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Aberrant protein activities are frequently observed in various diseases, especially cancer, 

where these proteins can promote oncogenesis and tumor progression. Many of those 

abnormal activities involve protein-protein interactions (PPI), which are often critical to 

protein activation and signal transduction. Developing chemical probes that can 

specifically interrogate and modulate PPI is attractive, as those probes promise 

therapeutic benefits and a better understanding of the underlying disease mechanisms. 

This dissertation presents our work of developing cyclic peptide-based probes that target 

two proteins: matrix metalloproteinase 2 (MMP2) and extracellular signal-regulated 

kinase (ERK), both of which are heavily implicated in cancer. In the first project, we 

report a cyclic peptide that can specifically inhibit MMP2 proenzyme activation, which 

decreased cancer cell invasion and migration abilities. In the second project, we 

demonstrate the potential of using the MMP2-targeting cyclic peptide as an imaging 
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agent. In the final project, we showcase the development of cyclic peptide probes that 

bind to specific epitopes on the ERK protein and report its phosphorylation status. 
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Chapter 1 : Introduction 

Protein-protein interactions are emerging as an attractive targeting group because of their 

selectivity and relation to the progression of different diseases. There are about 645,00 

disease-related PPIs, and among which only 2% had been targeted for drug 

development.1,2 Many of the protein complexes involved in the PPIs are considered 

‘undruggable’, including transcription factors, signaling proteins, and still not fully 

understood.3,4 

Protein-protein binding sites are known as interfaces. All the residues in the protein-

protein interfaces do not contribute equally to the binding energy. The critical residues 

are known as hotspots which contribute most to the binding energy.5 These hotspot 

residues are identified with the help of alanine scanning mutagenesis and X-ray 

crystallography. With the progression of technology and structural biology, the 

recognition of ‘hotspots’ in the interaction process has become a popular strategy to find 

out PPI modulators.6 

1.1 Types of PPI modulators 

The PPI modulators can be broadly classified into three groups- small molecules, 

peptides, and antibodies. Small molecules have some advantages over others. For 

example, they are more likely to penetrate the cell membrane and are more suitable for 

oral administration. On the other hand, peptides can offer better target specificity and 

binding affinity but can suffer from lack of stability, incompatibility for oral 

administration, and shorter half-life.7 Antibodies that are used as PPI modulators are 

usually highly specific and show better efficiency but still can cause immunogenicity.  
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1.2 Mode of PPI modulation 

Rather than interacting with the protein-protein interface, the PPI inhibitors can also 

interact with orthosteric and allosteric sites. In the case of allosteric inhibition, the 

inhibitors interact with the PPI interface, whereas for the orthosteric inhibition, the 

modulators interact with any other region other than the PPI interface.8 If the hotspots are 

identified for the PPIs, the modulators can be constructed for direct interaction with it. 

For cases, when the residues of the hotspots come closer to form some sort of a pocket, 

the orthosteric ligands could be developed against this pocket to fit and impact the 

associated interaction. On the other hand, allosteric modulators will be more suitable for 

the PPIs with hotspots that do not lead to a suitable binding site. PPI stabilization is 

another promising strategy since it is energetically favorable to bind to an already 

existing complex compared to inhibiting the formation of the complex.9,10 In the case of 

stabilization, either the modulator binds on the allosteric site and changes the 

conformation of the target protein so that the binding affinity towards the other protein 

increases, or if the modulator binds to the PPI interface, it offers more point of interaction 

for both the target and the associating protein and thereby enhance the binding process.  

1.3 Strategies to find PPI modulators 

Fragment-based drug discovery (FBDD) is one of the major strategies in finding small 

molecule modulators. At first, small chemical fragments are identified that can bind to 

the target with mM binding affinities.11 These chemical fragments are then modified to 

have stronger binding affinity either through expansion or by linking to other fragments 

to produce the ‘lead’. Several analytical techniques like SPR, NMR, mass spectrometry, 
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and X-ray crystallography can be used for finding and validating the fragment hits. 

FBDD offers a better strategy for finding PPI modulators since the PPI interfaces are 

usually composed of discrete hotspots. But the hit optimization often requires structural 

information obtained from X-ray crystallography and NMR, which makes the FBDD 

strategy unsuitable for targeting unknown structures.12,13 

High-throughput screening (HTS) has been used in drug discovery for a very long time. 

In terms of finding PPI modulators, HTS has also been used to find compounds that can 

interact with the hotspots.14 Nevertheless, typical small molecule-based libraries used in 

HTS are not a good option for finding PPI modulators. The uniqueness of the PPI 

interface requires more diversified compounds in the library, which would create better 

chances of finding a modulator for the target. 

Most of the time, the PPIs do not have any natural small-molecule ligands to interact 

with, which always poses a problem in designing their modulators. There are two 

different ways of finding modulators with structure-based design. One of them depends 

on the structure of the hotspots where small molecule modulators can be developed with 

the help of de novo designing and bioisosteres.15 The other one is based on 

peptidomimetics, where modeling and phage display is used to construct the secondary 

peptide structures that are involved in PPIs. Presently multiple modulators have been 

successfully generated focusing on the alpha-helix structure.16 
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1.4 Peptides targeting PPIs 

Researchers have been working on finding peptide-based PPI modulators for a while. 

Peptides can be considered as one of the best candidates in targeting PPIs since the 

peptides can actually mimic the surface of the protein and thus potentially can bind in a 

competitive manner.17 There are other advantageous features of the peptide that make 

them suitable for targeting PPIs. Peptides can be easily synthesized with solid-phase 

peptide synthesis protocols and also can be easily adapted to high-throughput screening 

strategies. One of the major problems with the peptides is their susceptibility to protease 

enzymes. To overcome this, a lot of different approaches were taken.  

The idea behind most of the approaches was to deviate from the natural structures of 

peptide scaffolds. This strategy brought some remarkable success in developing PPI 

modulators.18,19 One of the strategies is the introduction of unnatural amino acids, which 

resulted in improving the binding affinity toward the target as well as protection against 

proteolysis. Many groups have been working on developing peptide-based inhibitors for 

PPIs, but the main concern for a lot of them is the lack of membrane penetrability and 

metabolic instability. To solve these problems, researchers have developed macrocycles, 

peptidomimetics, cyclic peptides and so on.  

Cyclic peptides are composed of polypeptides where the cycle is formed by an amide 

bond or other stable chemical bonds between two ends of the peptide. There are several 

naturally found cyclic peptides that are used as therapeutics. For example, cyclosporin A 

has immunosuppressive properties, and gramicidin acts as an antibiotic, etc. Cyclic 

peptides have several advantages targeting PPIs over small molecules and antibodies. 
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Even though targeting PPI with small molecules is a traditional strategy, it does not work 

that well in the case of many PPI interfaces which do not have the binding pockets 

because of their flat, large structures and shallow features. On the other hand, antibodies 

are cell impermeable, expensive, and can be immunogenic.20 In contrast, linear peptides 

are easy to make, cheap, and usually show better selectivity but often lack stability and 

membrane penetrability. Cyclic peptides bring a solution to a lot of these problems. Their 

conformational constraints help with metabolic stability, increases target selectivity and 

cell permeability. Right now, there are numerous cyclic peptidomimetics that are already 

being used as drugs. Multiple cyclic peptide candidates targeting PPI have also been 

going through preclinical and clinical trials. 

1.5 Cyclic Peptide as Reporters 

Cyclic peptides are often tagged with fluorescent dyes to investigate different biological 

processes, including in vitro cell-based assays and live-cell imaging. Many cyclic 

fluorescently-labeled peptides were developed to target cell surface receptors, enzymes as 

well as other biomarkers, which enabled the visualization of tumor tissues.22 

Development in optical methods and advancement in microscopy have made the reporter 

peptides a valuable tool for understanding and visualizing different signaling pathways 

and consequences of perturbing the cells with various types of stress.  
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Chapter 2 : Inhibiting Matrix Metalloproteinase‑2 Activation by Perturbing 

Protein−Protein Interactions Using a Cyclic Peptide 

2.1 Introduction 

Matrix metalloproteinase-2 (MMP2) is a Zn-dependent endopeptidase with diverse 

biological functions, one of which is to facilitate cell migration by degrading the 

extracellular matrix and cell adhering molecules.1,2 Elevated MMP2 expression levels 

prevail in pathological processes such as tumor metastasis and atherosclerosis plaque 

rupture, where MMP2 activities often correlate with disease severity.2−4 Results from 

biomedical studies further support the hypothesis that elevated MMP2 activities promote 

the progression of those diseases. Consequently, MMP2 inhibitors have attracted 

significant interest but remain elusive despite decades of drug development efforts.5,6 

Because MMP2 is an enzyme with a substrate-binding pocket, the most natural and 

popular strategy for MMP2 inhibition was to irreversibly halt the catalytic process using 

substrate analogues.7,8 More than 30 small-molecule inhibitors that came out of 

pharmaceutical pipelines shared this mechanism of action. They all showed promising 

efficacy in preclinical studies,9−11 but none of them demonstrated the desired outcomes in 

clinical trials. Subsequent analysis has linked those disappointing clinical results to the 

drugs’ offtarget effects on other MMPs, which share significant structural homology with 

MMP2 but perform distinct physiological functions (Figure 2.1).12−16 These results 

highlight the necessity of improving target specificity during drug development, which 

has become the current consensus in the field of MMP inhibition.16,17 Nevertheless, the 

aforementioned structural homology makes this task difficult. 
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Figure 2.1. Sequence alignment and homology search result for the MMP-2 catalytic 

domain (R88-P250) using protein BLAST® against other MMPs. The catalytic domain 

sequence is shown in the left (light blue background). The MMPs with the sequence 

homology found from the search are shown in the right two columns. 

 

 

 

 

 

Figure 2.2. Sequence alignment and homology search result for the epitope (D570-A583) 

using protein BLAST® against the complete human proteome. The MMP2 epitope is 

shown in the first line (navy background). The top nine hits from the search with the 

highest sequence homology are shown in rows 2-10. Empty boxes represent completely 

mismatched residues. 

D P G F P K L I A D A W N A Homology Protein Name

P G Y P K L I R D W W 57% Unnamed protein (121-131)

D P G PF P K L I E W 50% Cadherin-like protein (73-83)

D P G Y P K L I 50% Macrophage metalloelastase (135-142)

D P G Y P K M I A   50% MMP 1 (171-179)

D P G Y P K L I 50% MΦ metalloelastase preproprotein (306-313)

D P G Y P K M I A 50% MΦ metalloelastase active form (309-317)

D P G Y P K M I A 50% MMP 1 preproprotein variant (329-337)

D P G Y P K M I A 50% Interstitial collagenase 2 (342-350)

D P P Y P R S I A Q W 38% Vitronectin (458-469)
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In light of the challenges associated with inhibiting MMP2 catalytic activity, targeting the 

MMP2 zymogen activation process has emerged as a promising strategy.17−20 As shown 

in Figure 2.3a, secreted proMMP2 must be cleaved by a  membrane-tethered MMP to 

generate active MMP2.21 

 

 

Figure 2.3. Mechanism of inhibiting MMP2 activation by blocking the TIMP2-proMMP2 

interaction. (a) Simplified illustration of the MMP2 activation process. The binding 

between TIMP2 and proMMP2 is critical to MMP2 activation mediated by another 

enzyme, MT1-MMP. (b) Blocking the PPI between TIMP2 and proMMP2 can prevent 

MMP2 activation. (c) Crystal structure of proMMP2 as adapted from PDB: 1GXD. The 

TIMP2-binding region on proMMP2 (D570-A583, highlighted in red) appears to be a 

structureless coil. 

 

In most cases, this activation process requires the formation of a ternary protein complex 

that consists of proMMP2, tissue inhibitor of metalloproteinases-2 (TIMP2), and 

membrane-bound MMP14 (also known as MT1-MMP).22−24 Structural studies led to the 

hypothesis that inhibiting this protein complex could prevent the cleavage of proMMP2 

and consequently decrease the amount of active MMP2 (Figure 2.3b).25 
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Indeed, previous studies have shown that anti-MT1-MMP antibodies could lower the 

production of active MMP2. In mice models, these antibodies demonstrated promising 

therapeutic effects.19 However, MT1-MMP’s biological functions are not limited to 

MMP2 activation. Therefore, global MT1-MMP inhibition methods, such as the use of 

anti- MT1-MMP antibodies, still suffer from low specificity.20 The only exception is the 

murine 9E8 monoclonal antibody, which selectively inhibits MT1-MMP’s ability to 

activate MMP2.20 Nevertheless, developing therapeutics from this murine antibody 

requires challenging humanization processes. Indeed, 7 years after its discovery, no 

further progress has been reported. Currently, there is a pressing need for molecularly 

well-defined compounds (such as small molecules and short peptides) that target this 

protein complex and specifically inhibit MMP2 activation. 

To this end, we propose to target the protein−protein interaction (PPI) between TIMP2 

and proMMP2 instead. Because this PPI is unique to MMP2 activation, inhibitors acting 

on this PPI will be highly specific. Moreover, this PPI interface involves a critical epitope 

(D570-A583 on proMMP2) that shares little sequence homology with other MMPs and 

the rest of the human proteome (Figure 2.2).25 Therefore, a ligand that binds to this 

epitope promises less off-target effects. The technological difficulty here is that this 

epitope is structureless (Figure 2.3c) and it displays no binding pockets. Such a loop 

segment is a challenging target for traditional drug discovery strategies focusing on small 

molecules. As a result, almost 2 decades after the discovery of this PPI, a compound that 

can inhibit this PPI remains elusive.  
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Inspired by recent developments in cyclic peptide-based PPI inhibitors,26−34 we 

envisioned that we could address the unmet need using cyclic peptides. Herein, we report 

on a highly rigid cyclic peptide that specifically binds to the D570-A583 epitope of 

proMMP2 with a low nM affinity. We validated its ability to interfere with the 

TIMP2−proMMP2 interaction and tested its efficacy of modulating MMP2 activities 

using a human melanoma cell line. 

