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Abstract

Human epidermal growth factor receptor-2 (HER2) is a tyrosine kinase family protein receptor
that is known to undergo heterodimerization with other members of the family of epidermal
growth factor receptors (EGFR) for cell signaling. Overexpression of HER2 and deregulation of
signaling has implications in breast, ovarian, and lung cancers. We have designed several
peptidomimetics to block the HER2-mediated dimerization, resulting in antiproliferative activity
for cancer cells. In the present work we have investigated the structure-activity relationships of
peptidomimetic analogs of compound 5. Compound 5 was conformationally constrained by N-
and C-terminal modification and cyclization as well as by substitution with D-amino acids at the
N-and C-termini. Among the compounds studied in this work, a peptidomimetic compound 21
with D-amino acid substitution and its N- and C-termini capped with acetyl and amide functional
groups and a reversed sequence compared to that of compound 5 exhibited better antiproliferative
activity in HER2-overexpressed breast, ovarian, and lung cancer cell lines. Compound 21 was
further evaluated for its protein-protein interaction (PPI) inhibition ability using enzyme fragment
complementation (EFC) assay, proximity ligation assay (PLA), and Western blot analysis. Results
suggested that compound 21 is able to block HER2:HER3 interaction and inhibit phosphorylation
of the kinase domain of HER2. The mode of binding of compound 21 to HER2 protein was
modeled using a docking method. Compound 21 seems to bind to domain IV of HER2 near the
PPI site of EGFR:HER2 and HER:HERS3 and inhibit PPI.
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INTRODUCTION

In a biological system, signaling pathways involve the interaction between two or more
proteins and play a vital role in physiological functions. Also, it is well known that
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deregulation of these interactions is a key driving force for malignancies such as cancer.
Modulation or inhibition of protein-protein interactions (PPI) can lead to therapeutic effects
that have benefits in treating many human diseases.> However, inhibiting PPI has been a big
challenge to researchers for a long time.2~* The epidermal growth factor receptor (EGFR)
family of tyrosine kinase receptors is involved in signal transduction pathways.>6
Interaction of EGFR leads to their homo- and heterodimerization, resulting in signals for cell
growth, differentiation, and motility. It is well established that deregulation of EGFR
dimerization or mutation leads to cancer and, hence, EGFR are attractive targets for
developing therapeutic agents for many types of cancers.”~1% The EGFR family consists of
four members—EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4. Each HER
receptor is a transmembrane receptor that comprises an extracellular membrane, a
transmembrane, a juxtamembrane, and intracellular tyrosine kinase domains. The
extracellular domain in turn can be divided into four domains—domains I, 11, 111 and
IV.11-13 |n spite of some controversial results, there are studies that indicate that domains 11
and IV are involved in interactions between different dimerization partners and the
stabilization of dimers 1415

