued.  

 

Configuration R3 R2 R1 RMSD (Å) 

DLL 

Val Glu Ala 0.48 

Phe Phe Thr 0.45 

Val Glu Ala 0.41 

Ala Cys His 0.33 

LDD 

Cys Cys Arg 0.50 

Ala Cys His 0.43 

Phe Phe Thr 0.38 

Thr Phe Phe 0.50 

Val Ala Glu 0.49 

Glu Ala Val 0.43 

LDL 

Val Ala Glu 0.48 

Cys Ala Cys 0.48 

His Cys Ala 0.47 

Thr Phe Phe 0.43 

Phe Phe Thr 0.39 

Glu Val Ala 0.50 

Ala Cys His 0.46 

LLD 

Phe Phe Thr 0.50 

Glu Val Ala 0.49 

Ala Glu Val 0.45 

Ala Val Glu 0.40 

LLL 

His Cys Ala 0.48 

Glu Val Ala 0.42 

Ala Val Glu 0.42 

Phe Phe Thr 0.42 

Ala Glu Val 0.48 

Val Glu Ala 0.48 

Cys Ala Cys 0.47 

 

 

Exploring Key Orientations on Secondary Structures (EKOS) matches 

chemotypes to ideal secondary structures.34 Compound 10aaa was found to overlay better 
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on sheets and sheet-turn-sheets (Table A-2). No values provided means the RMSD values 

were too high; 10 does not overlay well on strands. 

 

 

Table A-2. EKOS for compound 10. Reprinted with permission from ref 112. Copyright 

2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 
310-
helix 

-helix -helix 
γ-

turn 
inverse 
γ-turn 

STSa 
-

strand 
p-

sheetb 
anti-p-
sheetc 

          
LLL 0.81 0.71 0.51 - - 0.38 - 0.44 0.56 
DLL 0.78 0.69 0.44 - - 0.50 - 0.42 0.41 
LDL 0.87 0.70 0.60 - - 0.47 - 0.33 0.53 
LLD 0.82 0.60 0.49 - - 0.37 - 0.38 0.58 
LDD 0.83 0.69 0.55 - - 0.50 - 0.48 0.66 
DLD 0.83 0.60 0.58 - - 0.44 - 0.45 0.50 
DDL 0.88 0.67 0.51 - - 0.48 - 0.41 0.45 
DDD 0.84 0.55 0.46 - - 0.37 - 0.33 0.47 

aSTS: strand-turn-strand, bp-sheet: parallel -sheet, canti-p-sheet: anti-parallel -sheet 
red: ≤ 0.35 Å, blue: 0.35 < RMSD ≤ 0.5 Å  

 

 

Ramachandran plot was also obtained for the same compound, 10aaa, and was 

found to be in a different region (different conformations) than most favored and 

additional allowed regions of ordinary peptides (Figure A-2). 
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Figure A-2. Ramachandran plot of 10aaa. π is 180 degrees. Reprinted with permission 

from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ELISA 

96-well plates were incubated overnight at 4 °C with 100 μL of 2 μg/mL Human 

EGFR (Sino Biological) in PBS for immobilization. The plate was washed with 0.05% 

Tween-20 in PBS buffer between each step. A 1:1 mixture of Superblock buffer in PBS 

(ThermoFisher) with 0.04 M NaH2PO4 and 0.3 M NaCl buffer was used for blocking at 

room temperature for 1 h. Various concentrations of compound 10 were added and 

incubated at room temperature for 2 h. Compounds were screened initially at 50 μM. For 

concentration-dependent studies, a range of compound concentrations from 5 μM to 100 

μM in PBS was used. After washing, 5 nM EGF-biotin (ThermoFisher) in PBS was then 

added and incubated for 1 h. After incubation with streptavidin-HRP (ThermoFisher) for 

1 h, TMB (ThermoFisher) was added and incubated for an additional 30 min. Sulfuric acid 
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is then incubated for 15 min acting as a stop solution. The signal was detected at 450 nm 

using a microplate reader. 

 

Protein Fluorescence Quenching Experiment 

Static quenching of intrinsic tryptophan fluorescence in EGFR by the compounds 

was conducted using spectrofluorometer LS50B (Perkin-Elmer). Five titrations of small 

amount of compound (0.5 µl of 5 mM, 10 mM, 20 mM, and twice of 1 µl of 20 mM ) was 

added to 500 l of protein solution. Fluorescence spectra were measured with excitation 

wavelength of 280 nm. Each fluorescence spectrum was the average of three 

measurements, with a scan speed of 600 nm/min. The slit widths were 10 nm for both 

excitation and emission monochromators. In all cases, fluorescence measurements were 

taken after the solutions had reached an equilibrium value. Stern–Volmer curves, where 

F0 and F are the peak fluorescence intensities in the absence and presence of compound, 

respectively, exhibit linearity, suggesting that the quenching process arises from binding 

between the tryptophan fluorophore and the quencher compound. The linearity of the 

modified Stern–Volmer plots indicates static quenching (or binding) in the presence of an 

inaccessible population of fluorophores (Figure A-3a). Plots allow calculation of KD 

(slope/intercept).125 

 

Surface Plasmon Resonance 

Direct binding of each compound to EGFR was measured by SPR using a Biacore 

T200 optical biosensor (GE Healthcare) at 25˚C. High density (8000-9000 RU) and low 
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density of EGFR (2000-2500 RU) surfaces were created using CM5 and CM4 sensor chips 

(GE Healthcare) respectively using standard amine coupling chemistry. The mixture of 

equal volume of 0.1 M N-hydroxysuccinimide and 0.4 M 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide was injected for 8 min at 5 µl/min to activate the flow 

cell surface. EGFR stock (0.25 mg/ml) was diluted to 10 or 50 µg/ml in 10 mM sodium 

acetate (pH 5.5) and injected to the activated surface and immediately followed by a 5-

min injection of 1 M ethanolamine (pH 9) to deactivate the surface. Phosphate buffered 

saline (50 mM sodium phosphate pH 7.4, 150 mM NaCl) containing 0.01% (v/v) Tween 

20 (PBST) was used for immobilization. A reference flow cell was prepared with 

activation and deactivation steps, but no protein coupled. All binding experiments were 

performed in PBST containing 2% (v/v) DMSO at a flow rate of 30 µl/min. Compound 

was dissolved in 100% DMSO to 20 mM and then diluted 50-fold in PBST to 400 µM 

concentration as working stock for further dilution in running buffer. To regenerate the 

sensor surface, bound molecule was removed by flowing 10 mM sodium acetate (pH 5.0) 

over receptor surface for 15 second. The SPR sensorgrams were reference and buffer 

subtracted and evaluated using the Biacore T200 Evaluation Software (version 3.1). 

SPR screening showed that freshly immobilized EGFR is more reactive to the 

compounds. Small molecule binding to the immobilized EGFR followed by treatment of 

the chip at low pH to remove the compound caused binding activity of the receptor to 

decline. To minimize effects of that degeneration, a single cycle kinetic strategy was 

adopted (i.e. no extensive washing and retesting, instead adding the compound in 

progressively higher concentrations; Figure A-3b). 
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Figure A-3. Binding experiments for compounds 10 via: a modified Stern-Volmer plots 

from fluorescence quenching experiments; b direct binding of compounds to EGFR 

immobilized on Biacore sensor chip surface (SPR); and c competition assays with 

TGF•EGFR or EGF•EGFR. Reprinted with permission from ref 112. Copyright 2020 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

a

b



 

103 

 

 
 

Figure A-3. Continued. 

 

 

Cell Viability Assay 

A549 cells (EGFR +) were seeded at 5000 cells/well (50 μL) on 96-well plates and 

incubated at 37oC overnight. Various concentrations of 10 were prepared in protein-free 

hybridoma medium (PFHM II) and added to cells to make final concentrations from 3 M 

to 500 μM. After 48 h, 10 μL of AlamarBlue reagent (Invitrogen) was added and incubated 

for an additional 2 h. Fluorescence intensity (Ex/Em 495/519 nm) was measured on a 

microplate reader. The same was done with HEK293 cells (EGFR -; Figure A-4). 

 

 

c
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Figure A-4. HEK293 cell viabilities of 10 as monitored using alamarBlue, where gefitinib 

is the positive control and LLL-10faa is the partial negative control. Reprinted with 

permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

 

Apoptosis/Necrosis Assay 

Flow Cytometry for apoptosis/necrosis assay of compound 10 and gefitinib was 

determined on A549 cells using FITC annexin V/PI apoptosis detection kit. Briefly, 1x105 

cells were seeded in each well of 24-well plates and incubated for 24 h. Cells were 

detached using cell free dissociation buffer (enzyme free), washed with ice-cold PBS 

buffer twice, and suspended in 100 μL 1X binding buffer, followed by the addition of 5 

μL FITC annexin V staining solution and 1 μL PI 1X staining solution. The cell samples 

were incubated for 15 min at room temperature in the dark and followed by addition of 

another 400 μL 1×binding buffer. The cell samples were analyzed using BD FACS Aria 

II. 
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Figure A-5. Apoptosis/necrosis assay with gefitinib and LDL-10eav. Reprinted with 

permission from ref 112. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

 

Phospo-EGFR Assay 

A549 cells were seeded in a 24-well plate (1 x105 cells/well) in RPMI-1640 

medium containing 10% fetal bovine serum and were allowed to adhere overnight. 

Medium was replaced with Gibco® Protein Free Hybridoma Medium II (PFHM-II) 

containing 10% FBS premixed with different concentration of compounds (max. DMSO 

= 0.1%) and incubated for 1 h. 500 ng/mL EGF was then added and incubate for 15 min. 