2.2 Experimental 

Materials 

TentaGel S-NH2 resin (loading capacity 0.28 mmol/g) was purchased from Rapp 

Polymere GmbH and Rink amide MBHA resin (loading capacity 0.678 mmol/g) from 

Aapptec (Louisville, KY). All of the Fmoc-protected amino acids were purchased from 

Anaspec (Fremont, CA) except Fmoc-L-propargylglycine (Pra) and FmocLys(N3)-OH 

(Az4), which were purchased from Chempep (Wellington, FL) and Chem-Impex (Wood 

Dale, IL), respectively. The coupling reagent 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU, 99.6%) was obtained from Chem-

Impex (Wood Dale, IL). Diisopropylethylamine (DIEA, 99.5%) was purchased from 

ACROS (Germany). Phenyl isothiocyanate (PhNCS) and triisopropylsilane (TIPS) were 

obtained from TCI (Portland, OR). Piperidine was purchased from Alfa Aesar (Ward 

Hill, MA). Cyanogen bromide (CNBr) and 5(6)-carboxyfluorescein were obtained from 

ACROS (Pittsburg, PA). Rhodamine B (Rhod), cuprous iodide (CuI), and α-cyano-4-

hydroxycinnamic acid (CHCA) were obtained from Sigma-Aldrich (St. Louis, MO). 5-

Bromo-4- chloro-3-indolyl-phosphate and nitro blue tetrazolium (BCIP/NBT) were 
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acquired from Promega (Madison, WI). Tris base, sodium phosphate dibasic anhydrous 

(Na2HPO4, 99.6%), sodium phosphate monobasic monohydrate (NaH2PO4, 99.4%), 

sodium chloride (NaCl), ascorbic acid, Tween 20, sodium dodecyl sulfate (SDS), bovine 

serum albumin (BSA), acetonitrile (CH3CN), diethyl ether (Et2O), chloroform (CHCl3), 

ethyl acetate (EA), N,N′-dimethylformamide (DMF), and dichloromethane (DCM) were 

purchased from Thermo Fisher Scientific (Waltham, MA). Recombinant TIMP2 

(125639) was purchased from Abcam (Cambridge, MA).  

Preparative Reversed-Phase (RP) High-Performance Liquid Chromatography (HPLC) 

Preparative HPLC was performed on a Thermo Ultimate 3000BX HPLC instrument, 

using a Phenomenex C18 reversed-phase preparative column (Kinetex 5 μm EVO, 250 × 

21.2 mm2 ). Nonlinear gradients of 0−100% acetonitrile (with 0.1% TFA) in water (with 

0.1% TFA) were employed, and the gradient parameters were adjusted for each product 

to achieve desired separation efficiencies. A multiwavelength UV−vis detector was used 

to monitor the absorbance at 215, 280, 480, and 560 nm.  

Analytical HPLC. The purity of the peptide was analyzed on a Thermo Ultimate 3000SD 

HPLC instrument, using a Phenomenex C18 reversed-phase analytical column (Kinetex 

2.6 μm EVO, 250 × 4.6 mm2 ). A gradient of 0−100% acetonitrile (with 0.1% TFA) in 

water (with 0.1% TFA) was employed with a flow rate of 1 mL/min. A UV−vis detector 

was used to monitor the absorbance at 280 or 560 nm. The purity of all cyclic peptides 

used for binding assays and biological activity assays was >95%. 

 

 



 14 

Mass Spectrometry 

The MS and MS/MS spectra were obtained using a SCIEX 5800 matrix-assisted laser 

desorption ionization timeof-flight (MALDI-TOF) mass spectrometer.  

Solid-Phase Peptide Synthesis 

The peptides were synthesized following the standard Fmoc SPPS coupling process. 

Unless otherwise noted, Rink Amide MBHA resin was used for the synthesis. To couple 

amino acids to the resin, the Fmoc group on the resin was first removed by 20% 

piperidine/DMF solution (10 min, three times). Fmoc-AA-OH (3 equiv), DIEA (5 equiv), 

and HBTU (2.8 equiv) were mixed in DMF for 10 min, and the solution was then 

introduced to the deprotected resin. The mixture was gently agitated at room temperature 

for 1 h, followed by draining and washing (DMF, methanol, and DCM, three times each). 

To label the peptides with fluorophores, poly(ethylene glycol) (PEG), or biotin, the 

corresponding dye-COOH, Fmoc-PEG-OH, and biotin were coupled at the Nterminal 

using the SPPS procedure described above.  

For constructing cyclic peptides, Fmoc-propargylglycine-OH (Pra) and Fmoc-

azidolysine-OH (Az4) were inserted at the N and C terminals, respectively. A Cu-

catalyzed click reaction was used for cyclization. Specifically, resins were incubated in 

20% piperidine/ DMF with CuI (2.5 equiv) and L-ascorbic acid (5 equiv) at room 

temperature overnight. After cyclization, the beads were washed with sodium 

diethyldithiocarbamate (5% w/v) and DIEA (5% v/v) in DMF to remove the copper 

catalyst. To cleave peptides off from the resin, a cleavage solution composed of 

TFA/TIPS/ddH2O (95:2.5:2.5) was used. The crude peptides were purified by 
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preparative RP-HPLC, and the product purity and identity were confirmed by analytical 

RP-HPLC and mass spectrometry. 

One-Bead−Two-Compound (OBTC) Library Construction 

The one-bead−two-compound peptide library was constructed using the split-and-pool 

strategy on TentaGel S-NH2 resins. Methionine was first coupled to the resin, followed 

by glycine. Then, Az4 was coupled at 80% loading capacity. Eighteen natural amino 

acids (Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, Leu, Lys, Phe, Pro, Ser, Thr, Trp, Tyr, 

and Val, all L-stereoisomers) were used as building blocks for the subsequent five 

randomized positions, and a Pra residue was attached at the N-terminal. The library was 

cyclized, as described above. Afterward, an additional Pra was attached to the N-

terminal. The protecting groups were removed as described above. The deprotected resins 

were then washed with DMF, methanol, and DCM and kept under Argon for further use.  

OBTC Library Screening. The precleared library (see the Supporting Information) was 

incubated with 10 μM biotinylated epitope (biotin-PEG5-D-P-G-F-P-K-L-I-A-D-A-W-N-

A-Az4) in 0.1% BSA/TBST at room temperature for 6 h. The library was then washed 

with 0.1% BSA/TBST, TBST, and TBS solution and incubated with 7.5 M guanidine-

HCl (pH 2.0) at room temperature for 2 h. Afterward, the beads were washed with water 

and incubated overnight in 1% BSA/TBST at 4 °C. The library was then incubated with 

streptavidin-AP (1:10 000 dilution) and its substrate BCIP/NBT, giving rise to dark 

purple hit beads. After incubation, the resins were washed with HCl (pH 2.0) to quench 

the reaction and then with 0.1% BSA/TBST (5 min × 3) at 4 °C. The colored hits were 
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then picked out; washed with 7.5 M guanidine-HCl (pH 2.0), water, DMF, and DCM; 

and dried under vacuum. Sequencing of the Hits.  

Sequencing of the Hits : Edman Degradation 

The first round of Edman degradation was performed to remove the click handle that was 

conjugated to the epitope.35 The hit beads were transferred into a glass vial with 50 μL of 

2.5% PhNCS in pyridine/H2O (1:1) solution and flushed with Ar for about 15 s. The vial 

was then placed in a water bath at 50 °C for 30 min, and the solution was removed. The 

beads were then washed with ethyl acetate (three times) and DCM (once) and air-dried. 

Subsequently, 100 μL of TFA solution was added to the vial, flushed with Ar, and left for 

incubation in the water bath for 10 min at 50 °C. Afterward, the solution was removed, 

and the beads were washed three times with ethyl acetate and then with DCM. These 

procedures were repeated for another round of Edman degradation. Later the beads were 

incubated with a 20% TFA/water solution and heated at 60 °C for 15 min. After 15 min, 

the solution was removed, and the beads. were washed with ethyl acetate and DCM and 

then air-dried.  

Cleavage 

After the Edman degradation, individual beads were transferred into a microcentrifuge 

tube containing 10 μL of water and 10 μL of a 0.50 M CNBr/0.2 M HCI solution. The 

tubes were microwaved for 1 min and dried using a centrifugal vacuum chamber at 45 

°C.36 
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Sequencing by MALDI-TOF MS/MS.  

First, 0.55 μL of a 4 mg/mL α-cyano-4-hydroxycinnamic acid (CHCA) solution (50:50 

ACN/ water with 0.1% TFA) was added in each microcentrifuge tube. The mixture was 

spotted on a 384-spot MALDI sample plate and air-dried. The MS/MS spectra were 

obtained on a SCIEX 5800 mass spectrometer and analyzed using mMass to solve for the 

sequences.37 

FRET Binding Assay  

The fluorescein-labeled epitope was incubated with varying concentrations of the 

rhodamine-tagged cyclic peptides. The final concentration of the Fluo-epitope was kept at 

100 nM in all samples. Then, 65 μL of the mixed solution was placed in a Greiner black 

384-well low binding plate and incubated for 30 min. The FRET intensities were 

measured using a Synergy H1 microplate reader. For the competitive FRET assay, the 

concentrations of the epitope and the rhodamine-tagged cyclic peptide were kept at 100 

nM in all samples, and the concentration of the unlabeled cyclic peptide (the competitor) 

was varied. Furthermore, 65 μL of the mixtures was added into a Greiner black 384-well 

low binding plate and incubated at room temperature for 30 min. The FRET intensities 

were measured using a Synergy H1 microplate reader. All of the FRET experiments were 

performed using individually prepared triplicate samples. The values from the triplicate 

were averaged and analyzed. Every experiment was independently repeated at least three 

times on different days, and a consistent trend was observed. Representative experiment 

results are presented in the paper. 
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proMMP2 Expression and Purification. The cDNA fragment encoding full-length human 

proMMP2 was inserted into an in-house expression vector in which it was N-terminally 

fused to a hexahistidine (His6)-MBP tag and a tobacco etch virus (TEV) protease 

cleavage site. The resulting plasmid was transformed into BL21(DE3) RIL cells 

(Novagen Inc.). After the cell density reached an optical density at 600 nm (OD 600) of 

∼0.8, the protein expression was induced by 0.4 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and the cells continued to grow at 18 °C overnight. The 

cells were harvested and lysed in a buffer containing 25 mM Tris-HCl (pH 7.5), 25 mM 

imidazole, 1 M NaCl, 5% glycerol, and 1 mM PMSF. The proMMP2 fusion protein was 

first purified using a nickel column and eluted with a buffer containing 25 mM Tris-HCl 

(pH 7.5), 300 mM NaCl, 5% glycerol, and 300 mM imidazole. Subsequently, the eluted 

protein sample was supplemented with 5 mM dithiothreitol (DTT) and incubated with 

TEV protease overnight. The tag-free MMP2 protein was further purified by ion-

exchange chromatography on a Q HP column (GE Healthcare) and size-exclusion 

chromatography on a Hiload 16/600 Superdex 200 pg column (GE Healthcare) 

preequilibrated with a buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 5% 

glycerol, and 5 mM DTT. The final protein sample was stored at −80 °C in a freezer 

before use. 

FP Binding Assay 

The rhodamine-tagged ligand Rhod-cy- (WPHPY) was mixed with varying 

concentrations of the recombinant proMMP2 protein in PBS. The final concentration of 

Rhodcy(WPHPY) was kept at 100 nM in all samples. Then, 65 μL of the mixture was 
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added in a Greiner black 384-well low binding plate and incubated at room temperature 

for 30 min. The fluorescence polarization values were measured with a Synergy H1 

microplate reader. For the competitive polarization assay, the concentrations of the 

recombinant protein and Rhod-cy(WPHPY) were kept at 100 nM in all samples. The 

concentration of the unlabeled ligand cy(WPHPY) was varied. The mixtures were added 

into a Greiner black 384-well plate, and the fluorescence polarization values were 

measured with a Synergy H1 microplate reader. All of the FP experiments were 

performed in triplicates using individually prepared samples, and the results from the 

triplicates were averaged and analyzed. Each experiment was repeated at least three times 

on different days, and consistent trends were observed. Representative results are 

presented in the paper. 

Conformational Search and Molecular Dynamics Simulation 

To study the properties of cy(WPHPY) in silico, conformational search and molecular 

dynamics simulation were performed. The standard amino acid part of the peptide 

(WPHPY) was parameterized with the protein.ff14SB force field.38 The organic linkage 

that connects the amino acid was built by Avogadro v1.2.0 and then processed by 

Antechamber to calculate the AM1-BCC charge and assign the gaff2 force field 

parameters.39-41 After the amino acids and the small organic fragment were 

parameterized, they were assembled using xleap from AmberTools18.42 The topology 

and coordinate files for the hybrid peptide were saved as prmtop and inpcrd files, which 

were converted into counterpart top and crd files, respectively, using the script provided 
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in the VM2 package.43 The whole peptide was treated as a flexible set to enable a 

thorough conformational search by using the VM2 package.  