Small molecules and antibodies as well as peptides and peptidomimetics are known to
inhibit PP1.2:16.17 Using peptides and peptidomimetics as inhibitors of PPI is reasonable
since PPI surfaces have peptide epitopes. Our interest is in using peptides and
peptidomimetics with conformational constraints to modulate PPI. We have targeted HER2
protein with peptidomimetics to inhibit PPI of EGFR.18-21 HER2 positiveness is associated
with disease aggressiveness in about 30% of all breast cancer cases.?223 Many targeted
therapies are now available for HER2-overexpressing breast cancers. Among these is
trastuzumab, an antibody that binds to domain IV of HER2 and is therapeutically useful for
HER2-positive breast cancer patients.23-25 Due to the heterogeneity of the disease and its
resistance to the available targeted therapies, there is a need to develop new and novel
molecules to inhibit EGFR-mediated signaling for cancer. In an earlier study, we showed
that a peptidomimetic (compound 5) is able to bind to domain 1V of HER2 protein and
inhibit the PP of EGFR-HER?2 as well as HER2-HER3. The antiproliferative activity of
compound 5 was in the range of lower micromolar concentration in HER2-overexpressing
breast cancer cell lines such as SKBR-3 and BT-474.18.19 However, the peptidomimetic has
free N- and C-termini, which makes it viable for enzymatic degradation. Linear peptides/
peptidomimetics have poor biological activity due to in vivo enzymatic cleavage. There are a
variety of strategies to modify the structure of peptides to achieve enzymatic stability.26:27
We have used backbone cyclization strategy and incorporation of D-amino acids in the
peptide sequence to improve the stability and activity of peptidomimetic compound 5.28
Changes in chirality of amino acids in the peptide/peptidomimetic sequence can have an
influence on the orientation of side chains of amino acids and the way they are presented to
the receptors with respect to the backbone structure.2? Hence, we also reversed the sequence
in the designed peptidomimetics compared to that in the parent compound 5. The structure-
activity relationships of the peptidomimetics were evaluated using antiproliferative activity
in HER2-overexpressing breast cancer cell lines, ovarian cancer cell lines, and lung cancer
cell lines. The peptidomimetics with D-amino acids exhibited better activity than those with
L-amino acids with conformational constraints. The ability of the compounds to inhibit PPI
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and signaling was investigated by enzyme fragment complementation (EFC) assay and
Western blot. Results indicated that compound 21 exhibited PPl of HER2-HER3 and
inhibited phosphorylation of the kinase domain of HER2. To provide a model of interaction
of peptidomimetics with HER2 protein, docking studies of compound 21 with domain IV of
HER2 were performed. Compound 21 docked near the PPI interface of EGFR as proposed
in the crystal structure of the homodimer of EGFR. A possible model for PPI inhibition was
proposed based on these studies.

MATERIALS AND METHODS

Materials

Fmoc-protected amino acids were purchased from AAPPTEC (Louisville, KY) and EMD
Biosciences (San Diego, CA). Resins were obtained from Chem-Implex (Wood Dale, IL),
N-methyl-2-pyrrolidinone (NMP) from Advanced ChemTech (Louisville, KY), and 4-
methylmorpholine (NMM) from Sigma-Aldrich (St. Louis, MO); all were used without
further purification. Acetic anhydride (Ac,0) was purchased from Fisher Scientific
(Pittsburgh, PA). All the cancer cell lines and media were obtained from American Type
Culture Collection (ATCC, Manassas, VA). PathHunter assay kit was from DiscoverX
technologies (Fremont, CA). For Western blot experiment, Novex® 4-20% tris-glycine gels
and cell lysis buffer were ordered from Life Technologies (Grand Island, NY) and
antibodies from Abcam, Inc. (Cambridge, MA). The antibodies for the housekeeping protein
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX).

Synthesis of Peptidomimetics

Peptidomimetics were synthesized by manual microwave synthesis procedures adapted from
Gorske et al.3% Compounds 9 and 21-28 were synthesized on a solid support in a CEM
MARS 5 multimodal microwave reactor equipped with a magnetic stirrer. In the case of
compounds with C-terminal amides, couplings were performed using Rink amide AM resin
(0.46 mmol/g, Matrix Innovation, Quebec City, Quebec, Canada). In the case of the C-
terminal acids, couplings were performed using Fmoc-Asp(OtBu)-Wang resin (0.57
mmol/g, AAPPTEC), Fmoc-dPhe-Wang resin (0.80 mmol/g, Chem-Impex) and Fmoc-
dAsp(OtBu)-Wang resin (0.53 mmaol/g, Chem-Impex).