For the positive control, 50 ng/mL EGF was added into the well instead. For the blank, no 

EGF nor compounds were added. Cells were washed twice with cold PBS and lysed by 

RIPA buffer (Pierce) according to manufacturer’s instructions to obtain the cell lysate. 

The total protein concentration of all lysate samples was calibrated by BCA protein assay 

(Pierce). SDS-buffer was added to samples and heated at 100 °C for 10 min. SDS-PAGE 

was performed using a handcast 10% polyacrylamide gel (50 µg total protein loaded). The 

gel was washed with distilled water twice and were transferred to PVDF membrane by 
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Pierce Power Station according to manufacturer’s instructions. The membranes were 

blocked with SuperBlock T20 (Thermo Fisher) for 2 h at room temperature, incubated 

with anti-p-EGFR pTyr1068 (Thermo Fisher, 1:1000) at 4 °C overnight, washed with 

TBST (TBS + 0.05% Tween 20) twice, incubated with HRP-conjugated anti-rabbit IgG 

(H+L) (Thermo Fisher, 1:2000) for 1 h at room temperature and washed again with TBST 

3-5 times. Afterwards, blots were treated with ECL Western Blotting Substrate (Pierce) 

and scanned by ChemiDoc XRS (BioRad) imaging system.  
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Figure A-6. Complete Western blot image of the EGFR pTyr inhibition for LDL-10eav 

at concentrations (M) decreasing from 112.5, 75, 50, 25, 12.5 in competition with EGF 

(uniformly used at 50 ng/mL). Reprinted with permission from ref 112. Copyright 2020 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 5 

 

General Experimental Procedure 

All reactions were carried out under an inert atmosphere (nitrogen, or argon where 

stated) with dry solvents under anhydrous conditions. Glassware for anhydrous reactions 

was dried in an oven at 140 ºC for minimum 6 h prior to use. Dry solvents were obtained 

by passing the previously degassed solvents through activated alumina columns. Reagents 

were purchased at a high commercial quality (typically 97 % or higher) and used without 

further purification. Analytical thin layer chromatography (TLC) was carried out on 

Merck silica gel plates with QF 254 indicator and visualized by UV, ceric ammonium 

molybdate, ninhydrin, para-methoxybenzaldehyde and/or potassium permanganate stains. 

Flash chromatography was performed using silica gel (230-600 mesh). Microwave 

irradiation for solid-phase syntheses was done using CEM MARS 5® system. LC-MS 

analyses were collected from Agilent 1260 Infinity Quaternary LC and Agilent 6120 

Quadrupole LC-MS modules using Poroshell 120 EC-C18 2.7 μM (4.6 x 50 mm) column 

in 10-90% MeCN/water gradient with 0.1% formic acid over 10 minutes. Agilent 1260 

Infinity II LC together with the Agilent 1290 Evaporative Light Scattering Detector was 

used in 10-90% MeCN/water gradient with 0.1% TFA over 25 minutes. A reversed phase 

column on Agilent PrepStar SD-1 preparative HPLC was used to purify final compounds 

in 10−90% MeCN/water gradient with 0.1% TFA over 20 min. The purity of the 

compounds was confirmed by Agilent 1260 Infinity II LC together with the Agilent 1290 
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Evaporative Light Scattering Detector column in 10-90% MeCN/water gradient with 0.1% 

TFA over 25 minutes. All the compounds had ≥95% purity.  

Well plates for bioassays were analyzed using Biotek Synergy H4 Microplate 

Reader. High field NMR spectra were recorded with Bruker Avance III at 400 MHz for 

1H, and 100 MHz for 13C and were calibrated using residual deuterated solvent as an 

internal reference (CDCl3: 
1H NMR = 7.24, 13C NMR = 77.0, MeOD: 1H NMR = 3.30, 

13C NMR = 49.0, DMSO-d6: 
1H NMR = 2.50, 13C NMR = 39.5). The following 

abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q 

= quartet, quint = quintet, dd = double doublet, dt = double triplet, dq = double quartet, m 

= multiplet, br = broad. Electrospray ionization mass spectrometry (ESI+ MS) data were 

collected on triple-stage quadrupole instrument in a positive mode.  

All statistical analyses were carried out by GraphPad Prism version 6.0 (Graphpad 

Software). Student’s t-test was used to determine significant differences between 

compounds and negative control. Results are represented as means ± SD. 

 

Quenched molecular dynamics (QMD) and Exploring Key Orientations (EKO) 

Quenched molecular dynamics (QMD) was used to generate simulated conformations of 

all diasteromers of 10aaa. The procedures had been reported previously.124 Approximately 

1500 conformers of each diastereomer within 3.0 kcal/mol of the global minimum were 

matched on uPA•uPAR protein-protein interaction (PDB ID: 3bt1) using the EKO 

analyses.32 The C-C coordinates from the side chains of peptidomimetics were 

systematically overlaid on C-C coordinates of the uPA side chains at the protein-protein 
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interface using an in-house algorithm. The goodness of fit was reported as root mean 

square deviation (RMSD). Lower RMSDs mean the C-C orientations between 

chemotypes and protein side chains are similar, thus chemotypes can mimic the protein 

side chains. Conformers within RMSD ≤ 0.50 Å were considered as “potential hits” which 

were summarized in Table B-1. 

 

 

Table B-1. Potential uPA mimics (10) from EKO analyses within RMSD ≤ 0.50 Å 

. 

Configuration R1 R2 R3 

LLL Phe Lys Ser 

DLL Ser Lys Ser 

DDL Ser Lys Ser 

LLD Ser Lys Ser 

LDD Asn Tyr Ser 

DDD Ser Lys Ser 

DDD Phe Asn Ser 

DDL Ser Lys Phe 

DDD Ser Lys Phe 

DLL Lys Ser Ile 

DDL Tyr Ser Ile 

LLL Ser Tyr Asn 

DLL Ser Tyr Asn 

LLD Ser Tyr Asn 

DLD Ser Tyr Asn 

DLD Lys Ser Trp 

DDL Phe Asn His 

DDD Ile Ser Tyr 
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Solid Phase General Syntheses of 13 and 14 

Syntheses of the piptides 10 used in these studies have already been reported.112 

Urea linkage was based off of a previously published procedure.110 

 

Fmoc deprotection on solid phase 

Deprotection of Fmoc was performed by adding 20% piperidine in DMF to the 

beads and were heated under microwave irradiation (160 W, 75 ºC, 3 min). Solution was 

drained, and beads were washed with DMF several times. 

 

Coupling on solid phase 

Acid (4 eq) was activated with HATU (4 eq) and iPr2NEt (8 eq) in DMF (0.2 M). 

This solution was added to the beads and subjected to microwave irradiation (100 W, 75 

ºC, 10 min). Solution was drained, and beads were washed with DMF several times. The 

temperature was lowered to 50 ºC when working with chlorotrityl resins. 

 

Deprotection of nosyl group on solid phase 

Similar to deprotection on solution phase with 2-meraptoethanol (3 eq) and DBU 

(5 eq) in DMF (1 M) were added to the beads and subjected to microwave irradiation (100 

W, 50 ºC, 15 min). Solution was drained, and beads were washed with DMF several times. 
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Click Reaction 

Fmoc-amino alkyne (2 eq), iPr2NEt (4 eq), sodium ascorbate (0.2 eq), and 

CuSO4
.5H2O (0.1 eq) were dissolved in DMF (2.5 mL) which were added into the resin 

containing azide. The beads were shaken in the dark at 25 oC for 16 h, and the beads were 

washed with 3 mL of 0.05 M EDTA (aq)/DMF (1:1) solution till all copper ions are 

removed (disappearance of green color of the bead). The beads were washed with DMF 

(4 mL x 5) to remove water. 

 

Hydantoin cyclization 

After the Fmoc deprotection at the R1 position, beads were washed with CH3CN 

(2 mL x 3), drained, and treated twice with p-nitrophenyl chloroformate (3 eq) and iPr2NEt 

(6 eq) in CH3CN at ~ 0.05 M concentration. Beads were shaken at 25 oC for 15 min each. 

Beads were washed with CH3CN (4 mL x 3), CH2Cl2 (4 mL x 3) and NMP (4 mL x 3) and 

shaken 5 times with 5 mL of 5 % iPr2NEt /NMP (v/v) solution for 1 h each to remove any 

yellowish by-products. Beads were further washed with NMP (4 mL x 5), CH2Cl2 (4 mL 

x 5) and CH3OH (4 mL x 5).  

 

Cleavage from the resin 

For chlorotrityl resins, beads were treated with 20% HFIP/CH2Cl2 at 25 oC for 1 

hr. Solution was collected and beads were treated with fresh 20% HFIP/CH2Cl2 for another 

30 min. For TentaGel S Ram resins, compounds were cleaved off from the beads by 

treating with TFA/Et3SiH/water (95:2.5:2.5 v/v) cocktail for 4 h at 25 oC. Collected 
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solutions were dried under N2 stream and purified by preparative reversed-phase HPLC 

(10% - 90% MeCN/H2O with 0.05% TFA) and lyophilized to obtain white to yellowish 

powders. 

 

 

 

 

 

 
Scheme B-1. Synthesis of LDDL-13sfks. 
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Scheme B-2. Synthesis of LLLL-14kssi. 

 

 

Compound Characterization  

(R)-2-(4-((R)-2-(4-(D-seryl)piperazin-1-yl)-6-aminohexanoyl)piperazin-1-yl)-3-

phenylpropanamide (DDD-10skf), 2.8 mg, 45% yield, white solid. 1H NMR (400 MHz, 

DMSO-d6) δ 9.01 (s, 2H), 7.49−7.14 (m, 7H), 5.05 (s, 1H), 4.34-3.87 (m, 3H), 3.60 (t, J = 

7.5 Hz, 1H), 3.48 (t, J = 7.0 Hz, 1H), 3.34−3.19 (m, 8H), 3.08−2.66 (m, 10H), 2.55 (t, J = 

7.1 Hz, 2H), 1.72-1.46 (m, 6H), 1.31-1.19 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 

177.51, 168.85, 168.43, 140.18, 129.54, 127.92, 126.03, 76.15, 70.34, 62.19, 55.32, 52.22, 
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50.46, 43.62, 36.03, 30.88, 28.90, 23.17. Calculated C26H44N7O4
+ (m/z): 518.3377; found 

(M+H)+: 518.3380. 