For the molecular dynamics simulation, the selected conformation of the peptide was 

immersed in a rectangular box of TIP3P water molecules with a margin distance of 12.0 

Å.43 The solvated box was further neutralized with a Cl− counter ion using the tleap 

program. The water molecules and the whole system then went through a 3000- step and 

5000-step minimization to correct any inconsistencies, respectively. Next, we relaxed the 

system by slowly heating it up during an equilibrium course of 1 ns at 50, 100, 150, 200, 

250, and 298 K. By using the GPU accelerated pmemd.cuda code in Amber18, 20 ns 

simulations were performed at 298 K in an NPT (isothermal− isobaric) ensemble.45 

Particle mesh Ewald (PME) was employed to calculate the long-range electrostatic 

interactions, and the nonbonded energy cutoff was set to 10.0 Å.46 

Cell Culture 

The human metastatic melanoma cell line, WM115, was a gift from Prof. Yinsheng 

Wang (UC Riverside). It was cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Corning) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and 

100 U/mL penicillin/streptomycin (Sigma). Cells were cultured under 5% CO2 in a 37°C 

incubator. A trypsin-EDTA solution (0.05%, Sigma) was used for passaging once the 

cells reached 80−90% confluency. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

A 96-well Nicoated plate was incubated with His-tagged recombinant TIMP2 protein (9 

pmol/well) for an hour at room temperature. Afterward, the protein solution was 
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removed, and the plate was washed three times with PBST (phosphate buffer saline, 

0.05% Tween 20). To minimize any nonspecific binding, the plate was blocked with His6 

peptide (9 pmol/well) for an hour at room temperature and washed with PBST three 

times.  

WM115 cells were cultured to 80% confluency and then incubated in serum-free media 

for 24 h. The culture media were collected and concentrated using centrifugal membrane 

filters (10 kDa cutoff, Amicon). The concentrated media were aliquoted at 200 μL each. 

PBS solutions of cy(WPHPY) with varying concentrations of cy(WPHPY) (20 μL) were 

mixed with the aliquots. For the positive control, PBS was mixed with the aliquot. The 

mixtures were added into the above-mentioned 96-well plate. The plate was incubated on 

an orbital shaker at room temperature for an hour. Then, the wells were washed with 

PBST, and 100 μL of MMP2 primary antibody solution (Rabbit mAb, #40994, Cell 

Signaling Technology, 1:200 in 5% BSA/PBST) was added into each well. The plate was 

incubated at room temperature for an hour and then washed with PBST three times. 

Furthermore, 100 μL of secondary antibody (Goat Anti-Rabbit IgG, HRP-linked, 

ab97051, Abcam, 1:10 000 in 5% BSA/PBST) was added into each well, and the plate 

was incubated for another hour at room temperature. To generate luminescence readouts, 

the wells were washed with PBST three times, and then a luminol substrate was added 

into the wells (SuperSignal West Pico PLUS Chemiluminescent Substrate, Thermo). The 

luminescence was quantified using a SYNERGY H1 microplate reader (Biotek) after 5 

min of additional incubation. For each cy(WPHPY) concentration, three individually 

prepared replicates were used, and the luminescence values were averaged and reported. 
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To ensure reproducibility, this ELISA experiment was independently repeated three times 

with a different plate each time, and consistent results were observed. 

Fluorogenic Substrate Assay 

WM115 cells were cultured in full media to 80% confluency. Afterward, the media were 

replaced by serum-free media, and the cells were cultured for another 24 h. The media 

were then collected and concentrated with centrifugal membrane filters (10 kDa cutoff, 

Amicon). Once concentrated, the total protein content was quantified using a 

bicinchoninic acid (BCA) assay kit (Thermo) and normalized. In a 96-well microplate, 10 

μL (1 μg/μL protein content) of the media was mixed with 90 μL of a tenascin C (TNC) 

assay buffer (50 mM Tris base, 0.15 M NaCl, 10 mM CaCl2, pH 7.5) and 10 μL of 

cy(WPHPY) (varying concentrations in PBS). For the positive control sample, 10 μL of 

the TNC assay buffer was added in place of cy(WPHPY). The plate was left for 5 min at 

37 °C for equilibration, and 100 μL of MMPspecific substrates (Sigma, 3 μM) was added 

in the mix.47 The plate was then incubated at 37 °C for 20 min. The fluorescence was 

measured using a SYNERGY H1 microplate reader with an excitation wavelength of 325 

nm and an emission wavelength of 393 nm. 

For the experiment shown in Figure 2.38c, the same procedure was followed as that 

described above. The difference was that an additional 10 μL of the recombinant TIMP2 

(1 μg/μL in PBS) was added to all of the mixtures. 

For the experiment shown in Figure 2.38e,f, WM115 cells were cultured in full media to 

80% confluency. Afterward, the media were changed to serum-free media containing 

varying concentrations of cy(WPHPY), and the cells were cultured for 24 h. The control 
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sample contained no cy(WPHPY). The media were then collected, concentrated, and 

quantified as described above. In a 96-well microplate, 10 μL (1 μg/μL protein content) 

of the media was mixed with 90 μL of the TNC assay buffer and 100 μL of MMPspecific 

substrates (Sigma, 3 μM). The plate was then incubated at 37 °C for 20 min, and the 

fluorescence was measured as described above. 

In every fluorogenic substrate experiment, three individually prepared replicates were 

used for each cy(WPHPY) concentration (including control), and the averaged values 

from the replicates were reported. To ensure reproducibility, all experiments were 

independently repeated three times, using fresh substrate each time. Consistent trends 

were observed. 

Gelatin Zymography 

In a 6-well plate, 600 k cells were seeded in full DMEM medium containing 10% FBS 

and 1% PS. After 8 h, each well was washed twice with serum-free media. Then, 2 mL of 

serum-free media containing different concentrations of cy(WPHPY) was added into the 

wells. For the positive control, no cy(WPHPY) was added. The plate was kept in the 5% 

CO2 incubator at 37 °C for 24 h. Afterward, the media were collected and concentrated 

using centrifugal membrane filters (10 kDa cutoff, Amicon). The protein content in each 

of the samples was quantified using a BCA assay kit (Thermo), and the solutions were 

normalized accordingly to reach a concentration of 10 μg/mL in each sample. A 7.5% 

acrylamide gel was prepared using 2 mL of gelatin (4 mg/mL in water) and a 1 mm 

electrophoresis plate. Then, 10 μL of the sample (10 μg/mL protein content) was added 

into each well, and a standard protocol was followed for running the gel.48 After the run, 
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the gel was washed (2 × 30 min) with washing buffer (pH 7.5, 2.5% Triton X-100, 50 

mM Tris-HCl, 5 mM CaCl2, 1 μM ZnCl2) at room temperature and then kept in the 

incubation buffer (1% Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, 1 μM ZnCl2) for 10 

min at 37 °C. Later the buffer was replaced with a new incubation buffer and was kept in 

the incubator at 37 °C for 20 h. After incubation, the gel was washed using a washing 

buffer and was stained using a 0.3% Coomassie blue water solution (containing 4% 

methanol and 1% acetic acid) for 30 min at room temperature. Afterward, the gel was 

washed with H2O to remove the excess coloring. Then, the gel was incubated in the 

destain solution (4% methanol and 1% acetic acid in H2O) until the bands on the gel 

became clear. Following this process, we carried out three independent experiments. All 

three experiments showed similar results. A representative result is presented in Figure 

2.38d. 

Western Blot 

WM115 cells were treated with different concentrations of the ligand in serum-free media 

for 24 h. For the positive control, PBS was added instead of the ligand. After preparing 

the samples, western blot was carried out following standard protocols.49 The antibodies 

(#13132, Cell Signaling Technology; ab97051, Abcam) were used at 1:1000 and 1:10 

000 dilutions, as recommended by the manufacturers. The resulting membrane was 

developed using SuperSignal West Pico PLUS chemiluminescent substrate (Thermo 

Scientific), and the image was taken using an Odyssey Fc imaging system (LI-COR 

Biosciences, Lincoln, NE). We followed this process to run three independent western 

blots, with freshly collected medium samples from new batches of cells each time. All 
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three experiments showed similar results, and a representative one is presented in Figure 

2.38d. 

Immunofluorescence and Confocal Imaging 

WM115 cells were cultured in 6-well plates in full media until reaching the desired 

confluency. For cy(WPHPY)-treated cells, cy(WPHPY) was added to reach a final 

concentration of 10 nM, and the cells were incubated for 15 h. The cells were fixed using 

4% paraformaldehyde at room temperature for 15 min. Note that no membrane 

permeabilizer (such as Triton X-100) was used here because we wanted to assess 

membrane-associated MMP2. Subsequently, fixed cells were washed with PBS (three 

times) and blocked in a blocking buffer (PBS + 5% normal goat serum) for 1 h at room 

temperature. Afterward, cells were incubated with a 1:500 dilution of anti-MMP2 

(#40994, Cell Signaling Technology) in the blocking buffer overnight at 4 °C and washed 

with PBS (three times). Then, cells were incubated with a 1:2000 dilution of Alexa Fluor 

594-conjugated goat anti-rabbit IgG (#8889, Cell Signaling Technology) in the blocking 

buffer for 2 h at room temperature and washed thoroughly with PBS. 

To image the cells, a Zeiss 880 inverted confocal laser scanning microscope (Carl Zeiss, 

Germany) was used. Image acquisition and analyses were carried out using the 

manufacturer’s software (ZEN, Carl Zeiss). Quantification of fluorescence intensity in 

single cells was performed using Fiji software. Thirty single cells were analyzed for each 

image. The experiment was repeated three times, with different WM115 cells each time. 

Consistent results were observed, and the representative images are presented in Figure 

2.38. 
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Scratch Wound-Healing Assay. The scratch assay was performed in 6-well plates. To 

coat the wells with gelatin, 2 mL of a 0.1% gelatin/H2O solution was added into each 

well, and the plates were incubated at 37 °C for 2 h. Afterward, the gelatin solution was 

removed, and the wells were washed with PBS three times. WM115 cells were seeded 

into the wells and cultured in media containing 0.3% FBS. When the cells reached 90% 

confluency, 3 μg/mL mitomycin C (Sigma-Aldrich) was added and incubated for 3 h to 

stop cell proliferation. A 10 μL pipet tip was used to create scratch wounds in a straight 

line. The wells were then washed three times with serum-free media. Subsequently, 

serum-free media containing different concentrations of cy(WPHPY) were added in the 

wells. For a positive control, no cy(WPHPY) was added. The cell images were 

immediately taken (0 h). During the imaging process, once a spot was selected, the area 

was marked so that the same spot could be located and imaged after 24 h. The cells were 

incubated at 37 °C for 24 h, and the images were retaken at the marked locations. This 

process was followed to carry out three independent scratch assays, all of which showed 

similar results. The representative result is presented in Figure 2.45b. 

Cell Migration and Invasion Assay 

The 24-well plates with inserts were purchased from Corning (8.0 μm, pore size; 6.5 mm, 

diameter; and 0.33 cm2, growth area) and the ECM gel from SigmaAldrich. The cell 

culture insert was coated with 100 μL of the ECM gel (2 mg/mL) and left in the 5% CO2 

incubator at 37 °C for 30 min. The excess gel solution was removed carefully, and the 

insert was washed gently with serum-free media twice. Then, 100 μL of the WM115 cell 

suspension (200 k cells in serum-free media) was added into the gel-coated insert. Full 



 27 

medium with 10% FBS was added to the lower chamber, and the insert was placed into 

the wells. Furthermore, 100 μL of the cy(WPHPY) solution in serum-free media was 

added into the insert chamber. For a positive control, serum-free medium with no ligand 

was added to the chamber. The assembly was kept in the cell incubator for 24 h. The 

insert was then removed from the well and washed three times with PBS. The cells were 

fixed with a 4% paraformaldehyde solution in PBS (10 min at room temperature). After 

the removal of the paraformaldehyde solution, the insert was washed three times with 

PBS. The insert was then incubated in methanol for 20 min at room temperature and then 

washed three times with PBS. After that, a 0.2% crystal violet/ methanol solution was 

added, and the insert was incubated for 15 min at room temperature. The staining solution 

was removed, and the insert was washed three times with PBS. Cells above the 

membrane (noninvasive cells) were scraped off, and the cells beneath the membrane were 

imaged using an inverted microscope. Three independent experiments were performed to 

ensure reproducibility, and individually prepared triplicate samples were used in each 

experiment. All of the experiments showed similar results, and a representative result is 

shown in Figure 2.45d. 

Data and Statistical Analysis 

Results from the triplicate measurements are reported as average ± standard deviation. 

The binding assay (FRET and FP) results were processed using OriginPro 2019 software. 

A Hill function was used for fitting the binding curves and calculating the Kd. For the 

single-cell immunofluorescence analysis, the p-value was calculated using a 

Mann−Whitney test. 
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2.3  Results and Discussion 

Epitope-Targeted Library Screening Generated Hit Sequences 

To identify compounds that can bind to the D570- A583 epitope, we performed a high-

throughput screening using a one-bead−two-compound monocyclic/linear peptide 

library.26,50 We constructed this library through five iterations of split-and-pool processes, 

using 18 natural amino acids as building blocks (Figure 2.4a). We used Cu-catalyzed 

alkyne− azide cyclization and installed an extra N-terminal alkyne group (Figure 2.5).26,50 

We removed the sequences that nonspecifically bound to a panel of dyes and proteins and 

screened this precleared library against a biotinylated D570-A583 epitope bearing an 

azide group (Figures 2.6 and 2.7). A strong binding between the synthetic epitope and a 

peptide sequence would promote a proximity-induced click reaction, allowing for hit 

identification through the biotin tag (Figure 2.7). The hit sequences were then determined 

by mass spectrometry, following established protocols.26,50 This screening generated 15 

hit sequences, including four leucine/isoleucine isomers (Figure 2.4b). 