Standard peptide synthesis protocols were modified for use with microwaves. All syntheses
were carried out with sufficient resin for 50 micromole scale syntheses. The resin for each
synthesis was swollen in NMP for 30 min. Fmoc-protecting groups were removed with 2
mL of 20% piperidine in NMP. Microwave deprotection conditions were a 30 s ramp to
75°C, hold at 75°C for 30 s. The deprotection solution was drained, and fresh deprotection
solution was added followed by a 1-min ramp to 75°C, hold at 75°C for 5 min. The resin
was then drained and washed with NMP (2 mL, 5 x 30 s). Next, 4 eq. of Fmoc-protected
amino acid and 4 eq of DIC/HOBT were dissolved in 2 mL of NMP and allowed to
preactivate for 2 min. The activated amino acid was added to the resin and coupling was
then carried out in the microwave at 75°C (1 min ramp to 75°C, hold for 5 min). Acetylation
reactions were carried out at room temperature for 15 min in NMP: NMM: Ac,0 (3:1:1).
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After removal of final Fmoc-protecting groups or N-terminal acetylations, the resins were
washed with NMP (2 mL, 5 x 30 s) followed by DCM (2 mL, 5 x 30 s). The peptides were
then cleaved from the resin using 2 mL of TFA:TIPS:water (95:2.5:2.5) for 2 h at room
temperature. The peptides were isolated by precipitation from the cleavage cocktail with
diethyl ether at 4°C then dissolved in 0.1% TFA in water and lyophilized. Analytical HPLC
was done on an AAPPTEC Spirit C18 column (5 pm, 4.6 x 250 mm) with a Spirit Peptide
guard column (3.2 x 10 mm) at a flow rate of 1 mL/min with gradient elution by 5% to 55%
acetonitrile in 0.1% TFA over 50 min. All chromatograms except for the chromatogram of
peptide 26 showed the crude peptides to be >95% pure. Peptide 26 was purified by
preparatory HPLC on an AAPPTEC Spirit C18 column (5 um, 2.12 x 25c¢cm) with a Spirit
Peptide guard column (2.12 x 1cm) at a flow rate of 20 mL/min with gradient elution by 5%
to 55% acetonitrile in 0.1% TFA over 50 min. All peptides were characterized by MALDI-
TOF mass spectrometry (Bruker Corporation, Billerica, MA) or LC/MS Finnigan MAT-
LC/Q. Sequences of the peptidomimetics, their purity, and mass spectrometry data are
provided in Table 1.

Human breast cancer cell line SKBR-3 and ovarian cancer cell line SKOV-3 were cultured
using McCoy’s medium. The basal medium for maintaining human breast cancer cell lines
BT-474 and MCF-7 is RPMI-1640 medium. Calu-3, a human lung cancer cell line was
cultured in Eagle’s minimum essential medium (EMEM). The complete medium for all the
cell lines was prepared from respective basal media supplemented with 10% fetal bovine
serum (FBS), 1% penicillinstreptomycin, and 1% insulin. Cells were maintained in
incubator at 37°C and 5% CO,.

Antiproliferative Assay

To determine the antiproliferative activity of the compounds, a Cell Titer-Glo® Luminescent
cell viability assay (Promega Corporation, Fitchburg, W1)31 was performed. In this cell-
based assay, the number of viable cells was analyzed by quantitation of ATP in the cells. In
a 96-well cell culture plate, approximately 10* cells/well were coated using complete
medium and were incubated overnight at 37°C and 5% CO». The dilutions of compounds
were prepared in serum-free medium, and triplicates of each concentration were used. The
cell viability experiments were conducted using a wide range of concentrations (100 nM to
200 puM) in the first step; compounds that exhibited antiproliferative activity less than 50 pM
were then screened in the second stage in the concentration range of 0.001 to 100 pM. Cells
treated with 1% sodium dodecyl sulfate (SDS) and 1% dimethyl sulfoxide (DMSO) were
used as negative and positive controls, respectively. After incubation for 72 h, 100 pL/well
of CellTitre-Glo® reagent was added and luminescence was measured using a luminometer.
A log dose-response curve was plotted using Prism® (GraphPad software, La Jolla, CA)
from which ICsq was determined. Experiments were repeated at least three times and
standard deviation was reported.