 

(S)-2-(4-((R)-6-amino-2-(4-((R)-1-((S)-4-(hydroxymethyl)-2,5-dioxoimidazolidin-1-yl)-2-

phenylethyl)-1H-1,2,3-triazol-1-yl)hexanoyl)piperazin-1-yl)-3-hydroxypropanamide 

(LDDL-13sfks), 4.8 mg, 38% yield, light yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 

11.08 (s, 1H), 7.64 (s, 1H), 7.25-7.13 (m, 7H), 5.26 (t, J = 7.1 Hz, 1H), 5.09 (s, 2H), 4.72-

4.43 (m, 2H), 4.25-3.64 (m, 4H), 3.69 (t, J = 7.5 Hz, 1H), 3.35−3.10 (m, 5H), 3.01−2.76 

(m, 5H), 2.68 (t, J = 7.0 Hz, 2H), 2.07-1.84 (m, 2H), 1.64-1.42 (m, 4H), 1.31 (m, 2H). 13C 

NMR (101 MHz, DMSO-d6) δ 178.31, 173.32, 172.71, 156.94, 139.52, 131.69, 128.61, 

127.52, 125.47, 123.06, 78.05, 71.14, 63.45, 61.83, 60.65, 59.92, 52.60, 49.80, 42.38, 

39.83, 32.51, 27.54, 28.49, 21.42. Calculated C27H40N9O6
+ (m/z): 586.3023; found 

(M+H)+: 586.3018. 

 

(S)-6-amino-2-(4-((S)-2-(4-(((R)-1-(1-((2S,3S)-1-amino-3-methyl-1-oxopentan-2-yl)-1H-

1,2,3-triazol-4-yl)-2-hydroxyethyl)carbamoyl)piperazin-1-yl)-3-

hydroxypropanoyl)piperazin-1-yl)hexanoic acid (LLLL-14kssi), 4.1 mg, 31% yield, white 

solid. 1H NMR (400 MHz, DMSO-d6) δ 12.09 (s, 1H), 7.65 (s, 1H), 7.24 (s, 2H), 6.55 (s, 

1H), 5.09−4.73 (m, 2H), 4.54 (d, J = 7.2 Hz, 1H), 4.29−3.70 (m, 3H), 3.67-3.37 (m, 4H), 

3.32-3.21 (m, 8H), 2.91-2.75 (m, 8H), 2.70 (t, J = 7.4 Hz, 2H), 2.27 (m, 1H), 1.64-1.46 

(m, 8H), 1.28-1.21 (m, 2H), 1.05-0.91 (m, 6H). 13C NMR (101 MHz, DMSO-d6) δ 177.31, 

175.32, 169.73, 157.94, 131.52, 123.61, 79.52, 75.47, 74.06, 64.57, 61.90, 60.34, 52.83, 
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51.65, 50.92, 49.60, 42.80, 29.54, 28.49, 28.42, 25.37, 23.57, 15.05, 10.79. Calculated 

C28H51N10O7
+ (m/z): 639.3786; found (M+H)+: 639.3792. 

 

LC Traces 

DDD-10skf 

 
 

LDDL-13sfks 

 
 

LLLL-14kssi 
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ELISA  

96-well plates were incubated overnight at 4 °C with 100 μL of 2 μg/mL uPAR 

(from Dr. Mazar) in PBS for immobilization. The plate was then washed with 0.05% 

Tween-20 in PBS buffer between each step. A 1:1 mixture of Superblock buffer in PBS 

(ThermoFisher) with 0.04 M NaH2PO4 and 0.3 M NaCl buffer was used for blocking at 

room temperature for 1 h. Various concentrations of the compounds were added and 

incubated at room temperature for 1 h. Compounds were initially screened at 50 μM. For 

concentration-dependent studies, a range of compound concentrations from 0.5 μM to 

1000 μM in PBS was used. After washing, 5 nM uPA-HRP  (Molecular  Innovations)  in  

PBS  was  then  added  and  incubated  for  1  h. 3,3',5,5'-Tetramethylbenzidine (TMB; 

ThermoFisher) was added and incubated for an additional 20 min. Sulfuric acid is then 

incubated for 15 min acting as a stop solution. The signal was detected at 450 nm using a 

microplate reader. 

 

 

 
Figure B-1. Competitive ELISA of 10 at 50 μM. 

 



 

118 

 

Fluorescence Polarization Assay  

Polarized fluorescence intensities were measured with excitation and emission 

wavelengths of 485 and 535 nm, respectively. To each well, 10 L 50 nM of FITC-AE105 

and 5 M of uPAR in PBS were added. Various concentrations of the compounds were 

prepared (0.01 – 500 M) and 10 L were added to each well. The plate was shaken in 

the dark for 3 h before it was read. Controls included wells containing only the peptide 

and wells containing both protein and peptide each in triplicates.  

 

Surface Plasmon Resonance  

Direct binding of each compound to immobilize His-tagged uPAR (catalog no. 

10925-H08H, SinoBiological) was measured by SPR using a Biacore T200 optical 

biosensor (Cytiva) at 25˚C. High density (8000-10000 RU) of anti-His antibody (His 

Capture Kit product no. 28995056, Cytiva) surfaces were created using CM5 sensor chips 

(Cytiva) using standard amine coupling chemistry. The mixture of equal volume of 0.1M 

N-hydroxysuccinimide and 0.4M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide was 

injected for 8 min at 5 µl/min to activate the flow cell surface. Anti-His antibody stock (1 

mg/mL) was diluted to 50 µg/mL with 10 mM sodium acetate pH 5.0 and injected for 10 

min at 5 mL/min to the activated surface and immediately followed by a 5 min injection 

of 1M ethanolamine (pH 9.0) to deactivate the surface. uPAR stock (0.25 mg/ml) was 

diluted to 50 µg/ml in 1X PBS buffer containing 100 mM arginine and 10% glycerol (pH 

7.5). Phosphate buffered saline (50 mM sodium phosphate pH 7.4, 150 mM NaCl) 

containing 0.01% (v/v) Tween-20 (PBST) was used for immobilization. A reference flow 
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cell was prepared with activation and deactivation steps but no anti-His antibody coupled. 

All binding experiments were performed in PBST containing 2% (v/v) DMSO at a flow 

rate of 50 µL/min. Each compound was dissolved in 100% DMSO to 20 mM and then 

diluted 50-fold in PBST to 550 µM concentration as working stock for further dilution in 

running buffer. To regenerate the sensor surface, bound molecule was removed by flowing 

10 mM glycine-HCl (pH 2.2) over receptor surface for 30 sec and next cycle was 

performed on a fresh surface. For each compound kinetics run, the appropriate controls 

were used as described in text. The SPR sensorgrams were referenced, buffer subtracted, 

and evaluated using the Biacore T200 Evaluation Software (version 3.1). 

 

 

a 

 
Figure B-2. Direct binding of compounds a DDD-10skf, b LLL-12fsi, c LDDL-13sfks 

and d LLLL-14kssi to uPAR immobilized on Biacore sensor chip surface (SPR) shown as 

a sensorgram. 
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b 

 
c 

 
d 

 
Figure B-2. Continued. 
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Cell Culture Procedure  

MDA-MB-231 cells were cultured on 75 cm2 tissue culture flasks in Dulbecco's 

Modified Eagle Medium (DMEM, Millipore Sigma) with 10% FBS. All cells were 

cultured in a humidified incubator at 37 °C with 5% CO2 and 95% air. 

 

Cell Viability Assay  

MDA-MB-231 cells were seeded at 5000 cells/well (50 μL) on 96-well plates and 

incubated at 37 oC overnight. Various concentrations of the compounds were prepared in 

protein-free hybridoma medium (PFHM II) and added to cells to make final concentrations 

from 1 to 200 μM. After 48 h, 10 μL of AlamarBlue reagent (Invitrogen) was added and 

incubated for an additional 2 h. Fluorescence intensity (Ex/Em 495/519 nm) was measured 

on a microplate reader. 

 

 

 
Figure B-3. MDA-MB-231 cell viabilities of compounds 10, 13 and 14 as monitored 

using alamarBlue, where gefitinib is the positive control and LLL-10faa is the partial 

negative control. 
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Wound Healing  

Culture-Insert 2 Wells (ibidi) were placed inside a 24-well plate. Using MDA-MB-

231, 70 L of a 3 x 105 cells/mL were added into each well of the insert. Plate was 

incubated for 24 hours at 37 oC. 

After incubation overnight, inserts were removed, and wells were gently washed 

with PBS to remove unattached cells. In each well, 0.5 mL of 0.1 % DMSO, 5 or 50 M 

of the compounds with 1% FBS in 10% DMEM/F12 and PFHM II were added. Time-

lapse imaging was recorded by EVOS (ThermoFisher) at 37 oC and 5% CO2, with images 

taken every 30 min for 45 hours. The results were evaluated using the ibidi software.126 

 

Migration and Invasion Assay  

Twenty-four well Transwell plates (Costar, Corning), with 8 M pore size inserts, 

were used. To the lower compartment (in the well), 0.6 mL of 0.1 % DMSO, 5 or 50 M 

of the compounds and 1% FBS in 10% DMEM/F12 and PFHM II was added before adding 

the insert to the well. To the upper compartment (inside the insert), 0.2 mL of 2 x 105 cells 

of MDA-MB-231 or HEK 293 with 0.1 % DMSO, 5 or 50 M of the compounds and 1% 

FBS in 10% DMEM/F12 and PFHM II was added. Plates were incubated for 20 hours at 

37 oC. 