To validate the identified hits, we conjugated the hits to rhodamine B (Rhod) and the 

epitope to fluorescein (Fluo) (Figures 2.8−2.23). Binding between the cyclic peptide and 

the epitope would bring the two fluorophore tags into proximity, which would generate a 

Förster resonance energy transfer (FRET) signal. Therefore, we could evaluate binding 

affinities by titrating Fluo-epitope with Rhod-peptide and analyzing the FRET signals. As 

shown in Figure 2.4c, 7 of the 15 sequences bound to the epitope with low micromolar 

affinities (Figure S22). We chose Rhod-cy(WPHPY) for further studies because it 

showed the highest binding affinity (Figure 2.4d). 
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Figure 2.4. Validation of the hit sequences generated from library screening. (a) Generic 

structure of the cyclic peptide library. (b) Identified hits from the screening. (c) Förster 

resonance energy transfer (FRET) signals generated from the binding between 100 nM 

fluorescein-labeled epitope (Fluo-epitope) and varying concentrations of rhodamine B-

modified ligand (Rhod-peptide). (d) Structure of cy(WPHPY) with and without the 

rhodamine B tag. (e) Competitive FRET results obtained using 100 nM Fluo-epitope, 100 

nM Rhod-cy(WPHPY), and varying concentrations of cy(WPHPY) as the donor, 

acceptor, and competitor, respectively. The interaction between unlabeled cy(WPHPY) 

and Fluo-epitope displaced Rhod-cy(WPHPY), causing decreased FRET signals. (f) 

Fluorescence polarization (FP) assay results demonstrating the binding affinity between 

Rhod-cy(WPHPY) (100 nM) and the full-length recombinant proMMP2. (g) Competitive 

FP results demonstrating the binding between the unlabeled cy(WPHPY) and 

recombinant proMMP2 (100 nM). Here, the unlabeled cy(WPHPY) displaced Rhod-

cy(WPHPY) (100 nM) and led to decreased FP values. 
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Figure 2.5. (Top) The generic structure of the one-bead-two-compound 80% Cyclic and 

20% linear peptide library. X1-X5: comprehensive 18 natural L-amino acids, excluding 

Cys and Met. The library was built using 90 µm-sized TantaGel® S-NH2 resins. Lower) 

After two steps of Edman degradation, the cyclic sequence contains a PTH moiety, while 

the linear one does not. A mass difference of 368 can be observed on the corresponding 

MS spectrum. 
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Figure 2.6. Structure and MALDI-TOF mass spectrum of the biotinylated epitope used in 

the library screening (Az4: L-azidolysine). 

 

Biotin-PEG5-D-P-G-F-P-K-L-I-A-D-A-W-N-A-Az4 
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Figure 2.7. Schematic illustration of the automated preclear procedure and epitope 

targeting library screening strategy. The library was precleared using a 

fluorescence‐activated BioSorter® and a panel of fluorophores and fluorescently labeled 

proteins. The precleared library was then screened against the biotinylated epitope. A 

binding between the epitope and the hit sequences promoted an in situ click reaction, 

which anchored biotin tags on the resin. The hits were then identified through the biotin 

tag by using the avidin‐alkaline phosphatase (AP) and its colorimetric substrate BCIP 

(5‐bromo‐4‐chloro‐3'‐indolyphosphate p‐toluidine salt) /NBT (nitroblue tetrazolium 

chloride). The stained hits were picked out and processed for sequencing. 
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Figure 2.8. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for  Rhod-cy(WPHPY). 

Rhod-cy(WPHPY) 
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Figure 2.9. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(EWWFR). 

Rhod-cy(EWWFR) 
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Figure 2.10. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(THNWP). 

Rhod-cy(THNWP) 



 37 

 

 

 

 

Figure 2.11. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(IDYSP). The bump at the end of the chromatogram is because of the sudden 

change in the flow rate. 

Rhod-cy(IDYSP) 
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Figure 2.12. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(VEYSP). The bump at the end of the chromatogram is because of the 

sudden change in the flow rate. 

Rhod-cy(VEYSP) 
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Figure 2.13. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(RNWIR). The bump at the end of the chromatogram is because of the 

sudden change in the flow rate. 

Rhod-cy(RNWIR) 
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Figure 2.14. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(IHWRW). The bump at the end of the chromatogram is because of the 

sudden change in the flow rate. 

Rhod-cy(IHWRW) 
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Figure 2.15. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

and for Rhod-cy(RNWLR).  

Rhod-cy(RNWLR) 
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Figure 2.16. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(WRLKG). The bump at the end of the chromatogram is because of the 

sudden change in the flow rate. 

Rhod-cy(WRLKG) 
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Figure 2.17. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(WRIKG). 

 

Rhod-cy(WRIKG) 
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Figure 2.18. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(QTNWF). 

Rhod-cy(QTNWF) 
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Figure 2.19. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(WFQDS). 

Rhod-cy(WFQDS) 
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Figure 2.20. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

and for Rhod-cy(LDYSP). 

Rhod-cy(LDYSP) 
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Figure 2.21. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(LHWRW). 

Rhod-cy(LHWRW) 
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Figure 2.22. HPLC chromatogram (560 nm absorption) and MALDI-TOF mass spectrum 

for Rhod-cy(RAPWW).  
 

Rhod-cy(RAPWW) 
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Figure 2.23. MALDI-TOF mass spectrum for the fluorescein-labeled epitope. 

Fluorescein-D-P-G-F-P-K-L-I-A-D-A-W-N-A-CONH2 

Epitope 
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Figure 2.24. a-o. Varying concentrations of rhodamine B-conjugated hit peptides were 

mixed with 100 nM of the fluorescein-labeled epitope, and the FRET intensities were 

measured. The curves were fitted using a Hill function to obtain the Kd values. 
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Figure 2.25. FRET signal obtained from the binding between 100 nM of rhodamine B-

labeled ligand (Rhod-cy(WPHPY)) and varying concentrations of the fluorescein-labeled 

epitope (Fluo-Epitope). The binding affinity obtained was similar to the original one (Fig 

2.24, o). 

 

 

 

 

Figure 2.26. Residual fluorescence as a result of the binding between 100 nM of BHQ2-

modified epitope and Rhod-cy(WPHPY). The dark quencher BHQ2 quenched the 

rhodamine fluorescence through a FRET mechanism. 

Kd = 9.26 μM  
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Figure 2.27. FRET signal obtained from the binding between 100 nM of Rhod-Epitope 

and varying concentrations of fluorescein-labeled ligand (Fluo-cy(WPHPY)). Changing 

the tag on the ligand resulted in a total loss of binding. 
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cy(WPHPY) Binds to proMMP2 with a Low nM Affinity 

Because FRET-based titration experiments frequently suffer from artifacts such as 

microenvironment-induced quantum yield changes, we carried out more experiments to 

validate the binding between Rhod-cy(WPHPY) and the epitope. We found that the 

binding was insensitive to the titrant designation or the tag identity on the epitope 

(Figures 2.25 and 2.26). Conjugating cy(WPHPY) to a different fluorophore, however, 

destroyed the binding (Figure 2.27), indicating that N-terminal modifications to 

cy(WPHPY) could affect the binding significantly. Based on this result, we removed the 

N-terminal rhodamine B tag and tested its binding to the epitope using a competitive 

FRET approach (Figure 2.28). Here, cy(WPHPY) was used to titrate a mixture of Rhod-

cy(WPHPY) (100 nM) and Fluo-epitope (100 nM). The cy(WPHPY)−epitope binding 

would disrupt the Rhodcy( WPHPY)−Fluo-epitope interaction and therefore lower the 

FRET signal. To our surprise, the result (Figure 2.4e) showed that the unconjugated 

cy(WPHPY) bound to the epitope with a much higher affinity (Kd = 1 nM) compared 

with Rhodcy( WPHPY). 

To test if the observed cyclic peptide−epitope binding could translate to cyclic 

peptide−protein binding, we expressed and purified recombinant full-length proMMP2 

and performed fluorescence polarization (FP) experiments to validate the binding. As 

shown in Figure 2.4f, Rhod-cy(WPHPY) was able to recognize recombinant proMMP2 

with a high nM affinity (Kd = 280 nM), which was consistent with the epitope binding 

assay. This validated binding allowed us to implement a competitive FP assay to further 

test the binding between unmodified cy(WPHPY) and recombinant proMMP2. Here, we 
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used unlabeled cy(WPHPY) to titrate a solution of Rhodcy( WPHPY) and recombinant 

proMMP2. Similar to the competitive FRET assay described above, cy(WPHPY) was 

expected to replace Rhod-cy(WPHPY) on proMMP2, causing decreased FP values. The 

result proved that the unmodified cy(WPHPY) peptide bound strongly to proMMP2 (Kd 

= 2.3 nM, Figure 2.4g), which also agreed with the epitope binding assay results. 

Structure−Activity Relationship Analysis 

 We sought to elucidate the structure−activity relationship. The existence of two proline 

residues pointed to prominent backbone rigidity, which was expected to confer entropic 

advantages and contribute to enhanced binding affinities by providing privileged 

conformations.51 To evaluate the backbone rigidity, we performed molecular dynamics 

simulations of cy(WPHPY). We found that the two proline residues caused a unique kink 

in the backbone structure, which significantly limited the range of motion of the W, H, 

and Y residues (Figure 2.30a and Tables 2.1− 2.2, Figure 2.29). Substituting either of the 

two proline residues with alanine caused complete loss of binding to proMMP2, as 

demonstrated by the competitive FP results (Figure 2.30b,c). Also, alanine substitution at 

the W, H, and Y residues abolished the binding. These results indicated that both the 

identity and the orientation of the side-chain groups on cy(WPHPY) were critical to its 

binding affinity to proMMP2. 
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Figure 2.28. Analytical HPLC chromatogram (280 nm absorption) and MALDI-TOF 

mass spectrum and for the unmodified cyclic peptide ligand cy(WPHPY). 

cy(WPHPY) 
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Table 2.1. The most stable conformations of cy(WPHPY) obtained from free energy 

calculations. Top 10 most stable conformations from a total of 546 conformations are 

shown in stick representation with orange and blue color representing two linkages. 

Conformational search and free energy calculations were performed with VM2 using the 

implicit solvation model.  
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Table 2.2. Five manually selected conformations with the most significant changes in the 

dihedral angle in the peptide backbone or sidechain were taken as the initial 

conformations to start MD simulation in an explicit water model. Free energy is in 

kcal/mol. 
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Figure 2.29. The representative conformation of an MD run for cy(WPHPY) is shown in 

van der Waals (middle) and stick (right) representations. This conformation constitutes 

57.7% conformations of a 20-ns long MD trajectory. The RMSD of the MD calculation is 

1.066 angstrom. The average total energy for 20 ns is -15250.89 kcal/mol, the average 

kinetic energy is 3571.86 kcal/mol, and the average potential energy is -18822.76 

kcal/mol. E-total = E-kinetic + E-potential is used. This energy is for the whole system 

(cy(WPHPY) + water + one Cl-). 
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Figure 2.30. Analysis of the structure–activity relationship. (a) Optimal conformations of 

cy(WPHPY) as calculated using molecular dynamics (MD) approaches. The blue wire is 

the most representative conformation generated from the conformation search. The 

orange wires illustrate the conformations that were evenly extracted every 2 ns from the 

MD simulation trajectory. (b) Alanine scanning variations of cy(WPHPY). (c) 

Competitive FP results obtained using alanine-substituted cy(WPHPY) variations. The 

competitive FP results of cy(WPHPY) were included as a reference (red line, peptide 1). 

(d) Partially scrambled epitope sequences in comparison with the original epitope. (e) 

FRET signals generated from the binding between 100 nM Fluo-epitope variations and 

varying concentrations of Rhod-cy(WPHPY). The result from the original Fluo-epitope 

was included as a reference. C5 was not able to bind to Rhod-cy(WPHPY), while M5 and 

N5 retained the binding affinity. (f) Competitive FRET assay results demonstrating the 

lack of binding affinity between the unlabeled cy(WPHPY) and the partially scrambled 

epitopes (M5 and N5). Unlabeled cy(WPHPY) could not displace Rhod-cy(WPHPY) 

from the epitope; therefore, the FRET intensities did not change. The result from the 

original Fluo- epitope was included as a reference. 
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To map the critical interaction sites on the epitope, we synthesized partially scrambled 

epitopes and evaluated their binding affinities to the cy(WPHPY) peptide using the 

aforementioned FRET approach (Figures 2.30d and 2.31−2.34). The results showed that 

altering the C terminal of the epitope caused a loss of binding (Figure 2.30e), while 

scrambling the middle and N-terminal segments retained the binding to Rhod-

cy(WPHPY). Interestingly, we also found that preserving the C terminal alone could not 

maintain the binding to Rhodcy( WPHPY) (Figure 2.35). These results suggested that 

Rhod-cy( WPHPY) interacted with multiple segments on the epitope, and this interaction 

was slightly more dependent on the C terminal.  

We further evaluated the binding between the unlabeled cy(WPHPY) and the scrambled 

epitopes, using the competitive FRET method. Even though M5 and N5 were able to bind 

to Rhod-cy(WPHPY), they were not able to recognize the unlabeled cy(WPHPY) (Figure 

2.30f). Since the original and partially scrambled epitopes all lack secondary structures 

(Figures 2.31−2.34), these results hinted that the whole epitope participated in the 

binding, perhaps by adopting a favored conformation that was induced by the cyclic 

peptide ligand. In addition, we found that the cy(WPHPY)−epitope interaction caused an 

increase of Trp fluorescence (Figures 2.36 and 2.37), while the alanine-substituted 

peptide, cy(WAHPY), did not. Because Trp fluorescence is sensitive to local 

environments, this increase was likely due to the epitope conformation change.52  
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Figure 2.31. Circular dichroism (CD) spectrum of 20 μM of the fluorescein-labeled 

epitope (D570-A583) in PBS. No apparent secondary structure was observed, and the 

epitope appeared to be a random coil. 

Epitope Sequence 

Fluorescein-D-P-G-F-P-K-L-I-A-D-A-W-N-A-CONH2 
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Figure 2.32. Circular dichroism (CD) spectrum of 20 μM of the fluorescein-labeled 

randomized epitope (C5) in PBS. No apparent secondary structure was observed. 

Randomized Sequence (C5) 

Fluorescein-D-P-G-F-P-K-L-I-A-A-N-A-W-D-CONH2 
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Figure 2.33. Circular dichroism (CD) spectrum of 20 μM of the fluorescein-labeled 

randomized epitope (M5) in PBS. No apparent secondary structure was observed.  