Competitive Binding Assay

The competitive binding of compound 21 to the HER2 binding site was demonstrated using
FITC-labeled compound 5, which showed a desired binding to the domain IV of HER2 in
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previous studies.2! In this florescence based assay, BT-474 was coated in a 96-well tissue
culture plate using complete medium at 10* cells/well and incubated overnight at 37°C and
5% CO,. Then the medium was removed and cells were treated with a constant
concentration of FITC-labeled compound 5 (50 uM) and various concentrations of
compound 21 ranging from 0.1 to 50 uM. Treatment of cells with phosphate-buffered saline
(PBS) and control compound (CP) (Supporting Information) was employed as a negative
control. All the dilutions were made in PBS. The plate was covered with aluminum foil and
incubated for 45 min at 37°C and 5% CO,. After that, the cells were washed twice with 100
pL PBS/well, and fluorescence was determined with a microplate reader using 485 nm and
528 nm as excitation and emission wavelengths, respectively. A relative fluorescence was
obtained from each well by subtracting the fluorescence of negative control wells, and a
graph with concentration versus relative fluorescence was plotted.

PathHunter® Functional Assay

PathHunter® is a patented technique that uses U20S cells expressing only HER2 and HER3
receptors on the membrane. EFC technology is used in this assay.32 The manufacturer’s
protocol was followed for performing the assay. In brief, the U20S cells were plated in the
96-well tissue culture plate provided with the kit and incubated at 37°C and 5% CO,, for 24
h. After this period, serial dilutions of the compound 21 and lapatinib were made in PBS and
added to the wells. The plate was incubated at 37°C and 5% CO, for 60 min. Then, the
concentration corresponding to the ECgq value of agonist/heregulin (neuregulin-1) was
added to all the wells except the control and was allowed to remain at room temperature for
3 h. Detection reagent was prepared with the detection solutions in the kit as per the protocol
and added to the wells. After incubation for 60 min, luminescence was read using a Bioteck
plate reader. A dose-response curve was plotted using GraphPad software and compared to
that of lapatinib,33 which was used as a positive control in this experiment. A control
compound (CP) was used as negative control.

Western Blot

BT-474 cells were treated with compound 21 (1 uM) and lapatinib (positive control at 0.07
UM). Cells without any treatment and cells treated with control compound were employed as
negative controls. After 36 h, cells were trypsinized and cell lysate was prepared using cell
lysis buffer containing protease inhibitor and phosphatase inhibitor. The protein
concentration in each sample was analyzed using Bradford’s assay. 40 pg of protein from
each sample was loaded on Novex® 4-20% tris-glycine gels. The gels were run at 30 mA,
125V, and then transferred at 30 V for 12-16 h at 4°C onto a nitrocellulose membrane (GE
Healthcare, Buckinghamshire, UK); 2% bovine serum albumin (BSA) in TBST was used for
blocking the membrane. Antibodies for the detection of total HER2 protein (t-HER2) and
phosphorylated HER2 protein (p-HER2) were used at 1:3000 dilutions. After addition of the
substrate and enhancer solutions from a Super Signal-enhanced chemiluminescence kit
(Pierce, Rockford, IL) to the membrane, the images were captured using C-Digit Blot
Scanner (LI-COR Biotechnology, Lincoln, NE). A representative Western blot image was
used for the final presentation.
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Proximity Ligation Assay (PLA)