After incubation overnight, inserts were taken out and washed with PBS 3 times. The 

upper side of the filter membrane is gently swiped with cotton swap to remove cell debris. 

The lower side of the insert filter was fixed with formaldehyde for 10 min, methanol for 

10 min, and stained with Hematoxylin solution (Millipore Sigma) for 20 min, carefully 



 

123 

 

washing with PBS 3 times after each step. Cells on the insert were imaged and (manually) 

counted at 10x magnification (EVOS, ThermoFisher). Percent migration were normalized 

using the DMSO control (100%). 

Invasion assay was similar except inserts were warmed to room temperature from 

-20 oC first. Serum-free DMEM was added to the inside of the insert and bottom of the 

wells and incubated for 2 h at 37 oC. The media was removed carefully before proceeding 

to add the solutions as described above. 
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APPENDIX C 

UNCONVENTIONAL SECONDARY STRUCTURE MIMICS: LADDER-RUNGS* 

 

Assays used to monitor the effects of small molecules on uPA•uPAR tend to test 

for parameters such as cell migration and invasion to reflect influence on metastatic 

spread; the work of Meroueh and co-workers on testing small molecules discovered by 

high-throughput screening on the same target was a good model for our studies103, 105, 127-

130 of compound 1 (same as compound 12 in the main chapters of this dissertation). 

A competitive ELISA (uPAR anchored, uPA in solution) was first used to 

monitor binding to uPAR. At 50 μM, all ten candidate compounds from the EKO 

evaluation inhibited binding of uPA-HRP (5 nM; HRP is horse radish peroxidase) to 

some extent. The fact that all ten compounds passed the EKO evaluation speaks to the 

validity of this method for identification of binders. Three of these (LLL-1fsi, LDD-

1sfk, DDL-1sfk) were selected for determination IC50 values; the values obtained were 

8.35 ± 0.05, 13.5 ± 0.1, 25.4 ± 0.1 μM, respectively (Figure C-1b). 

A fluorescence polarization assay was used to determine dissociation constants 

of the three lead compounds with respect to solubilized uPAR (Fig C-2c; Ploug’s uPAR 

binding peptide AE105108 was used as a competitor). The values obtained were in the 

range (7.5 – 22 μM), where LLL-1fsi was retained most strongly (7.5 ± 0.1 μM).  

 

* Reprinted with permission from “Unconventional Secondary Structure Mimics: Ladder-Rungs” by Chen-

Ming Lin+, Maritess Arancillo+, Jonathan Whisenant, and Kevin Burgess, 2020. Angew. Chem., Int. Ed., 

59, 9398–9402. DOI: 10.1002/anie.202002639. Copyright 2020 by Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

[+] These authors contributed equally to this work. 
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Figure C-1. a Competitive ELISA of all compounds at 50 μM. b Dose response of three 

(lead) compounds to obtain IC50 values. c Competitive fluorescence polarization to 

determine the binding, Ki, of the lead compounds 1. Reprinted with permission from ref 

106. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Compounds that bind uPAR are not necessarily expected to be cytotoxic. 

Cytotoxicities of LLL-1fsi, LDD-1sfk, and DDL-1sfk on MDA-MB-231 (uPAR+ 

metastatic, triple negative breast cancer cells;107 Fig C-1d) were checked; only LLL-1fsi 

decreased in viability significantly at 200 μM. From this point forward, only the compound 

with highest affinity for uPAR, LLL-1fsi, was considered.  

Mimic LLL-1fsi was evaluated in assays for wound healing, cell migration, and 

invasion; MDA-MB-231 cells were used throughout.  Dose dependent effects were 

observed in all three assays (Figure C-2, images in Figure C-4 and C-5; AE105 was used 

as positive control;88 the test compounds had no effect on invasion or migration of uPAR-

negative HEK293 kidney embryonic cells107). Thus LLL-1fsi suppresses cell movement 

into a scratch, migration in response to a chemical gradient, and invasion across an 

extracellular matrix-analog; all characteristics of suppression of metastases. 
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Figure C-2. a Dose response wound healing assay (peptide AE105 at 0.5 μM as a positive 

control). Data processed using ibidi software (available online).126 b Normalized 

migration and c invasion assays using MDA-MB-231 compared with a DMSO control. 

Reprinted with permission from ref 106. Copyright 2020 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

 

Methods 

ELISA 

96-well plates were incubated overnight at 4 °C with 100 μL of 2 μg/mL uPAR 

(from Dr. Mazar) in PBS for immobilization. The plate was then washed with 0.05% 

Tween-20 in PBS buffer between each step. A 1:1 mixture of Superblock buffer in PBS 

(ThermoFisher) with 0.04 M NaH2PO4 and 0.3 M NaCl buffer was used for blocking at 
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room temperature for 1 h. Various concentrations of compound 1 were added and 

incubated at room temperature for 1 h. Compounds were initially screened at 50 μM. For 

concentration-dependent studies, a range of compound concentrations from 0.5 μM to 

1000 μM in PBS was used. After washing, 5 nM uPA-HRP (Molecular Innovations) in 

PBS was then added and incubated for 1 h. TMB (ThermoFisher) was added and incubated 

for an additional 20 min. Sulfuric acid is then incubated for 15 min acting as a stop 

solution. The signal was detected at 450 nm using a microplate reader. 

 

Fluorescence Polarization Assay 

Polarized fluorescence intensities were measured with excitation and emission 

wavelengths of 485 and 535 nm, respectively. To each well, 10 mL 50 nM of AE105-

FITC and 5 mM of uPAR in PBS were added. Various concentrations of 1 were prepared 

(0.01 – 500 mM) and 10 mL were added to each well. The plate was shaken in the dark 

for 3 h before it was read. Controls included wells containing only the peptide and wells 

containing both protein and peptide each in triplicates.  

 

Cell Viability Assay 

MDA-MB-231 cells were seeded at 5000 cells/well (50 μL) on 96-well plates and 

incubated at 37oC overnight. Various concentrations of 1 were prepared in protein-free 

hybridoma medium (PFHM II) and added to cells to make final concentrations from 1 mM 

to 200 μM. After 48 h, 10 μL of AlamarBlue reagent (Invitrogen) was added and incubated 
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for an additional 2 h. Fluorescence intensity (Ex/Em 495/519 nm) was measured on a 

microplate reader. 

Compounds that bind uPAR are not necessarily expected to be cytotoxic. 

Cytotoxicities of LLL-1fsi, LDD-1sfk, and DDL-1sfk on MDA-MB-231 (uPAR+ 

metastatic, triple negative breast cancer cells; Figure C-3a) were checked; only LLL-1fsi 

decreased in viability significantly at 200 μM. 

 

 

Table C-1. Summary of values (M) for ELISA, FP, and cell viability (without PMA) 

with their corresponding standard deviation. Reprinted with permission from ref 106. 

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
 LLL-1fsi LDD-1sfk DDL-1sfk 

ELISA (IC50)
a 8.35 ± 0.05 13.5 ± 0.1 25.4 ± 0.1 

FP (Ki)
a 7.5 ± 0.2 12.1 ± 0.2 22.8 ± 0.4 

Cell Viability (IC50, no PMA)b - - - 

aExperiments were done in triplicates and repeated three times. bCell viability was done in 

octuplicates and repeated for three times. Viability remained fairly constant throughout most of 

the experiment (Fig. C-3a), so no values are reported. 

 

 

Another set of cells were seeded onto 96-well plates, this time with 100 nM 

phorbol 12-myristate 13-acetate (PMA, Alfa Aesar) added to increase the amount of uPAR 

in the cells.131 Compounds 1 were added in the same procedure described above. Even 

with the increased amount of uPAR on the cells, the results in Fig. S2b show that only 

LLL-1fsi has significant cytotoxicity, with IC50 at about 31 M. 
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Figure C-3. a Cell viability for LLL-1fsi, LDD-1sfk and DDL-1sfk with respect to MDA-

MB-231 cells. b Cell viability with PMA (phorbol 12-myristate 13-acetate, 100 nM) added 

to increase the expression of uPAR on the cell membrane.131 Reprinted with permission 

from ref 106. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Wound Healing 

Culture-Insert 2 Wells (ibidi) were placed inside a 24-well plate. Using MDA-MB-

231, 70 mL of a 3 x 105 cells/mL were added into each well of the insert. Plate was 

incubated for 24 hours at 37 oC. 

After incubation overnight, inserts were removed, and wells were gently washed 

with PBS to remove unattached cells. In each well, 0.5 mL of 0.1 % DMSO, 5 or 50 M 

of LLL-1fsi with 1% FBS in 10% DMEM/F12 and PFHM II were added. Time-lapse 

imaging was recorded by EVOS (ThermoFisher) at 37 oC and 5% CO2, with images taken 

every 30 min for 45 hours. The results were evaluated using the ibidi software. 126 
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Figure C-4. During a 45-hour wound healing assay, images were taken every 30 minutes 

using a time-lapse microscope (EVOS, ThermoFisher). Representative pictures at 0, 12, 

24 and 45 h are shown. Reprinted with permission from ref 106. Copyright 2020 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Migration and Invasion Assay 

Twenty-four well Transwell plates (Costar, Corning), with 8 M pore size inserts, 

were used. To the lower compartment (in the well), 0.6 mL of 0.1 % DMSO, 5 or 50 M 

of LLL-1fsi and 1% FBS in 10% DMEM/F12 and PFHM II was added before adding the 

insert to the well. To the upper compartment (inside the insert), 0.2 mL of 2 x 105 cells of 

MDA-MB-231 or HEK 293 with 0.1 % DMSO, 5 or 50 mM of LLL-1fsi and 1% FBS in 

10% DMEM/F12 and PFHM II was added. Plates were incubated for 20 hours at 37 oC. 