Randomized Sequence (M5) 

Fluorescein-D-P-G-F-I-A-K-P-L-D-A-W-N-A-CONH2 
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Figure 2.34. Circular dichroism (CD) spectrum of 20 μM of the fluorescein-labeled 

randomized epitope (N5) in PBS. No apparent secondary structure was observed. 

Randomized Sequence (N5) 

Fluorescein-P-F-D-P-G-K-L-I-A-D-A-W-N-A-CONH2 
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Figure 2.35. Since changing C5 showed a total loss of binding, this time we kept the first 

five amino acids at the C terminal unchanged and randomized the last nine amino acids. 

We ran a FRET assay using this epitope (N9) and rhodamine tagged ligand which also 

showed loss of binding. 

 

 

 

 

Randomized Sequence (N9) 

Fluorescein-I-F-L-P-A-G-P-D-K-D-A-W-N-A-CONH
2
  



 69 

  

 

 

 

 

 

 

  

  

 

 

 

 

 
Figure 2.36. MALDI-TOF mass spectrum of the unmodified epitope.  
 
 

 

 

NH2-D-P-G-F-P-K-L-I-A-D-A-W-N-A-CONH2 
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Figure 2.37. a. Emission spectra of the mutated ligand cy(WAHPY) (10 μM), the epitope 

(10 μM), and a mixture containing both. The spectra were obtained using an excitation 

wavelength of 288 nm. b. Similar emission spectra obtained using cy(WPHPY) (10 Μm), 

the epitope (10 μM), and their mixture. c,d. Bar graph representations of a and b showing 

the fluorescence intensities at 350 nm. Only the cy(WPHPY)-epitope interaction led to an 

increased Trp fluorescence intensity.  

 

 

 

 

cy(WAHPY) 

cy(WPHPY) 
cy(WAHPY) 

cy(WPHPY) 
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cy(WPHPY) Inhibits the TIMP2−MMP2 Interaction through Binding to the MMP2 

Hemopexin Domain 

The TIMP2-binding region on the hemopexin domain remains intact during MMP2 

activation. Therefore, we expected that cy(WPHPY) could bind to both pro- and active 

MMP2. To validate if cy(WPHPY) could interfere with the TIMP2− MMP2 

protein−protein interaction, we performed a competitive binding test based on enzyme-

linked immunosorbent assay (ELISA). WM115 cells (a human metastatic melanoma cell 

line) were cultured in serum-free media, which were used as a source of MMP2.50 As 

shown in Figure 4a, surface immobilized recombinant TIMP2 was able to pull down 

MMP2 (pro- and active) from culture media, and cy(WPHPY) addition led to decreased 

MMP2 levels in a concentration dependent manner. These results agreed with our 

hypothesis that cy(WPHPY) could inhibit the PPI between TIMP2 and MMP2.  

In addition to the hemopexin domain shared by pro- and active MMP2, the catalytic 

domain of active MMP2 is also a TIMP2 target. This alternative PPI is the basis of 

TIMP2- mediated MMP2 inhibition. Therefore, we must rule out the possibility that 

cy(WPHPY) was interfering with the TIMP2− MMP2 (catalytic domain) interaction.23,54-

56  
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Figure 2.38. cy(WPHPY) inhibited the TIMP2–proMMP2 interaction and prevented 

proMMP2 activation. (a) Principle and results of the ELISA-based competitive binding 

assay. Surface-immobilized recombinant TIMP2 can pull down MMP2 from the solution, 

while cy(WPHPY) binds to MMP2 and blocks this interaction. Phosphate-buffered saline 

(PBS) was used in place of cy(WPHPY) in the control sample. (b–f) Schematic 

illustration and results of the in vitro bioactivity assay evaluating the function of 

cy(WPHPY). (b) Media from WM115 cell culture were collected and incubated with 

varying concentrations of cy(WPHPY). The corresponding MMP2 activities were 

analyzed using an MMP2-specific fluorogenic substrate. The assay buffer was used in 

place of cy(WPHPY) in the control sample. (c) WM115 culture media were incubated 

with TIMP2 and cy(WPHPY), and the corresponding MMP2 activities were evaluated. 

For the control samples, the assay buffer was used in place of cy(WPHPY) and TIMP2. 

(d–f) WM115 cells were cultured with varying concentrations of cy(WPHPY), and the 

corresponding media were collected for subsequent analyses. Serum-free media without 

cy(WPHPY) were used for the control samples. (d) Gelatin zymography and western 

blotting results demonstrate that cy(WPHPY) inhibited the MMP2 activity in the WM115 

cell culture. (e, f) Enzymatic activity assays show that cy(WPHPY) was highly specific to 

MMP2 activities and did not affect MMP9. (g, h) Confocal microscopy images of 

WM115 cells showing membrane-bound MMP2 immunofluorescence. The scale bars are 

10 μm. Media without cy(WPHPY) were used in the control sample. (i) Comparison of 

the single-cell MMP2 immunofluorescence signals extracted from the confocal images. A 

total of 30 single cells were analyzed for each image. The boxes denote the middle two 

quartiles, and the horizontal blue bars represent median values. The whiskers show the 

standard deviation values. 
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To address this concern, we first mixed the WM115 culture media with different 

concentrations of cy(WPHPY) and then used an MMP2-specific fluorogenic substrate to 

evaluate the corresponding MMP2 activity (Figure 2.39). Because cy(WPHPY) did not 

interact with the fluorescent substrate (Figure 2.40), our result proved that cy(WPHPY) 

did not affect MMP2 activity (Figure 4b). Nevertheless, because the size of cy(WPHPY) 

was small, even if it bound to the catalytic domain, it might not block the substrate’s 

access to the catalytic center. To further validate our hypothesis, we introduced 

recombinant TIMP2 into the same experiment. Here, we found that cy(WPHPY) was not 

able to rescue the MMP2 activity from TIMP2 inhibition (Figure 4c), which proved that 

the PPI of TIMP2−MMP2 at the MMP2 catalytic domain was not affected. Taken 

together, these results supported our hypothesis that cy(WPHPY) specifically acted on 

the TIMP2−MMP2 interaction through the MMP2 hemopexin domain. 
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Figure 2.39. The structure of the MMP2-specific fluorogenic peptide substrate. Green 

lines highlight the MMP cleaving sites. 

 

 MCA-P-L-A~Nva-Dap(DNP)-A-R-NH₂ 
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Figure 2.40. Positive and Negative controls used in the MMP2 specific substrate assay 

using MCA-P-L-A~Nva-Dap(DNP)-A-R-NH₂. The positive control consists of the 

serum-free media collected from WM115 cells. This media was then concentrated with a 

centrifugal membrane filter (10 kDa cut-off, Amicon). Once concentrated, the total 

protein content was quantified using a BCA assay kit (Thermo). In a 96 well microplate, 

10 μl (1µg/μl protein content) of the media was mixed with 90 μl of TNC assay buffer 

(50 mM Tris base, 0.15 M NaCl, 10 mM CaCl2, pH 7.5). The plate was left for 5 min at 

37 °C for equilibration, and then 100 μL of MMP2 specific substrate (3 µM) was added. 

The plate was then incubated at 37 °C for 20 min. The fluorescence was measured using 

a SYNERGY H1 microplate reader. One of the negative controls has the ligand (1uM) in 

the serum-free media in which later the 3 uM substrate was added, and the other one is 

the MMP2 specific substrate by itself in the serum-free media. The fluorescence was 

measured with a SYNERGY H1 microplate reader. 
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cy(WPHPY) Specifically Inhibits proMMP2 Activation In Vitro 

We then moved on to test our hypothesis that disturbing the TIMP2−MMP2 interaction 

through the hemopexin domain will prevent proMMP2 activation. We treated WM115 

cells with different concentrations of cy-(WPHPY) and analyzed the MMP2 content in 

the corresponding culture media. We first used gelatin zymography to evaluate how 

cy(WPHPY) affected MMP2 activity. As shown in Figure 4d, cy(WPHPY) treatment 

caused decreased MMP2 activity in the culture media, and the effect was dependent on 

the cy(WPHPY) concentration. To rule out the possibility that the observed decrease was 

due to cy(WPHPY) inhibiting MMP2 catalytic activity, we performed western blotting to 

quantify the amount of active MMP2 in the media. As expected, we observed a similar 

trend (Figure 4d). Based on the band intensity on the gel, we estimated an IC50 value of 

∼20 nM (Figure 2.41), which was consistent with the Kd value obtained from binding 

assays (Figure 2.4g). These results supported our proposed mechanism of action that cy- 

(WPHPY) inhibited proMMP2 activation. 

Because our strategy targeted the unique D570-A583 epitope, which shares little 

homology with other MMPs, the inhibition was expected to be highly specific. To test 

this hypothesis, we used enzyme-specific fluorogenic substrates to analyze the activities 

of MMP2 and its most similar gelatinase relative, MMP9, in the culture media (Figures 

2.39, 2.42, and 2.43). As shown in Figure 4e,f, cy(WPHPY) specifically acted on MMP2 

and did not affect MMP9. In addition, we found that the linear sequence, WPHPY, 

showed no inhibition effect on MMP2 in the same experiment (Figure 2.44). 
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Figure 2.41. The intensities of the gelatin zymogram bands were measured using ImageJ 

software and plotted. The IC50 value was estimated to be around 20 nM. 
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Figure 2.42. The structure of the MM9-specific fluorogenic peptide substrate. Green 

lines highlight the MMP cleaving sites. 

DNP-P-Cha-G~C(Me)-H-A-K(N-Me-Abz)-NH₂ 
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Figure 2.43. Positive and Negative controls used in the MMP9 specific substrate assay 

using DNP-P-Cha-G~C(Me)-H-A-K(N-Me-Abz)-NH₂. The positive control consists of 

the serum-free media collected from WM115 cells. This media was then concentrated 

with a centrifugal membrane filter (10 kDa cut-off, Amicon). Once concentrated, the total 

protein content was quantified using a BCA assay kit (Thermo). In a 96 well microplate, 

10 μl (1µg/μl protein content) of the protein solution was mixed with 90 μl of TNC assay 

buffer (50 mM Tris base, 0.15 M NaCl, 10 mM CaCl2, pH 7.5). The plate was left for 5 

min at 37 °C for equilibration, and then 100 μL of MMP9 specific substrate (3 µM) was 

added. The plate was then incubated at 37 °C for 20 min. The fluorescence was measured 

using a SYNERGY H1 microplate reader. One of the negative controls has the ligand 

(1uM) in the serum-free media in which later the 3 uM substrate was added, and the other 

one is the MMP9 specific substrate by itself in the serum-free media. The fluorescence 

was measured with a SYNERGY H1 microplate reader. 
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Figure 2.44. The linear sequence WPHPY was synthesized to see if it shows any 

inhibition efficiency. WM115 cells were cultured in full media to 80% confluency and 

then changed to serum-free media containing varying concentrations of the linear 

sequence. The culture media was then taken out, and the active MMP2 specific 

fluorogenic substrate was added to it. No significant change in the intensity was 

observed.  

 

According to our proposed mechanism of action, cy- (WPHPY) was expected to prevent 

the cell membrane association of proMMP2. To visualize such an effect, we performed 

confocal microscopy experiments. We treated WM115 cells with cy(WPHPY) for 15 h 

and subsequently fixed the cells using paraformaldehyde. We then stained MMP2 using 

anti-MMP2 antibodies and evaluated the corresponding immunofluorescence. Because no 

permeabilizer was used, the majority of the fluorescence signal came from surface-bound 

MMP2. We found that cy(WPHPY) treatment led to decreased MMP2 signals (Figure 

2.38g,h), which proved that fewer copies of MMP2 were associated with the cell surface. 

By extracting single-cell immunofluorescence data from the confocal images, we also 

validated that the observed MMP2 signal difference was statistically significant (Figure 

2.38i). 
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cy(WPHPY) Inhibits Cell Migration 

To validate if the inhibitory effect of cy(WPHPY) can translate into decreased cell 

mobility, we performed a wound-healing scratch assay. We used a micropipette tip to 

create artificial wounds on the cell culture and incubated the cells with cy(WPHPY) for 

24 h (Figure 2.45a). Because these cells were pretreated with a mitotic inhibitor 

(mitomycin C), cells that appeared in the wound were due to cell migration. As shown in 

Figure 2.45b, cy(WPHPY) treatment led to decreased cell numbers in the wound region, 

demonstrating its ability to inhibit cell mobility. 

To further validate our findings in a more quantitative manner, we carried out a transwell 

cell invasion assay using a two-chamber apparatus.57 In the inner chamber, we cultured 

WM115 cells on Matrigel in serum-free media. A porous membrane separated this inner 

chamber from the outer chamber, which contained full media. To access the full media, 

cells must secret MMP2 to digest the Matrigel and migrate to the other side of the 

membrane (Figure 2.45c). We found that cy(WPHPY) treatment led to fewer cells on the 

full media side of the membrane, indicating that it inhibited cell migration (Figure 2.45d). 

This effect was consistent with the observation from the wound-healing experiment. In 

addition, the inhibition ability matched the Kd and IC50 values from previous assays 

(Figures 2g and 2.41), supporting our proposed mechanism of action. 
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Figure 2.45. cy(WPHPY) inhibited cell migration. (a) Schematic illustration of the 

scratch wound-healing experiment. (b) Results of the scratch wound healing experiment 

demonstrate that cy(WPHPY) treatments led to fewer cells migrating to the scratch 

wound. (c) Schematic illustration of the trans-well cell invasion assay. Active MMP2 was 

required for the cells to digest the Matrigel and invade through the porous membrane. 

Before the final imaging stage, cells were fixed and stained with crystal violet. (d) 

Results of the trans-well assay demonstrate that cy(WPHPY) significantly inhibited cell 

invasion. Images were taken after 24 hours of incubation.   

 

Discussion 

Inhibiting MMP2 activities has profound therapeutic implications. Unfortunately, a 

clinically viable drug remains elusive, despite more than 3 decades of research efforts. 

Results from the failed clinical trials have underscored the need of developing highly 

specific MMP2 inhibitors. However, this is substantially challenging because of the 

prevalent structural similarities among the catalytic domain of different MMPs.16 

Consequently, targeting the enzymatic activity of MMP2 has become a less-favored 

approach.17 Evidently, research interests have shifted toward alternative strategies, such 

as inhibiting the zymogen activation process involving the proMMP2/TIMP2/ MT1-

MMP ternary complex.17−20 Pioneering work has focused on membrane-tethered MT1-

MMP, as represented by the development of DX2400 and 9E8 antibodies.19,20 These 

studies have demonstrated the feasibility of achieving MMP2 inhibition by preventing 

proMMP2 activation. Nevertheless, therapeutic development based on these antibody 

leads faces significant obstacles, such as the lack of functional specificity of DX2400 and 

the murine origin of 9E8 mAb.20  

On the other hand, targeting the interaction between proMMP2 and TIMP2 remains 

underexplored. The structural basis for this PPI involves two epitopes on proMMP2, the 

Cterminal fourth blade of the hemopexin domain and the loop between the third and 
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fourth hemopexin blades.25 Because the fourth hemopexin blade exhibits very high 

sequence homology to many other proteins (Figure 2.46), it is not a suitable target for 

drug development. In contrast, the second epitope has a unique amino acid sequence. 

Nevertheless, this second epitope is structureless, which makes it a challenging target for 

developing high-affinity binders. Although studies on inhibiting a related PPI, i.e., 

between proMMP9 and TIMP1, have been successful,58,59 it is largely because that many 

parts of the proMMP9 hemopexin domain are structurally distinct and easier to target.60  

Therefore, it was unclear whether proMMP2 could be targeted similarly. To this end, our 

results provide the first demonstration of blocking the proMMP2−TIMP2 interaction to 

inhibit proMMP2 activation, proving the feasibility of this long-sought strategy. 

In this study, removing the rhodamine tag improved the binding affinity by 100-fold. 

Such a result may seem astonishing if one puts peptides and proteins in the same 

therapeutics category. However, the cyclic peptide presented here has a molecular weight 

less than 1 kDa, which makes it more similar to a small molecule than large biologics. 

Considering that the rhodamine tag size is more than half of the cyclic peptide size, it is 

expected that this tag would significantly affect the binding affinity. Besides, because a 

structureless loop was targeted, it was expected that this binding would be sensitive to 

structure variations. The alanine scanning and the epitope randomization results (Figure 

2.30) further demonstrated this point. On the other hand, it was to our surprise that the 

epitope-based competitive FRET results matched extremely well with the recombinant 

protein-based competitive FP data. Although the target epitope resides at the peripheral 

region of the protein and its structureless nature is conserved in the full-length protein, 
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neighboring epitopes and the protein’s tertiary structure could influence the peptide− 

epitope interaction in an unforeseeable manner. Therefore, it is always crucial to validate 

the binding using full-length proteins. Nevertheless, this extra effort does not diminish 

the feasibility or application of the epitope-targeted screening approach, which has been 

demonstrated in many studies.26,50,61 

 

Figure 2.46. Sequence alignment and homology search result for the TIMP2 binding 

epitope on the 4th hemopexin blade of proMMP-2 using protein BLAST®. The epitope 

sequence is placed in the first line (navy background). The other MMPs with the 

sequence homology found from the search are shown in rows 2-7. Empty boxes represent 

completely mismatched residues. 

 

Our results also shed light on the structural biology of the TIMP2–MMP2 interaction. 

Instead of facilitating MMP2 activation, a more well-known role of TIMP2 is inhibiting 

active MMP2. The detailed mechanism of this inhibition is elusive, as the structure of the 

active MMP2–TIMP2 complex has not been solved. The current hypothesis is that the N-

terminal domain of TIMP2 can bind to the catalytic domain of MMP2, thereby blocking 

the substrate entrance to the catalytic center.25,62 Moreover, an auxiliary binding between 

TIMP2 and the MMP2 hemopexin domain is believed to stabilize the interaction 

further.60 However, it is unclear if this interaction involves the same hemopexin epitope 
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as the one implicated in proMMP2 activation. Because the hemopexin domain on 

proMMP2 is conserved through its activation process, the cy(WPHPY) peptide is 

expected to bind to both pro- and active MMP2. Our results (Figure 4c) demonstrated 

that binding of cy(WPHPY) to active MMP2 did not interfere with the inhibitory 

TIMP2–MMP2 interaction. Based on these data, we believe that the inhibitory PPI 

between TIMP2 and MMP2 does not involve the loop between the third and fourth 

hemopexin blades on MMP2. 

Aside from the TIMP2/MT1-MMP-mediated process, other mechanisms of proMMP2 

activation also exist. For instance, in human astrocytic tumor cases, prominent 

correlations exist among the MT2-MMP expression level, the MMP2 activity, and the 

tumor grade.61 These observations are consistent with the in vitro result that MT2-MMP 

can activate proMMP2 without help from MT1-MMP.64 Other types of TIMPs can also 

bind to proMMP2 to facilitate its activation.62 Therefore, our method of directly targeting 

proMMP2, rather than TIMP2 or MT1-MMP, promises more generalization potential. 

The uncertainty here is whether our targeted epitope on the hemopexin domain is also 

involved in these alternative MMP2 activation routes. As a natural extension to this work, 

we are currently testing the efficacy of cy(WPHPY) in MT1-MMP- and TIMP2-deficient 

models. The result will provide structural insights into how proMMP2 interacts with 

other types of MT-MMPs and TIMPs. 
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2.4 Conclusion 

The work presented here, together with recent reports from other groups and us, 

highlights the feasibility of using cyclic peptides to target protein–protein interactions. 

The two proline residues in cy(WPHPY) provided substantial backbone rigidity, which 

was proven critical to the binding. This finding is consistent with previous reports that 

increased structural rigidity in cyclic peptides translates into higher binding affinities to 

disordered protein structures. In light of these results, we are currently implementing 

medicinal chemistry optimization strategies on cy(WPHPY), with an emphasis on 

preserving the structural rigidity and the orientation of side-chain functional groups. We 

believe that such efforts promise more potent and specific inhibitors against MMP2 

activation and ultimately a clinically viable strategy for MMP2 inhibition. 
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Chapter 3 : Towards MRI imaging probes for MMP2 

3.1 Introduction 

Atherosclerosis is one of the leading causes of death in the United States, coronary heart 

disease alone was responsible for every 1 in 7 deaths in the US in 2013.1,2 This high 

mortality rate makes it crucial to develop a better and easier diagnostic approach that can 

lead to improved treatment. The current diagnostic techniques involve blood tests, 

electrocardiogram, echocardiogram, computerized tomography scan, angiogram. Other 

than the angiogram and computerized tomography scan, the tests are not that indicative of 

plaque formation.3 An angiogram is an invasive test that uses an X-ray for the imaging of 

the blood vessels. A thin plastic tube or catheter is inserted through the femoral or radial 

artery that carries a dye, and with the help of fluoroscopy, the images are taken that 

shows the blood flow through the arteries. If a plaque is narrowing down the artery, the 

blood flow will have an impact on it which will be evident in the angiogram. It also gives 

an indication of how severe the block is. Computed tomography involves ionizing 

radiation, and in the case of substantial lesions, it can even overestimate the burden. In 

terms of image quality, Positron, Emission Tomography is not a good choice, and the 

dose that can offer a better image is not in an acceptable range.4  

Due to the lack of better imaging systems, patients now go through angiography not only 

for therapeutic purposes but also for diagnostics which is inconvenient and 

uncomfortable. It also imposes certain risks, including injury to the artery that is used for 

catheterization, irregular heartbeats, even heart attack or stroke might get triggered.5 All 

these pushed the need for the development of a better diagnostic approach. 
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Developing an imaging procedure using Magnetic Resonance Imaging (MRI) to visualize 

the atherosclerotic plaques can lead to a user-friendly, non-invasive diagnostic procedure 

that will also be beneficial for early-stage detection plaques. MRI is also used in the 

detection of neurological cancers, gastrointestinal and liver lesions, staging, and 

diagnosis of prostate cancer. There are also some studies on coronary plaque imaging and 

carotid plaque cap rupture, which gave strong indications of the viability of this work.1,3 

Pathogenesis of atherosclerosis 

Atherosclerosis is responsible for coronary heart disease (CHD), which alone is the 

primary cause of deaths worldwide, summing up to 15.9%.6 It is not only responsible for 

CHD but also for carotid, peripheral artery, and renal diseases. Atherosclerotic plaque 

formation starts with an injury to the endothelium. The injury is usually caused by 

inflammation due to an elevated level of cholesterol and hemodynamic imbalances.7,8 The 

injury to the endothelium leads to endothelial dysfunction, which induces the oxidation 

and accumulation of low-density lipoprotein or LDL. LDL increases the expression of 

chemokines which helps in the adhesion of monocytes, infiltration, and aggregation of 

platelets. This, in turn, leads to an inflammatory response. At first, the monocytes get 

directed towards the endothelium which then migrate from endothelium to sub-

endothelium, where they turn into macrophages.9 These macrophages are then taken up 

into the oxidized LDL forming the foam cells.  
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Figure 3.1: An illustration of atherosclerotic plaque formation process.  

The foam cells later form the atherosclerotic plaque’s lipid core. This chain of changes 

causes a phenotypic change in the vascular smooth muscle cells leading to the active 

synthetic stage (Figure 3.1). When it reaches the active synthetic stage, vascular smooth 

muscle cells migrate to the intima where they proliferate and cause excess production of 

extracellular matrix which converts the lesion into a fibrous state.10 

Choice of biomarker 

Developing a diagnostic imaging technique highly depends on the choice of the 

biomarker. For our purpose, targeting a biomarker that gets highly expressed during 

atherosclerosis can be advantageous to target. Several proteins like cytokines get 

overexpressed, but since atherosclerosis is an inflammatory process while selecting the 

biomarker, it is crucial to think about the changes associated with other inflammatory 

responses.11 Besides, it would be easier to image something that does not circulate in a 

high amount in the blood and is highly localized on the plaque’s surface. 
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Plaque formation is associated with the migration of the smooth muscle cells, monocytes, 

proliferation of the foam cells, and deposition of the extracellular matrix (ECM). Several 

studies showed the overexpression of MMP-2 and MMP-9 on the atherosclerotic plaques, 

specially MMP-2.12,13,14  One study showed, the MMP-2 knock out mice led to not only 

reduced intima formation but also decreased aneurysm, which demonstrated that it could 

promote ECM degradation or fibrosis.15 Multiple researches concluded that the 

distribution, as well as the content of MMP-2, is associated with the plaque’s propensity 

of disrupting normal blood flow.16,17  

All these data inspired us to use MMP2 as our biomarker. From our previous study, we 

have already found a cyclic peptide, cy(WPHPY), that binds to proMMP2 at a nM 

binding affinity by inhibiting the protein-protein interaction between proMMP2 and 

TIMP2.18 We hypothesized that we could try to use this peptide since we already know 

that it binds to proMMP2 and modify it to make it suitable as an imaging agent. 

3.2 Experimental 

Materials 

5(6)-carboxyfluorescein was purchased from ACROS (Pittsburg, PA) and Rhodamine B 

(Rhod), α-cyano-4-hydroxycinnamic acid (CHCA), cuprous iodide (CuI), from Sigma-

Aldrich (St. Louis, MO). Rink amide resin with a loading capacity of 0.678 mmol/g was 

purchased from Aapptec (Louisville, KY) and peptide coupling reagent, 2-(1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 99.6%) 

from Chem-Impex (Wood Dale, IL). All canonical Fmoc protected amino acids were 

obtained from Anaspec (Fremont, CA) and two unnatural amino acids Fmoc-L-
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propargylglycine, Fmoc-L-azidolysine, from Combi-blocks (San Diego, CA). 

Triisopropylsilane (TIPS) was obtained from TCI (Portland, OR) and 

diisopropylethylamine (DIEA, 99.5%) from ACROS (Germany). Sodium chloride 

(NaCl), Tween 20, tris base, ascorbic acid, sodium phosphate monobasic monohydrate 

(NaH2PO4, 99.4%), sodium dodecyl sulfate (SDS), sodium phosphate dibasic anhydrous 

(Na2HPO4, 99.6%), bovine serum albumin (BSA), N,N′-dimethylformamide (DMF), 

acetonitrile (CH3CN), diethyl ether (Et2O), dichloromethane (DCM) ethyl acetate (EA), 

chloroform (CHCl3) were purchased from Thermo Fisher Scientific (Waltham, MA). 

DOTA-NHS-ester was purchased from Macrocyclics. 

Solid-Phase Peptide Synthesis 

The peptides were synthesized manually following standard Fmoc SPPS coupling process 

or using the CSBio CS336S peptide synthesizer (Menlo Park, CA). If otherwise stated, 

the Rink Amide MBHA resin was used for the synthesis and usually, cyclization was 

carried overnight at rt with CuI (2.5 equivalent) and L-ascorbic acid (5 equivalent) in 

20% piperidine/DMF solution. The unreacted excess copper was then removed with a 5% 

sodium diethyldithiocarbamate (w/v) and 5% DIEA (v/v) in DMF solution. If the 

peptides were fluorophore-labeled, then the dyes were coupled at the N terminal using the 

standard SPSS procedure overnight. Later the excess dye was washed away with DMF 

and DCM. The peptides were cleaved using cleavage solution  that constitutes 95% TFA, 

2.5% TIPS and 2.5% H2O and after the cleavage, RP-HPLC (DIONEX Ultimate 3000) 

was used to purify the peptides with a semi preparative or preparative C18 reverse phase 



 100 

column (Kinetex® 5 μm EVO, 250 × 10 mm; Kinetex® 5 μm EVO, 250 × 21.2 mm) 

using 0.1% TFA/H2O and 0.1% TFA/CAN as mobile phase.  