After incubation overnight, inserts were taken out and washed with PBS 3 times. 

The upper side of the filter membrane is gently swiped with cotton swap to remove cell 

debris. The lower side of the insert filter was fixed with formaldehyde for 10 min, 

methanol for 10 min, and stained with Hematoxylin solution (Millipore Sigma) for 20 min, 

carefully washing with PBS 3 times after each step. Cells on the insert were imaged and 

(manually) counted at 10x magnification (EVOS, ThermoFisher). Percent migration were 

normalized using the DMSO control (100%). 

Invasion assay was similar except inserts were warmed to room temperature from 

-20 oC first. Serum-free DMEM was added to the inside of the insert and bottom of the 

wells and incubated for 2 h at 37 oC. The media was removed carefully before 

proceeding to add the solutions as described above. 
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Figure C-5. Representative pictures of a Transwell® migration and b invasion assay for 

LLL-1fsi. Pores of the membranes could also be observed as the numerous small and 

round dots, while the cells are the larger and darker spots/streaks in the picture. Reprinted 

with permission from ref 106. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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APPENDIX D 

EKO AND OTHER BIOINFORMATIC STUDIES 

 

Design Criteria For Minimalist Mimics of Protein–Protein Interface Segments* 

Data accumulated from EKO analyses 

Figure D-2 plots the number of EKO alignments (referred to as “hits” later for 

simplicity) with RMSD < 0.35 Å for each hypothetical mimic, averaged over all 

stereoisomers. Mimic 1 gave significantly more hits than any other mimic. Mimics 1–4 

gave more hits than our “control” A, whereas 5–8 gave less. Thus, 1–4 and A are fine 

interface mimics, and mimic 1 is a privileged design. 

Figure D-2b breaks down the interface overlays according to stereochemistry of 

the mimics. All the mimics in Figure D-1 hypothetically could be obtained via synthesis 

from amino acids. It is tempting to assume the corresponding LLL-configurations should 

give the most overlays on PPI interfaces since natural proteins are derived exclusively 

from L-amino acids, but Figure D-2b shows this is not a valid assumption. Different 

stereochemical configurations can compensate for the unnatural backbones of minimalist 

mimics relative to the parent polyamide systems, to place side-chains in favorable 

orientations. 

 

* Reprinted with permission from “Design Criteria For Minimalist Mimics of Protein–Protein Interface 

Segments” by Jaru Taechalertpaisarn, Rui-Liang Lyu, Maritess Arancillo, Chen-Ming Lin, Zhengyang 

Jiang, Lisa M. Perez, Thomas R. Ioerger and Kevin Burgess, 2019. Org. Biomol. Chem., 17, 908–915. DOI: 

10.1039/c8ob02901f. Copyright 2019 by The Royal Society of Chemistry. 
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We set out to rationalize the observations outlined above, but first it was necessary 

to test if they were just artifacts of the relative flexibilities of the mimics. The 

considerations used to do this is described in the following section. 

 

 
Figure D-1. Minimalist mimics featured in this study. Two indicators of compound 

flexibility are annotated below each structure. Since EKO was developed to evaluate 

minimalist mimics with three side-chains, we used only R1, R2, and R4 of A in this work. 

Reprinted with permission from ref 50. Copyright 2019 The Royal Society of Chemistry. 
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The influence of relative flexibility on the EKO data 

There are two simple quantitative indicators of flexibilities of minimalist mimics; 

both are indicated in Figure D-1. The first is “significant degrees of freedom”, defined by 

the number of freely-rotating σ-bonds and by tertiary amides that flip between cis and 

trans conformations. The second indicator of conformational flexibility is based on 

assessment of preferred conformations generated by QMD simulation. The conformers 

are clustered based on Cα–Cβ orientations of the three side chains at the end of each QMD 

run. More flexible molecules tend to give more clusters in this process. 

Mimics A and 1–8 were chosen partly because, in our estimation, they are more 

conformationally constrained than peptides; however, it is necessary to be mindful of their 

relative flexibilities. Flexible compounds may have more preferred conformers, thus have 

a better chance of aligning themselves with interface segments. Consequently, EKO 

evaluations are biased towards more flexible compounds, provided all other factors are 

equal, simply because a “match” is more likely to be found by screening more 

conformational partners. By examining the data, we found this was not the dominant 

consideration for minimalist mimic design. The following discussion elaborates on this 

conclusion. 

Mimics 4, 6 and 8 have both the most significant degrees of freedom in the series, 

and number of conformational clusters; these are the most flexible mimics. Conversely, 1, 

5, and 7, are the least flexible ones according to the two indicators discussed above. 

Comparing to Figure D-2 reveals the most flexible mimic (8) gave the least hits while (1), 
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being one of the least flexible ones, gave significantly more hits than any other; this is 

opposite to one might expect if the numbers of overlays at interfaces segments were 

governed predominantly by conformational flexibility. Structural parameters other than 

flexibility must be dominant in determining the numbers of hits since there is no apparent 

correlation between compound flexibility and number of hits. That conclusion cleared the 

way to search for other structural features that favor good minimalist mimic designs. 

 

 

 
Figure D-2. Number of EKO hits with RMSD < 0.35 Å: a averaged over all stereoisomers 

for 1–8 and A; b breakdown to each stereoisomer for 1–4 and A. Reprinted with 

permission from ref 50. Copyright 2019 The Royal Society of Chemistry. 
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Figure D-2. Continued. 
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Correlations Between Secondary Structure- and Protein–Protein Interface-

Mimicry: The Interface Mimicry Hypothesis* 

Peptidomimetic A 

EKOS analyses of the trimethyl-substituted chemotype LLL-Aaaa (“aaa” denotes 

three methyl side chains analogous to AlaAlaAla; the aaa nomenclature is often omitted 

in this paper for simplicity) indicates it tends to overlay select common secondary 

structures better than the most effective minimalist mimics as of 2014. Consequently, 

chemotype A is a useful benchmark for good interface mimic design. 

Data from an EKOS analysis featuring all the isomers of Aaaa were obtained in 

the current study, whereas the original report only featured the LLL-isomer. Fig. D-3a 

shows how each of the eight possible stereoisomers (grouped on the x-axis) overlay on the 

ideal secondary structures, and D-3b arranges the best matching conformers in descending 

RMSD of the overlays irrespective of stereochemistry. The best overlay identified was for 

LDD-A on a parallel β-sheet (RMSD 0.21 Å). Fig. D-3c illustrates that best fit; the 

orientations of the side-chains in the ideal parallel β-sheet and the simulated conformer 

are indeed very close. 

Fig. D-3a reveals LLL-A is a good mimic for helices, and LDD-A is better at 

mimicking extended structures. Consequently, it seemed likely that LLL-A would overlay 

more frequently on helices at PPI interfaces in the PDB, and LDD-A would overlay well 

 

* Reprinted with permission from “Correlations Between Secondary Structure- and Protein–Protein 

Interface-Mimicry: The Interface Mimicry Hypothesis” by Jaru Taechalertpaisarn, Rui-Liang Lyu, Maritess 

Arancillo, Chen-Ming Lin, Lisa M. Perez, Thomas R. Ioerger and Kevin Burgess, 2019. Org. Biomol. 

Chem., 17, 3267–3274. DOI: 10.1039/c9ob00204a. Copyright 2019 by The Royal Society of Chemistry. 
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more frequently on strands and sheets. To check if this is true, we selected the best 

overlays for each stereoisomer (RMSD < 0.25 Å based the three side-chains) from our 

previous EKO analysis on >240 000 PPI interfaces. This approach generated 312 and 320 

PPI interface matches for LLL- and LDD isomer, respectively. Each match was then 

analyzed using the DSSP and STRIDE programs. To our surprise, only a small portion of 

these matches was on regions with clear secondary structures at all (Fig. D-3e and f ). 

DSSP and STRIDE analyses 

indicate most (>73%) of the matches were on segments (Fig. D-3f). 

Consistent with the Secondary Structure Hypothesis, LLL-A does in fact overlay 

more frequently on helices than LDD-A (2.2 and 0.3% of the overlays, as determined by 

DSSP), while LDD-A more frequently matches well on sheets and strands (14.7 and 0%), 

but this only accounts for small fractions of the best overlays in each case. 
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Figure D-3. RMSD (Å) of the overlays of mimics A on each of the ideal secondary 

structures, organized by stereochemistry (a) or by decreasing RMSD (b).Overlay of 

preferred conformers of LDD-A (silver) on a parallel β-sheet (gold), RMSD 0.21 Å (c); 

and, of LLL-A on a π-helix (also gold), RMSD 0.36 Å (d). Statistical distribution of 

secondary structures at PPI interfaces derived by DSSP and STRIDE calculations; e the 

best 312 overlays of LLL-A (all RMSDs < 0.25 Å); and f 320 overlays of LDD-A (RMSD 

< 0.25 Å). Note that calculations do not differentiate strand-turn-strand, parallel- and 

antiparallel-sheets. Reprinted with permission from ref 51. Copyright 2019 The Royal 

Society of Chemistry. 

 

  



 

143 

 

Interface mimics 4 

 

 

 

 
Figure D-4. a RMSD (Å) of the overlays of mimics 4 on each of the ideal secondary 

structures, organized by stereochemistry. Statistical distribution of secondary structures at 

PPI interfaces derived by DSSP and STRIDE calculations; b the best 369 overlays of 

LDL-4; c the best 308 overlays of LLL-4. Reprinted with permission from ref 51. 