Competitive FRET Assay 

For the competitive FRET assay, the concentration of rhodamine-conjugated 

cy(WPHPY) and fluorescein-labeled epitope were kept constant while changing the 

concentration of native Gd-DOTA-PEG5-cy(WPHPY). From the mixture, 65 µL solution 

was pipetted in a black Greiner 384 microwell plate and left for incubation at room 

temperature for about 30 minutes. After 30 minutes of incubation, the FRET signal was 

measured using Synergy H1 multimode microplate reader. Samples were set up in 

triplicates and prepared individually for each concentration. The average of these 

triplicates was calculated and analyzed. The same process was followed for Gd-DOTA-2° 

amine-cy(WPHPY). The representative results are shown here. 

Competitive FP Assay 

For the competitive fluorescence polarization assay, rhodamine-labeled cy(WPHPY), 

recombinant MMP2 protein, and Gd-DOTA-PEG5-cy(WPHPY) were used. The 

concentration of Rhod-cy(WPHPY) and recombinant MMP2 protein was kept constant 

while changing the concentrations of Gd-DOTA-PEG5-cy(WPHPY). 65 µL of this 

mixture was added to a black Greiner 384 microwell plate and incubated at room 

temperature for 30 minutes. After that, the polarization was measured using Synergy H1 

microwell plate reader. For each concentration, samples were made in triplicates and 

prepared individually. The average was taken, and a representative result is presented 

here. 



 101 

Cell Migration and Invasion Assay 

Transwell plate with inserts was purchased from Corning. The inserts were 6.5 mm in 

diameter, had a pore size of  8.0 μm with a growth area of 0.33 cm2. At first, the insert 

was coated with ECM gel at a concentration of 2mg/ml and left in the incubator at 37 °C 

under 5% CO2 for about 30 minutes. After 30 minutes, any excess gel solution was 

pipetted out, and inserts were washed gently twice with serum-free media. Then a 

suspension of 200k cells in 100 μL serum-free media was placed on top of the insert. 750 

μL of complete medium containing 10% FBS was added in the lower chamber outside 

the insert. Later 100 μL of different concentrations of Gd-DOTA-PEG5-cy(WPHPY) in 

serum-free media was added to the insert. For the positive control, only serum free media 

in place of the peptide solution was used. The plate was kept in an incubator for 24 hours. 

After that, the insert was taken out, washed with PBS three times, and the cells were 

fixed with 4% paraformaldehyde in PBS solution. After 10 minutes, the 

paraformaldehyde solution was removed, and the inserts were washed with PBS three 

times. The inserts were then incubated in methanol at room temperature for 20 minutes. 

The insert was incubated with 0.2% crystal violet solution at room temperature for 15 

minutes. After that, the crystal violet solution was removed, and the inserts were washed 

carefully with PBS three times. Noninvasive cells that stayed in the inside membrane of 

inserts were softly scraped off, and cells that passed through the membrane were imaged 

with an inverted microscope. For each condition, triplicates were prepared and analyzed. 
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3.3 Results & discussion 

We tested two different spacers, PEG5 and 2° amine between cy(WPHPY) and Gd-

DOTA to investigate how the bonding affinity changes. The spacers put a little distance 

between the cyclic peptide moiety and Gd-DOTA which might be advantageous in 

preserving the binding affinity with MMP2. 

Binding affinity of Gd-DOTA-PEG5-cy(WPHPY) & Gd-DOTA-2amine-cy(WPHPY)  

Once we synthesized the Gd conjugated peptides, we used competitive FRET assay to 

determine the binding affinity. For the competitive FRET, we kept the concentration of 

the fluorescein-labeled epitope and rhodamine-labeled cy(WPHPY) same with a gradual 

change in the concentration of Gd-DOTA-PEG5-cy(WPHPY). From the data, (Figure 

3.2b) we could see that there is no apparent change in the signal, which indicated that 

either Gd conjugated peptide does not bind to MMP2 or has a lower binding affinity than 

cy(WPHPY) peptide and thus could not replace the competitor Rh-cy(WPHPY). The 

same situation happened for the Gd-DOTA-2°amine-cy(WPHPY) (Figure 3.2a). 

Later we tested the binding affinity of both peptides on full length recombinant MMP2 

protein. For the competitive FP, the concentration of the recombinant MMP2 protein and 

Rh-cy(WPHPY) kept constant while changing the concentration of the PEG5 and 

secondary amine conjugated Gd-peptide. In both cases, no noticeable change was 

observed. It is also possible that the Gd conjugated peptides are bulky and causing some 

disturbance in the local environment, and thus no apparent change could be seen (Figure 

3.2c-d). But the 2° amine conjugated linker showed more problems with solubility 
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compared to the PEG5 one, which is why later we moved forward with Gd-DOTA-

PEG5-cy(WPHPY) peptide. 

 

Figure 3.2. Binding affinity of Gd conjugated peptides. (a) (b) Different concentrations of 

Gd conjugated peptides were incubated with 200 nM rhodamine tagged peptide and 200 

nM fluorescein-labeled epitope. For both linkers, there is no evident concentration-

dependent FRET intensity change. (c) For the competitive FP, various concentrations of 

the Gd-2° amine-cy(WPHPY) were incubated with 100 nM of recombinant MMP2 

protein and Rhod-cy(WPHPY), and no noticeable change is observed. (d) The same 

process is repeated for Gd-PEG5-cy(WPHPY), and no difference is observed. 
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Tryptophan fluorescence 

In this situation, we wanted to find an assay where we could observe the binding affinity 

of the Gd-DOTA peptides with the recombinant protein without involving any tags. Since 

the cy(WPHPY) has tryptophan in the sequence, we could monitor the fluorescence 

intensity of tryptophan and whether it changes if we change the peptide concentration, 

keeping the recombinant protein concentration the same. Interestingly, we could see that 

when we incubate the peptide with the protein, the Trp fluorescence gets much higher 

than the fluorescence of the protein or the peptide by itself. This indicates that the peptide 

is interacting with the protein in a way to change the local environment and thus lead to a 

change in Trp fluorescence. The increase in signal difference is also concentration-

dependent which we plotted using the hills equation, which led us to get an EC50 of about 

0.8 µm (Figure 3.3a-b).  

 

Figure 3.3. (a) The binding affinity of Gd-DOTA-PEG5-cy(WPHPY) against 

recombinant MMP2. With a change in the peptide concentration, there is a substantial 

concentration-dependent increase in the tryptophan fluorescence. (b) To clarify that the 

fluorescence intensity change is not because of an increase in the concentration of 

peptide, a spectral scan was done on the Gd conjugated peptide incubated with the 

recombinant protein and for the peptide and protein by itself. Figure b represents the 
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emission spectra of Trp fluorescence at different concentrations. The upper part shows an 

increase in fluorescence intensity when the peptide was incubated with recombinant 

MMP2. The lower part shows the fluorescence intensity only for the protein and the 

peptides by themselves. 

 

Invasion property of Gd-DOTA-PEG5-cy(WPHPY) 

Since we synthesized the Gd conjugated cy(WPHPY) for imaging purposes, it is 

important that we also check on the biological impact of this peptide. The precursor 

peptide cy(WPHPY) showed inhibitory activity towards cell migration and invasion, so 

we wanted to check when the peptide is conjugated to Gd, whether the inhibitory 

property stays. 

 

Figure 3.4. The invasion assay result for the Gd conjugated peptide. When cells were 

treated with different concentrations of the peptide, no apparent change in their invasion 

property was observed. 

 

For this assay, we used the transwell plates. The surface of the inserts was covered with 

an extracellular matrix at first. If the Gd conjugated peptide shows any inhibitory activity, 

the MMP2 secreted from the cells won’t be able to digest the extracellular matrix, and as 

a result, there would be fewer of the cells passing through the insert. After the inserts 

were treated with the matrix, WM115 cells were seeded and later incubated with Gd 
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conjugated peptide for about 24 hours. After 24 hours, the cells that passed through the 

insert were stained and checked under a microscope. There is almost no difference 

between the control and the ones treated with various concentrations of the Gd 

conjugated peptide, indicating that it does not impact the cell migration and invasion 

process. 

3.4 Conclusion 

We modified the cyclic peptide cy(WPHPY), which we found from our previous work, to 

make it suitable for MRI imaging. After conjugating the peptide with Gd, we found out 

that the modified peptide loses some of its binding affinity and does not impact the cell 

invasion property that the precursor peptide used to exhibit. In the future, we plan to use 

different linkers or unnatural amino acids to improve the binding affinity and make it 

better suited for imaging purposes. 
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Chapter 4: Cyclic peptide-based fluorescence reporters for ERK isoforms 

4.1 Introduction  

Mitogen-Activated Protein Kinase 3 (MAPK3/ERK1) and mitogen-activated protein 

kinase 1 (MAPK1/ERK2) are extracellular signal-regulated kinases. These enzymes act 

in a signaling cascade that regulates a broad spectrum of cellular processes, including 

differentiation, proliferation, cell cycle progression, and survival.1,2 The ERK pathway 

has been a point of interest for a very long time because of its association with different 

types of cancers. It becomes overactivated in various neoplastic cases, which prompted 

the development of many inhibitors targeting ERK and other members of the pathway, 

such as Ras, Raf, and MEK.3 Nevertheless, most patients had relapsed or experienced 

secondary effects after being treated with these inhibitors, either as a monotherapy or as 

part of a combination therapy regime.4 Interestingly, the resistant cells from Raf/MEK 

inhibition remained sensitive towards ERK, which highlighted the complex biological 

mechanisms behind the ERK signaling.5,6,7 

Studies to resolve the convoluted ERK signaling can be confounded by the sequence and 

function homology between ERK1 and ERK2 proteins.8,9,10  There are several prior 

works reporting differential outcomes by knocking down ERK1 versus ERK2 genes. 

Some studies observed that decreasing the expression of ERK1, but not ERK2, led to 

phenotypical changes.11,12 On the other hand, some studies stated that silencing ERK2 led 

to biological impacts, while silencing ERK1 had no such effects.13 These contradicting 

findings underscore the urgent need of developing reporters that could differentiate these 

isoforms.14,15 



 110 

In this chapter, we describe the development of specific reporters that can differentiate 

between ERK1 and ERK2. We used a high throughput screening strategy to identify 

cyclic peptide sequences that can bind to those proteins and use a fluorescence resonance 

energy transfer (FRET) mechanism to generate signal readouts.  

4.2 Experimental 

Materials 

Rink amide MBHA resin with a loading capacity of 0.678 mmol/g was purchased from 

Aapptec (Louisville, KY), and all Fmoc-protected natural amino acids were purchased 

from Anaspec (Fremont, CA). Fmoc-L-propargylglycine and Fmoc-L-azidolysine were 

purchased from Combi-blocks (San Diego, CA). TentaGel S-NH2 resin with a loading 

capacity of 02.8 mmol/g was obtained from Rapp Polymere GmbH (Tübingen, German). 

Tris base, Tween 20, sodium phosphate dibasic anhydrous (Na2HPO4, 99.6%), sodium 

chloride, sodium phosphate monobasic monohydrate (NaH2PO4, 99.4%), sodium dodecyl 

sulfate (SDS), bovine serum albumin (BSA), acetonitrile (CH3CN), ), ethyl acetate (EA), 

dichloromethane (DCM), N,N′-dimethylformamide (DMF), and ascorbic acid was 

purchased from Thermo Fisher Scientific (Waltham, MA). 2-(1H-benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 99.6%) was obtained from 

Chem-Impex (Wood Dale, IL) and Phenyl isothiocyanate (PhNCS), triisopropylsilane 

(TIPS) from TCI (Portland, OR). From Sigma-Aldrich (St. Louis, MO), α-cyano-4-

hydroxycinnamic acid (CHCA) cuprous iodide (CuI),  Rhodamine B, and cuprous iodide 

(CuI) were purchased. Piperidine was obtained from Alfa Aesar (Ward Hill, MA) and 

5(6)-carboxyfluorescein, cyanogen bromide (CNBr) from ACROS (Pittsburg, PA).  
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Synthesis of the linear precursor peptide 

The library was synthesized using the split and mix method on Tentagel S NH2 resin. At 

first, the resins were swelled, and a mixture of ANP (5 equivalent), DIEA (10 

equivalent), HATU (4.8 equivalent) in DMF was incubated with the beads at room 

temperature for about 2 hours. After 2 hours, the beads were washed with DMF (5 min × 

3), and Fmoc protecting group was removed with 20% piperidine/DMF solution (10 min 

x 3) followed by washing with DMF (5 min x 3). Then for the subsequent coupling, a 

mixture of Fmoc-L-glutamic acid 5-allyl ester, DIEA, HATU in DMF is added to the 

beads and left on the rotator for about 2 hours at room temperature. The beads were then 

deprotected with 20% piperidine/DMF (10 min x 3)  solution followed by washing with 

DMF (5 min x 3). The beads were then separated into 18 parts for the coupling of 18 

different amino acids (L-stereoisomers of Ala, Arg, Asn, Asp, Gln, Glu, Gly, His, Ile, 

Leu, Lys, Phe, Pro, Ser, Thr, Trp, Tyr, and Val) dissolved in a solution of DIEA, HATU 

and DMF. The beads with the mixture were then left on a rotator for 2 hours at room 

temperature, followed by washing with DMF. This split and mix process was repeated for 

four more cycles. In the case of coupling one amino acid to all the beads like Fmoc-L-

glutamic acid 5-allyl ester, Fmoc-propargylglycine, and Fmoc-azidolysine-OH, the beads 

were placed into one reaction vessel, and the same coupling method as ANP was applied.  

Click reaction (CuAAC) 

The beads were incubated with 20% piperidine/ DMF solution containing CuI (2.5 equiv) 

and ascorbic acid (5 equiv). The reaction was left at room temperature overnight. The 
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next day, the beads were washed with a solution of sodium diethyldithiocarbamate (5% 

w/v), DIEA (5% v/v) in DMF to get rid of the copper catalyst. 

Ring-closing metathesis (RCM) 

For the RCM reaction, the beads were vacuum dried first and placed in a 100 ml round 

bottom flask, mixed with 0.12 mmol of 2nd generation Grubbs catalyst (HG-II), and 

filled with argon. After that, anhydrous 1,2-dichloroethane was added in the flask and the 

temperature was set to 70 °C and left overnight with gentle stirring. The next day, another 

0.12 mmol of Grubbs catalyst (HG-II) was added to the reaction and left for 16 hours. 

The beads were then washed with DCM followed by incubation with 0.2 M 

tris(hydroxymethyl)phosphine in isopropanol for about 12 hours at 80 °C. After 12 hours, 

the beads were washed with a mixture of DMF/H2O (50:50) and later with DMF. 

FRET Binding Assay 

For the FRET binding assay, the peptides were labeled with rhodamine and the epitope 

with fluorescein. Different concentrations of rhodamine-labeled peptide were incubated 

with 100 nM fluorescein-labeled epitope. 65 μLof this mixture was pipetted in a Greiner 

black 384-well microplate and was left for incubation for about 30 minutes. After 30 

minutes, the FRET signal was measured using Synergy H1 multi-mode microplate 

reader. All the samples were prepared individually, and for each concentration, the 

average FRET signal from triplicates was taken and analyzed. Representative results are 

presented here.  
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FP Binding Assay 

For the FP assay, the concentration of rhodamine-conjugated peptides was kept constant 

while changing the concentration of the recombinant ERK proteins. The fixed 

concentration of the rhodamine-tagged peptide was kept at 100 nM in all samples. From 

the peptide-protein mixture, 65 μL solution was pipetted in a Greiner 384 black 

microwell plate. Once the mixtures were added, the plate was incubated for about 30 

minutes at room temperature. After 30 minutes, fluorescence polarization was measured 

using Synergy H1 multi-mode microplate reader. For each concentration, all the samples 

were prepared individually and in triplicates. An average polarization of the triplicates 

was taken and later analyzed.   

Cell Culture 

U87 cells were purchased from ATCC (the American Type Culture Collection). The cells 

were cultured in DMEM (Dulbecco’s modified Eagle’s medium), which was 

supplemented with 10% heat-inactivated FBS (Fetal Bovine Serum) and 100 U/mL 

penicillin/streptomycin. Cell cultures were maintained under 5% CO2 in a 37°C 

incubator. When cells reached a confluency of 80-90%, it was passaged using a trypsin-

EDTA solution. 

Western Blot 

U87 cells were treated with EGF (50ng/ml) and 10 nM trametinib. The cell lysates were 

collected every 5 minutes for 60 minutes. And later, western blot was carried out 

following standard protocols. The antibodies (#137F5, Cell Signaling Technology; 

#ab97051, Abcam) were used at 1:1000 and 1:10 000 dilutions, as recommended by the 
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manufacturers. The membrane was later treated with a chemiluminescent substrate, 

SuperSignal West Pico PLUS (Thermo Scientific), and the image was taken by the 

Odyssey® Fc Imaging System from LI-COR Biosciences, Lincoln, NE. 

In vitro activity assay 

Black 384 well plates were used for this assay. At first, the plate was blocked with 1% 

BSA PBST for about an hour and later washed with PBS 3 times. After that, inactive 

ERK1/2 with a final concentration of 200 nM was placed in the well, and later active 

MEK was added in different concentrations (100, 200, and 400 nM). The reaction was 

started by adding 10 μM ATP to the solution and was left at room temperature for about 

45 minutes. After 45 minutes, the FRET pair, Cy5-B22 and Rhod-C14, was added to the 

solution, and the FRET intensity was measured. All the dilutions were done using 

HEPES buffer. 

4.3 Results & discussion 

Epitope targeted bicyclic peptide library screening 

The similarity of ERK proteins makes it difficult to find something that can differentiate 

these two. Human ERK1 is slightly larger than ERK2 because of a 17-amino-acid 

extension at the N terminal and a 2-amino-acid addition at the C terminal.11 To find 

reporters for these proteins, we focused on their sequence differences. We selected one 

epitope, shared by both ERK1, G199-R211, and ERK2, G182-R194 (G-F-L-T-E-Y-V-A-T-R-

W-Y-R) and another one on ERK1, Y327-E341, (Y-L-E-Q-Y-Y-D-P-T-D-E-P-V-A-E) with 

87% sequence homology with ERK2.  
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In addition to the sequence similarity, the structureless nature of these epitopes makes it 

more challenging to target them. We hypothesized that using a bicyclic peptide library 

could give us an advantage in finding the reporters for these homologous proteins. The 

inherent rigid backbone and three-dimensional spatial arrangement of the bicyclic peptide 

are more suitable for targeting complex epitopes. In our previous paper, we successfully 

found an inhibitor for a disordered oncoprotein, c-MYC.16 This recent development 

inspired us to target our coil-like ERK epitopes with the bicyclic peptide library.  

The library was synthesized using a split and pool strategy where 18 natural amino acids 

were used as modular building blocks. The sequences started from an ANP linker, 

followed by an L-glutamic acid 5-allyl ester and two modular amino acids. Later, 

azidolysine was attached to the sequence, which served as the click handle followed by 

the conjugation of another two modular amino acids, a proline, an L-glutamic acid 5-allyl 

ester, another modular amino acid, and then an alkyne handle. Two cyclization processes, 

copper-catalyzed azide−alkyne cycloaddition (CuAAC) and Ru-catalyzed ring-closing 

metathesis (RCM) reactions were utilized to generate the bicyclic structures. The unique 

topology of this library gave us access to a three-dimensional chemical space, which we 

hypothesized would be advantageous in generating hits for these challenging epitopes. 

The binding affinity of the hits 

After the screening process, 17 hits were identified and sequenced (Figure 4.1a-c). Each 

of these hits was individually synthesized and screened against both epitopes. The hit 

sequences were conjugated with rhodamine B dye which would act as an acceptor, and 

the epitopes were conjugated with fluorescein, which would serve as a donor. Binding 
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between the rhodamine-conjugated peptide and the fluorescein-conjugated epitope would 

bring these two fluorophores closer and generate a FRET signal.  

From the FRET data, the peptides that bind to any of these epitopes were identified, and 

the binding affinity was validated on full-length recombinant proteins using FP (Figure 

4.1d). The FP data, along with the FRET data, confirmed a reporter pair for the ERK1 

isoform. We found that peptide B22 binds to both ERK1 and ERK2, whereas peptide C14 

binds to only ERK1 (Figure 4.2a-d). 

 

 

 

Figure 4.1. Finding preliminary leads from the hit sequences. (a) List of all 17 sequences. 

All these sequences were individually synthesized and tagged with rhodamine dye. (b) 

An illustration of a generic bicyclic peptide structure. (c) The epitope sequences, which 

were used in screening the library. The epitopes were synthesized and tagged with 

fluorescein. Later, each of the rhodamine-tagged peptides was tested against the 

fluorescein-tagged epitopes, and the binding was evaluated using FRET signal intensity. 

(c) List of identified hits obtained from the FRET data. 
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Figure 4.2. Validation of the hit sequences. (a) Crystal structure of ERK2, adapted from 

PDB, 3W55 file where the ERK2 epitope, G182-R194 is featured in red and appears to be a 

random coil. The right part of the panel shows FP data where 100 nM Rhod-B22 was 

treated with different concentrations of recombinant ERK2 protein. (b) Crystal structure 

of ERK1, adapted from 2ZOQ, PDB where epitope, G199-R211, is featured in red and 

appears to be structureless. The right side shows the FP result for Rhod-B22 (100 nM) 

when it is incubated with different concentrations of recombinant ERK1. (C) Crystal 

structure of ERK2 as in 3.2a (3W55, PDB), but it features a different epitope, Y312-E326, 

highlighted in red, which also appears to be a random coil, and the right panel shows FP 

data for Rhod-C14 (d) Crystal structure of ERK2 as in 3.2b (2ZOQ, PDB). The epitope, 

Y327-E341, is highlighted in red which appears to be a combination of alpha-helix and 

random coil, and the right panel shows the FP result for Rhod-C14.  
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FRET-based reporting process to probe lysates 

We further confirmed the reporter pair’s activity by incubating them with cell lysates 

collected from different conditions. For this experiment, B22 was conjugated to Cy5, and 

C14 to Rhodamine B. When Cy5-B22 and Rhod-C14 was incubated with lysates from 

EGF-stimulated cells, it showed a decreased FRET intensity compared to the control, 

whereas lysates from trametinib-treated cells showed increased FRET signal. These 

results were consistent with our design, where the FRET pair reported the amount of the 

unphosphorylated (inactivated) ERK1 (Figure 4.3a-d, 4.4a, 4.4b). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. (a) FRET based unphosphorylated ERK1 detection method. For the FRET 

signal to generate, both the peptides need to be binding on the same ERK1 protein. (b) 

Structures of Cy5-B22 (probe 1) and Rhod-C14 (probe 2). 
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In vitro kinase assay  

To further ensure that the reporter pair targeted the inactivated ERK1, we designed an in 

vitro activity assay using the full-length inactive recombinant ERK1 protein, the 

immediate upstream protein (MEK), and ATP. MEK is a dual-specificity kinase that 

phosphorylates both Tyr and Thr sites on ERK with the help of ATP. We incubated the 

inactive ERK1 protein with ATP and the active MEK protein. Here, we kept the 

concentrations of ERK1 and ATP constant and gradually increased the MEK 

concentration, which was expected to generate more copies of active ERK1. Since our 

probe recognized the unphosphorylated ERK1, we should see a decrease in the FRET 

signal. Indeed, the data showed reduced FRET signals with increased MEK 

concentrations (Figure 4.4c). 

 

 

Figure 4.4. (a) Illustration of different treatment conditions. Serum starved U87 cells 

were stimulated with 50 ng/ml EGF which should increase the presence of more active 

ERK proteins, followed by treatment with 10 nM MEK inhibitor, trametinib. (b) Changes 

in FRET signal in the lysates that were collected right after treatment with EGF and 
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inhibitor. (c) The results of in vitro kinase activity where with an increase in active MEK, 

we could see a decrease in the FRET signal. 

 

4.4 Conclusion 

We have developed a pair of bicyclic peptide sensors for ERK1 isoform through epitope-

targeted library screening processes. These ERK sensors can specifically translate the 

level of unphosphorylated ERK1 protein to fluorescence signal readouts. In the future, we 

plan to use this pair for studying ERK signaling dynamics under different perturbations in 

single cells. 
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Concluding remarks 

The critical association of PPIs with different diseases, pathological conditions, and their 

vast unexplored network make them valuable molecular targets. Modulating PPIs with 

small molecules can be challenging because of larger protein interaction surfaces and 

shallow to no binding pockets, where suitably modified peptides could offer a solution.  

In chapter 2, we described our way towards finding a cyclic peptide inhibitor for 

modulating a protein-protein interaction responsible for the MMP2 activation. MMP2 is 

involved in diverse biological functions from tissue repair, remodeling, angiogenesis to 

inflammation, tumor metastasis, and much more. While designing the strategy to find an 

inhibitor, we avoided the highly sought-after catalytic process inhibition. The substantial 

homology of MMP2 with other MMPs often led to off-target effects, consequently 

resulting in numerous side effects. Instead, we focused on the PPI between TIMP2 and 

proMMP2, which is unique in the activation process. The interface of this PPI also 

presents an epitope (D570-A583) on proMMP2 that has little structural homology with 

other MMPs, but the segment is a structureless coil with no binding pockets. Inspired by 

recent work on cyclic peptides in PPI modulation, we used a cyclic peptide library 

against the epitope. This led us to find a cyclic peptide that can specifically inhibit the 

MMP2 activation by modulating the PPI between proMMP2 and TIMP2. 

Our previous work on MMP2 inhibition, and multiple studies demonstrating the 

overexpression of MMP2 on the atherosclerotic plaque, encouraged us to modify the 

cyclic peptide inhibitor from our last work to an imaging agent.  Lack of noninvasive, 

patient-friendly imaging procedures is one of the main obstacles to the treatment of 
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atherosclerosis. We conjugated Gd-DOTA and different spacers on cy(WPHPY), which 

resulted in a decrease in binding affinity to the µM level. In the future, we plan to add 

other modifications to the peptide to make it suitable as an MRI imaging agent. 

In chapter 3, we used a bicyclic peptide library to find reporters for differentiating ERK 

isoforms. The relation of ERK proteins with different cancers, the sensitivity of the 

Ras/MEK inhibitor-treated resistant cells to ERK, and the contrasting results from 

various studies on ERK1/2 emphasize the need for reporters that can differentiate these 

isoforms. We strategized utilizing the inherent rigid structure and three-dimensionally 

diversified side chains of the bicyclic peptides for finding binders that can recognize one 

of the isoforms specifically. After screening, validating the hits on recombinant ERK 

proteins, and in vitro activity assay, we established a FRET-based reporting system to 

identify unphosphorylated ERK1. 

Overall, cyclic peptides are now emerging as a unique class of compounds that offers 

multifaced uses. Their use in modulating PPI has increased significantly over the past few 

years. Conformational rigidity, better binding affinity, and resistance to hydrolysis-these 

advantageous features of cyclic peptides make them an excellent choice for targeting 

complex epitopes for therapeutic, probing, and imaging purposes. 

 