Copyright 2019 The Royal Society of Chemistry. 
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Figure D-4. Continued. 
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PPI Summary Table 

 The Burgess’ group has designed several chemotypes to potentially perturb 

different PPIs using EKO. Below are several chemotypes (Figure D-5) ran through several 

different PPIs. Table D-1 and D-2 show the lowest RMSD of the chemotype matched on 

the protein given by EKO, with the number of hits below 0.5 Å in parentheses. 

 

 

 
Figure D-5. Different chemotypes with 3 possible side chains. 

 

Triazole and Piperazine Chemotypes

 

Triazoles 

Piperazines 
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Figure D-5. Continued. 

 

 

Table D-1. Chemotypes Matching on PPI Cancer Targets. 

 

 
  

Chemotypes 

 

 

 

 

 

 

 

 

 

 

 

Piperidinones 

Hydantoins 

Cyclic Peptides 

Imidazolidinones 

 PDB Match 
Triazoles Piperazines 

JT023 JT024 JT025 JT026 JT027 JT028 MA9 rjm04 ZJ1a ZJ1b JT055 MA6 MA12 MA13 MA14 MA17 MA19 MA23 

EGFR●EGFR 1MOX EGFR 0.42 (8) 0.40 (6) 0.34 (21) 0.26 (36) 0.34 (5) 0.26 (39) 0.44 (12) 0.24 (41) 0.36 (14) 0.26 (56) 0.47 (1) 0.43 (2) 0.43 (15) 0.42 (15)  0.33 (20) 0.45 (3) 0.30 (39) 

EGFR●TGF-α 1MOX 
EGFR 0.37 (4) 0.35 (5) 0.27 (8) 0.34 (9) 0.39 (4) 0.28 (7) 0.49 (1) 0.50 (1)  0.35 (18) 0.37 (8)  0.38 (4) 0.34 (5)  0.24 (7) 0.49 (1) 0.28 (6) 

TGF-α 0.33 (5) 0.37 (12) 0.18 (13) 0.26 (30) 0.37 (12) 0.27 (34) 0.45 (6) 0.29 (17) 0.41 (11) 0.24 (25) 0.31 (11) 0.43 (1) 0.36 (28) 0.36 (27) 0.46 (4) 0.37 (14) 0.37 (12) 0.26 (17) 

GDNF●GDNFR-1 
3FUB GDNF 0.33 (6) 0.46 (3) 0.25 (15) 0.33 (14) 0.49 (1) 0.32 (17) 0.43 (1) 0.37 (2)  0.34 (18)  0.42 (2)    0.24 (15)  0.25 (10) 

2V5E GDNF 0.45 (5) 0.38 (4) 0.32 (14) 0.24 (22) 0.33 (4) 0.22 (21) 0.45 (1) 0.33 (2) 0.45 (1) 0.36 (16)  0.49 (1) 0.49 (2) 0.50 (1) 0.42 (1) 0.26 (24)  0.40 (7) 

Mcl-1●Bim BH3 2NL9 Bim BH3  0.49 (1) 0.39 (9) 0.40 (15)  0.41 (17)  0.23 (16)  0.34 (13)       0.47 (1) 0.43 (5) 

NEDD8●APPBP1 1R4N 
APPBP1          0.50 (1)         

NEDD8  0.31 (2) 0.47 (2) 0.29 (7) 0.42 (2) 0.38 (5)  0.39 (4)  0.44 (3)        0.40 (6) 

NEDD8●UBA3 1R4N 
UBA3 0.40 (7) 0.38 (3) 0.29 (14) 0.32 (7) 0.37 (3) 0.34 (7)  0.36 (7) 0.38 (5) 0.25 (9) 0.39 (1)  0.42 (4) 0.42 (5) 0.41 (4) 0.36 (12) 0.43 (3) 0.30 (18) 

NEDD8 0.50 (1)  0.33 (8) 0.40 (14)  0.42 (15)    0.26 (4)      0.31 (14)  0.38 (7) 

p53●MDM2 1YCR 
p53 0.40 (8) 0.40 (4) 0.27 (20) 0.40 (27) 0.42 (4) 0.36 (30) 0.50 (1) 0.21 (14) 0.41 (3) 0.31 (22)   0.38 (3) 0.37 (3)  0.35 (15)  0.34 (20) 

MDM2  0.49 (2)  0.43 (3)  0.43 (3)  0.45 (3)  0.34 (7)  0.38 (2) 0.47 (1) 0.48 (1)     

PD-1●PD-L1 

3BIK 
PD-L1   0.39 (10) 0.29 (11)  0.27 (12)  0.25 (19) 0.37 (6) 0.39 (11) 0.47 (2)  0.46 (2) 0.47 (1) 0.41 (3) 0.28 (19)  0.29 (13) 

PD-1 0.29 (2) 0.46 (1) 0.26 (8) 0.39 (7) 0.47 (2) 0.37 (7)   0.42 (2) 0.35 (12)      0.28 (8)  0.36 (1) 

4ZQK 
PD-L1             0.45 (1) 0.45 (1)  0.39 (10)  0.41 (2) 

PD-1                0.32 (4)  0.33 (3) 

RAS●PI3K 1HE8 
RAS 0.40 (4)  0.25 (12) 0.43 (9)  0.43 (10)  0.49 (1)  0.40 (5)      0.22 (19)  0.37 (4) 

PI3K 0.48 (3)  0.33 (13) 0.28 (20)  0.25 (20) 0.47 (1) 0.48 (1)  0.32 (12)      0.27 (19)  0.34 (11) 

RAS●SOS 1BKD 
RAS 0.31 (5) 0.42 (11) 0.23 (17) 0.31 (32) 0.43 (10) 0.34 (35)  0.25 (25)  0.26 (30)   0.45 (4) 0.47 (5)   0.44 (3) 0.31 (14) 

SOS 0.29 (8) 0.39 (14) 0.26 (25) 0.35 (32) 0.40 (11) 0.34 (29) 0.46 (8) 0.24 (21) 0.42 (5) 0.33 (35)   0.48 (5) 0.47 (8)  0.38 (5) 0.29 (4) 0.29 (14) 

uPA●uPAR 

2I9B uPA 0.38 (2) 0.37 (6) 0.27 (27) 0.26 (45) 0.37 (7) 0.29 (39) 0.47 (30) 0.17 (25) 0.25 (36) 0.28 (48) 0.40 (3) 0.40 (9) 0.32 (18) 0.31 (13) 0.41 (3) 0.21 (29) 0.46 (3) 0.22 (58) 

3U73 uPA 0.38 (4) 0.21 (12) 0.28 (20) 0.22 (53) 0.22 (14) 0.19 (49) 0.34 (14) 0.13 (17) 0.22 (28) 0.31 (40) 0.44 (3) 0.50 (1) 0.44 (6) 0.36 (6) 0.37 (6) 0.40 (19)  0.24 (28) 

3BT1 uPA   0.29 (11) 0.34 (20) 0.46 (1) 0.31 (17) 0.45 (2) 0.39 (2) 0.22 (16) 0.30 (21) 0.44 (2)  0.47 (7) 0.46 (6) 0.40 (4) 0.41 (13)  0.22 (42) 
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Table D-1. Continued. 

 

 
 

 

Table D-2. Chemotypes Matching on Other PPI Targets. 

 

 

  PDB Match 
Cyclic Peptides Hydantoins Piperidinones Imidazolidinones 

DX8 DX022 DX023 DX024 DX025 Dser IM1 Lser RZH JT001 JT016 JT035 JT036 JT052 JT053 JT057 MA4 DX0 Li1 DX9 DX11 KB8 

EGFR●EGFR 1MOX EGFR  0.34 (2) 0.44 (1) 0.42 (2) 0.48 (2) 0.33 (2)  0.38 (2) 0.50 (1) 0.37 (2)   0.45 (1) 
0.11 
(40) 

0.35 
(18)  

0.36 (4)  
0.29 
(26)  

0.35 
(14)  

0.46 (3)  
0.36 
(13)  

0.27 
(29) 

0.40 (9) 
0.29 
(58) 

0.36 (4) 0.33 (5) 
0.26 
(36) 

EGFR●TGF-α 1MOX 

EGFR 0.42 (4)  0.28 (2) 0.23 (2) 0.41 (3) 0.30 (3)      0.29 (2)  
0.22 
(14)  

 0.26 (7)    0.41 (3) 0.36 (5)  0.47 (3)  0.41 (6)  0.20 (2) 0.38 (3) 0.38 (9) 0.33 (1) 0.38 (2) 
0.30 
(10) 

TGF-α 0.22 (5) 0.18 (7) 0.17 (7) 0.16 (6) 0.27 (7)  0.30 (4) 0.34 (1)  0.26 (4) 0.15 (7)  
0.22 
(25) 

0.31 (9)   0.39 (9)   0.31 (7) 0.29 (9) 
 0.42 
(10) 

0.39 (5) 
0.36 
(24) 

0.25 
(42) 

0.45 (4) 0.32 (7) 
0.29 
(35) 

GDNF●GDNFR-1 

3FUB GDNF 0.30 (4) 0.29 (3) 0.24 (4) 0.43 (2) 0.27 (6)  0.37 (3) 0.48 (1)  0.43 (2) 0.34 (3)  
0.15 
(32)  

 0.33 
(13) 

 0.45 (2)  0.34 (3)        0.33 (2) 0.42 (6) 
0.30 
(23) 

0.41 (2) 0.41 (5) 
0.33 
(14) 

2V5E GDNF 0.33 (2)         0.48 (2)  0.36 (5) 
 0.14 
(28) 

0.36 
(12)  

0.48 (2)  0.38 (3)     0.48 (1)    0.44 (1) 0.37 (9) 
0.32 
(20) 

0.34 (2) 0.38 (2) 
0.18 
(21) 

Mcl-1●Bim BH3 2NL9 
Bim 
BH3 

 0.28 (4) 0.33 (3) 0.36 (1) 0.38 (3)  0.48 (1)  0.47 (1) 0.43 (3)  0.47 (1)  
0.29 
(14)  

0.40 (5)    
0.38 
(12)  

0.46 (2)  0.47 (2)  0.42 (2)  
0.30 
(15) 

0.40 (5) 
0.30 
(18) 

  0.43 
(14) 

NEDD8●APPBP1 1R4N 

APPBP
1 

                    0.39 (1)   

NEDD8   0.47 (1) 0.49 (1)  0.50 (1)  0.46 (1)   0.49 (1)   0.49 (1)  0.50 (1)     0.30 (5) 0.45 (5)   0.41 (2)      
 0.23 
(10) 

   0.38 
(3)  

NEDD8●UBA3 1R4N 

UBA3 0.25 (1) 0.33 (5) 0.26 (5) 0.39 (4) 0.31 (5)    0.48 (1)  0.28 (6)  
 0.28 
(18) 

0.31 
(10) 

0.37 (6)    0.35 (7) 0.42 (6)   0.46 (2)  0.40 (2) 
0.27 
(12) 

0.27 
(14)  

 0.25 (4) 0.40 (8)  
0.26 
(8)  

NEDD8              
 0.13 
(13) 

 0.41 (3)           0.40 (1)   
 0.30 
(13) 

  0.30 (4)  
 0.44 
(8) 

p53●MDM2 1YCR 

p53 0.36 (5)  0.43 (1) 0.37 (1) 0.47 (2) 0.42 (4) 0.48 (2)  0.39 (1)    0.44 (1) 
0.18 
(33)  

0.35 
(15)  

0.37 (6)  0.40 (6) 0.43 (5)  0.48 (1)   0.42 (8) 
 0.26 
(16) 

0.38 (5) 
0.22 
(45)  

0.27 (3)  0.31 (4)  
 0.26 
(22) 

MDM2              0.49 (2)    0.48 (1) 0.43 (2)  0.47 (3)     0.40 (2) 0.30 (2)  0.36 (3)  0.44 (4)     0.46 (4) 

PD-1●PD-L1 

3BIK 

PD-L1  0.41 (1) 0.48 (1) 0.46 (1)  0.42 (2) 
 0..45 

(2) 
0.41 (1) 0.46 (1)  0.44 (1)  

0.35 
(12) 

0.38 (5) 
0.30 
(10) 

0.29 
(11) 

0.45 (5)   0.45 (6) 0.47 (2)  0.26 (8) 
 0.29 
(17) 

 0.29 
(19) 

 0.26 (3)   0.35 (6) 

PD-1  0.22 (2) 0.13 (2) 0.33 (2) 0.27 (2)   0.48 (1) 0.25 (1) 
0.13 
(16) 

0.27 (8)       0.49 (1) 0.36 (6)  0.33 (4) 0.36 (9) 

4ZQK 

PD-L1 0.40 (2) 0.48 (1) 0.47 (1)  0.39 (2)                  

PD-1  0.20 (2) 0.18 (2) 0.34 (2) 0.34 (2)          0.49 (1)        

RAS●PI3K 1HE8 

RAS  0.46 (2) 0.48 (1) 0.49 (1) 0.49 (1)    0.44 (4) 
0.25 
(16) 

0.25 (8)  0.50 (1)    0.45 (1)  
0.32 
(15) 

 0.31 (4) 0.47 (6) 

PI3K 0.33 (2) 0.39 (1) 0.36 (1)  0.29 (2) 
 0.39 
(2)  

 0.46 (1)    
 0.26 
(20) 

 0.38 (7)  0.46 (1)  0.36 (3)        0.41 (2)   
0.33 
(29)  

   0.37 (3) 
 0.34 
(11) 

RAS●SOS 1BKD 

RAS 0.33 (8) 0.37 (7) 0.39 (6) 0.31 (5) 0.34 (2)  0.43 (3) 0.38 (1) 0.39 (3)  0.37 (4)  
0.19 
(26)  

 0.23 (7)   
0.38 
(11)  

0.36 (6) 0.50 (1)  0.37 (9)  0.33 (9)  0.30 (8) 
 0.24 
(54) 

 0.32 (4)  0.42 (2) 
0.35 
(25)  

SOS 0.32 (4) 0.36 (9) 0.28 (8) 0.33 (5) 0.38 (6)  0.47 (2) 0.42 (1) 0.38 (1)   0.36 (5) 
 0.24 
(29) 

 0.27 
(16) 

 0.49 (1)  0.39 (8) 
0.44 
(12) 

 0.46 (1) 
 0.38 
(13) 

 0.35 (8) 0.36 (9) 
 0.27 
(41) 

 0.40 (3)  0.39 (3) 
0.31 
(26)  

uPA●uPAR 

2I9B uPA 0.30 (7)     0.36 (3)  0.34 (3) 0.34 (6) 
0.17 
(58) 

0.27 
(18) 

0.30 
(14) 

0.28 
(17) 

0.30 
(18) 

 0.43 (7) 
 0.29 
(20) 

 0.24 
(28) 

0.32 
(20) 

0.21 
(53) 

0.29 (6) 
0.21 
(13) 

 0.27 
(28) 

3U73 uPA 0.16 (9) 0.33 (6) 0.33 (9) 0.33 (5) 0.19 (6) 0.29 (3) 0.32 (2) 0.35 (3) 0.28 (9) 
0.17 
(38) 

0.29 (9) 0.42 (2) 
0.33 
(11) 

0.33 
(16) 

 0.42 (8) 
0.26 
(13)  

0.16 
(16)  

0.20 
(22) 

0.25 
(60) 

0.47 (4) 0.18 (5) 
 0.20 
(41) 

3BT1 uPA  0.28 (5)     0.38 (4)  0.37 (4) 0.31 (5) 
0.17 
(34) 

0.28 (8)   0.37 (4) 
 0.39 
(12) 

 0.42 (8) 
0.30 
(15)  

 0.38 (4) 0.33 (2) 
0.28 
(23) 

0.42 (4) 0.37 (3) 
 0.29 
(16) 

 

  PDB Match 
Triazoles Piperazines 

JT023 JT024 JT025 JT026 JT027 JT028 MA9 rjm04 ZJ1a ZJ1b JT055 MA6 MA12 MA13 MA14 MA17 MA19 MA23 

Nef●AP-1 4EMZ 
AP-1 0.43 (4)  0.30 (12) 0.43 (9)  0.43 (8) 0.45 (1)  0.31 (5) 0.29 (3) 0.33 (23)     0.44 (1) 0.26 (8)  0.30 (12) 

Nef 0.30 (6)  0.19 (14) 0.40 (7)  0.40 (9)  0.35 (7) 0.38 (1) 0.32 (15)   0.50 (1) 0.39 (2)  0.27 (18)  0.38 (9) 

Nef●MHC-I 4EMZ MHC-I   0.42 (3)    0.44 (1)   0.32 (5)        0.47 (1) 

NS5A●NS5A 1ZH1 NS5A 0.41 (2)  0.29 (5) 0.44 (7)  0.41 (7)    0.39 (12)    0.49 (1)    0.41 (2) 

PCSK9●LDLR 3GCX 
PCSK9 0.40 (2)  0.28 (9) 0.38 (12)  0.36 (11)  0.24 (15)  0.25 (8)      0.21 (13)  0.29 (5) 

LDLR 0.33 (3) 0.43 (6) 0.28 (16) 0.37 (22) 0.46 (4) 0.40 (18) 0.38 (5) 0.35 (13) 0.42 (3) 0.29 (13)  0.36 (6)   0.36 (2) 0.25 (9)  0.27 (17) 

TNF-α●TNF-α 3ALQ TNF-α 0.45 (2) 0.33 (2) 0.32 (16) 0.20 (26) 0.32 (2) 0.19 (25)  0.40 (3)  0.38 (10) 0.35 (2)  0.42 (4) 0.41 (3)  0.24 (29) 0.46 (1) 0.36 (8) 

TNF-α●TNFR2 3ALQ 
TNF-α 0.39 (3) 0.39 (5) 0.26 (11) 0.38 (19) 0.40 (5) 0.38 (18)  0.22 (5) 0.46 (2) 0.33 (14)  0.29 (4) 0.50 (1)   0.34 (7)  0.27 (7) 

TNFR2 0.49 (2)  0.39 (2)   0.43 (2)  0.42 (3)  0.39 (2)  0.38 (3)    0.43 (7)   0.33 (7)             0.25 (7) 

 

  PDB Match 
Cyclic Peptides Hydantoins Piperidinones Imidazolidinones 

DX8 DX022 DX023 DX024 DX025 Dser IM1 Lser RZH JT001 JT016 JT035 JT036 JT052 JT053 JT057 MA4 DX0 Li1 DX9 DX11 KB8 

Nef●AP-1 4EMZ 

AP-1 
0.30 
(6) 

0.32 
(3) 

0.29 
(4) 

0.35 
(4) 

0.28 
(2) 

  
0.44 
(1)  

0.47 
(3) 

0.25 
(3)  

 0.31 
(21) 

 0.34 
(12) 

  
 0.40 
(4) 

0.43 
(5) 

  
0.45 
(2)  

0.37 
(2)  

0.42 
(1) 

0.35 
(20) 

0.29 
(2) 

0.39 
(5) 

0.41 
(9) 

Nef 
0.28 
(2) 

     0.28 
(2) 

 0.28 
(2)  

 0.18 
(1) 

0.22 
(19)  

0.29 
(10)  

 0.39 
(1) 

 0.40 
(3) 

      
0.35 
(10)  

0.36 
(2) 

0.18 
(19) 

0.39 
(2) 

0.33 
(4) 

0.43 
(7) 

Nef●MHC-I 4EMZ MHC-I 
0.33 
(4) 

      
0.34 
(1) 

0.44 
(3)  

 0.38 
(2) 

 0.38 
(4) 

 0.45 
(2) 

                 

NS5A●NS5A 1ZH1 NS5A 
 0.46 
(1) 

      
0.46 
(1) 

    
0.23 
(9)  

 0.37 
(4) 

            
0.49 
(2) 

0.33 
(10) 

  0.47 
(3) 

PCSK9●LDLR 3GCX 

PCSK9   
0.39 
(2) 

0.37 
(2) 

 0.40 
(1) 

     
 0.39 
(1) 

 0.19 
(12) 

0.36 
(7)  

  
0.25 
(7)  

0.48 
(2)  

    
0.38 
(5)  

0.44 
(2) 

0.27 
(17) 

0.45 
(1) 

0.44 
(4) 

0.43 
(8) 

LDLR 
0.15 
(4) 

0.24 
(4) 

0.30 
(3) 

0.29 
(5) 

0.36 
(4) 

0.42 
(4)  

  0.35 
(5) 

0.39 
(3)  

 0.21 
(21) 

 0.28 
(11) 

  
 0.24 
(4) 

0.39 
(12) 

  
 0.21 
(8) 

 0.33 
(13) 

 0.32 
(19) 

0.45 
(1) 

0.28 
(2) 

0.39 
(15) 

TNF-α●TNF-α 3ALQ TNF-α 
0.34 
(4) 

0.41 
(7) 

0.43 
(6) 

0.39 
(3) 

0.34 
(6) 

0.38 
(2)  

0.50 
(1) 

0.46 
(3)  

0.45 
(2)  

0.20 
(31)  

0.32 
(14)  

  
0.29 
(5)  

0.38 
(6) 

  
 0.28 
(4) 

0.41 
(3)  

0.28 
(26) 

0.30 
(31) 

0.35 
(2) 

0.35 
(5) 

0.23 
(16) 

TNF-
α●TNFR2 

3ALQ 

TNF-α 
0.18 
(6) 

0.22 
(8) 

0.21 
(7) 

0.17 
(7) 

0.28 
(6) 

0.23 
(2)  

0.44 
(2) 

0.24 
(2)  

0.20 
(2)  

0.14 
(16)  

 0.27 
(13) 

0.34 
(4)  

0.48 
(1)  

0.30 
(7)  

  
0.40 
(3)  

0.27 
(6)  

 0.29 
(21) 

0.46 
(1) 

 0.41 
(15) 

TNFR2                
0.41 
(1)  

0.37 
(7)  

  
0.36 
(3) 

  
 0.46 
(2) 

0.36 
(4)  

0.45 
(2) 

0.33 
(10) 

0.45 
(1) 

0.31 
(1) 

0.36 
(5) 
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APPENDIX E 

ASSAYS DONE FOR OTHER PROJECTS 

 

Relative Toxicities of Tumor-seeking Dyes 

Effects On Cell Migration and Wound Healing 

Experiments to assess the effects of compounds on cell migration and wound 

healing are dynamic. Video clips of representative data are linked in the supporting 

material and quantitative measures of these effects are shown in Figure 3. Six compounds 

were selected for these experiments, three with meso-Cl functionality and three without. 

Dyes 4-Cl, 5-Cl, and 1-Ph were excluded because their relatively high cytotoxicities 

preclude measurement of cell migration and wound healing at 30 M; less effects were 

observed if these experiments were performed using concentrations of 10 M. 

Surprisingly, presence of meso-Cl functionality (in 1-Cl - 3-Cl) correlates with reduced 

migration and wound healing, indicative of potential inhibition of metastatic spread.  
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 a 

 

 

 
Figure E-1. a Structures of 1-Cl, 2-Cl, and 3-Cl. b Migration assay using MDA-MB-231, 

incubated for 20 hours at 37 oC with 30 M of the dyes and 1% FBS in 10% DMEM/F12 

and PFHM II. Cells were counted at 10x magnification (EVOS), averaged, and normalized 

with the DMSO blank to get the relative percent migration shown above. Error bars show 

standard deviation. c Wound healing assay using MDA-MB-231 was incubated for 24 

hours at 37 oC, replacing the media with 30 M of the dyes and 1% FBS in 10% 

DMEM/F12 and PFHM II afterwards. Scratch closure average speeds were calculated 

using the Automated Cellular Analysis System (ACAS) from ibidi,126 with images taken 

every 30 min for 45 hours. 
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 c 

 
Figure E-1. Continued. 

 

 

Methods 

Wound Healing 

Culture-Insert 3 Wells (ibidi) were placed inside a 24-well plate. Using MDA-MB-

231, 70 L of a 3 x 105 cells/mL were added into each well of the insert. Plate was 

incubated for 24 hours at 37 oC. 
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After incubation overnight, inserts were removed, and wells were gently washed 

with PBS to remove unattached cells. In each well, 500 L of DMSO or 30 M of the 

corresponding dye with 1% FBS in 10% DMEM/F12 and PFHM II were added. Time-

lapse imaging was done (EVOS, ThermoFisher) at 37 oC and 5% CO2, with images taken 

every 30 min for 45 hours. 

 

 

 
Figure E-2. Representative pictures of MDA-MB-231 Transwell® migration with a 

DMSO and 30 M of the following dyes: b 1-Cl, c 1•albumin, d 2-Cl, e 3-Cl, f 1-H, g 1-

Me, and h 8. Pores of the membranes could also be observed as the numerous small and 

round dots, while the cells are the larger and darker spots/streaks in the picture. 

 

 

Migration Assay 

Twenty-four well Transwell plates (Costar, Corning), with 8 M pore size inserts, 

were used. To the lower compartment (in the well), 0.65 mL of DMSO or 30 M dye and 

1% FBS in 10% DMEM/F12 and PFHM II was added before adding the insert to the well. 

To the upper compartment (inside the insert), 0.2 mL of 2 x 105 cells of MDA-MB-231 



 

152 

 

with 30 M dye and 1% FBS in 10% DMEM/F12 and PFHM II was added. Plates were 

incubated for 20 hours at 37 oC with 30 M of the dyes and 1% FBS in 10% DMEM/F12 

and PFHM II. 

After incubation overnight, inserts were taken out and washed with PBS for 3 

times. The upper side of the filter membrane is gently swiped with cotton swap to remove 

cell debris. The lower side of the insert filter was fixed with formaldehyde for 10 min, 

methanol for 10 min, and stained with Hematoxylin solution (Millipore Sigma) for 20 min, 

carefully washing with PBS 3 times after each step. Cells were imaged and counted at 10x 

magnification (EVOS, ThermoFisher). 

 

 

 
Figure E-3. Wound healing assay using MDA-MB-231 was incubated for 24 hours at 37 
oC, replacing the media with 30 M of the dyes and 1% FBS in 10% DMEM/F12 and 

PFHM II afterwards. Scratch closure average speeds were calculated using the Automated 

Cellular Analysis System (ACAS) from ibidi, with images taken every 30 min for 45 

hours. 
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Small Molecules Targeting the NEDD8•NAE Protein–Protein Interaction* 

Ki determination via fluorescence polarization 

A series of experiments were performed to determine the dissociation constant for 

binding of LLL-1lvl to NAE via fluorescence polarization.132-133 However, direct labeling 

of small molecules like LLL-1lvl with relatively large fluors tends to impact their Ki 

values, so a different approach was used. Consequently, the Ki determination was 

performed in two steps: (i) measure Kd for fluorescein-N8 (labeled positive control 

peptide) with NAE via directing binding; then, (ii) determine the Ki of LLL-1lvl for NAE 

via competitive binding versus fluorescein-N8. A Z-factor132 was measured for the assay 

in step (i) to check its validity; the value was acceptable (0.52). Additionally, NAE binding 

affinities of two more compounds (DLLL-3klvl and LLL-fsi) were evaluated; DLLL-

3klvl, which is similar to the featured lead LLL-1lvl, but only containing an extra lysine, 

and a negative control LLL-fsi designed for another target,106 wherein the side chains do 

not match the NEDD8 C-terminus. 

Addition of detergent in FP assays can be important to avoid some false positive 

outcomes.134 Here the FP assay was carried out with and without addition of 0.01% 

Tween-20 in buffer; the FP without 0.01% Tween-20 shown in Figure E-4 is essentially 

identical to that with addition of 0.01% Tween-20 (Figure S8). 

 

* Reprinted with permission from “Small Molecules Targeting the NEDD8•NAE Protein–Protein 

Interaction” by Chen-Ming Lin, Zhengyang Jiang, Zhe Gao, Maritess Arancillo, and Kevin Burgess, 2021. 

Chem. Sci., 12, 1535-1543. DOI: 10.1039/d0sc00958j. Copyright 2021 by The Royal Society of Chemistry. 
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In the direct binding assay, the Kd of fluorescein-N8 to NAE was determined to be 

162 ± 16 nM. Subsequently, the competitive binding assay indicated LLL-1lvl binds to 

NAE with a Ki of 6.4 ± 0.3 µM (Figure E-4), i.e. about an order of magnitude less than 

the labeled peptide C-terminus (fluorescein-N8). DLLL-3klvl and LLL-1lvl have the side-

chains and orientations that EKO predicts will bind, but the partial control LLL-fsi has 

different side chains. In the event, both LLL-1lvl and the extended sequence DLLL-3klvl 

exhibited micromolar binding to NAE, but the partial negative control LLL-fsi did not 

bind, as expected. 
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Figure E-4. Fluorescence polarization binding assay for binding to NAE. Competitive 

binding of the three mimics indicated each with fluorescein-N8. Error bars represent 

standard deviations based on n = 6. Reprinted with permission from ref 111. Copyright 

2019 The Royal Society of Chemistry. 

 