Docking

RESULTS

A proximity ligation assay was performed using the Duolink® 11 assay kit (Olink
Bioscience, Uppsala, Sweden).3* SKBR-3 cells were incubated with 5 uM peptide for 48 h
in 8-well Labtek® chamber slides (Fisher Scientific, Pittsburgh, PA). Cold methanol was
used to fix the cells and 5% BSA was used as blocking solution. Primary antibodies for
HER2 (Enzo Lifesciences, Farmingdale, NY) and HER3 (nanotools, Baden-Wirttemberg,
Germany) diluted at 1:400 in blocking solution were added to the wells and incubated
overnight. The cells were incubated for 1 h with PLA probes provided with the kit at 1:5
dilution in 2% BSA. Then ligation and amplification stocks were diluted as per
manufacturer’s protocol and added to the wells. After incubation, the wells were thoroughly
washed to remove unbound reagents. The slide was counterstained for nucleus using 4',6-
diamidino-2-phenylindole (DAPI) in the mounting medium, covered with a coverslip, and
observed under the microscope. Red fluorescent dots indicate the HER2-HER3 dimers.
Fluorescent images were obtained using a Nikon Eclipse Ti-S system.

The crystal structure of HER2 protein extracellular domain was obtained from the Protein
Data Bank (PDB 1D 3N85).32:36 The structures of compounds were generated using Insight
Il software (Accelrys, Inc., San Diego, CA). Each compound structure was minimized with
100 steps of steepest descent method and was subjected to a simulated annealing procedure
by carrying out the dynamics for 5 ps from 300 to 800 K and then decreasing the
temperature back to 300 K in steps of 100 K. The final structure was minimized using a
conjugate gradient method until the rms derivative was 0.03 kcal/mol. The structure of
compound 21 was converted into mol2 files. For docking, AUTODOCK software
(Molecular Graphics Laboratory, La Jolla, CA) was used.3” A grid with a box size of 126 x
126 x 126 points in each direction was created with domain 1V of HER2 at the center. Mol2
files of compound 21 structure were prepared with AUTODOCK tools with all the side
chain rotatable bonds as flexible. Docking calculations were performed with 150 starting
structures using a genetic algorithm approach. 10 million energy evaluations were
performed. Calculations were performed on a Linux cluster using HPC at LSU Baton Rouge
via Louisiana Optical Network Initiative (LONI). Analysis was performed using
AUTODOCK tools, and 50 low docking energy structures were analyzed. Among these,
structures with docking energy of <2 kcal/mol from the lowest energy docked structure were
used as representative structure. Final structures were converted into PDB files and
visualized using PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC
(Cambridge, MA).

Peptide Synthesis and Purification

Peptides were synthesized using an automatic peptide synthesizer as well as microwave-
assisted synthesis.3? Microwave-assisted synthesis was adopted since it provided better yield
and shorter reaction times. In some cases, the microwave-assisted synthesis provided >95 %
pure peptides before HPLC purification. Analytical HPLC and MALDI-TOF and
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electrospray mass spectra indicated whether the peptides had the correct molecular ion as
well as the purity (Table 1).

Structure-activity Relationships

Peptidomimetics were designed to target HER2-overexpressed breast cancer cell lines.
Analogs of compound 5 were designed based on the previous results from our
laboratory.18:21 The three main categories in the analogs were a) modifications of N- and C-
terminals of amino acids, b) peptidomimetics based on the protein-protein interaction site of
EGFR domain IV, and ¢) D-amino acid substitution (Figure 1). Structure-activity
relationships of compounds 5 and 9 were described in previous reports.2l Compound 16, an
analog of 5 with N-terminal Arg replaced with Trp, did not show antiproliferative activity
(Table 2). Similarly, when Phe in the C-terminal was replaced with a bulky Trp residue, the
activity was lost. Compounds 19 and 20 were cyclic peptidomimetics with amino acid
residues from the PPI interaction site of the protein; they were cyclized by Pro and Gly B-
turn strategy.38 The antiproliferative activity was >100 UM, suggesting the inability of these
peptidomimetics to target HER2-overexpressed cancer cell lines. Compounds 21 to 28 were
analogs of 5 and 9 with D-amino acid substitution in the peptidomimetic sequence.
Compound 21, an analog of 5 having D-amino acid substitution for Phe and Arg is the retro-
sequence of 5 with N- and C-terminal capping. It showed improved activity compared to
compounds 5 and 9. Furthermore, compound 21 exhibited higher selectivity for HER2-
overexpressing cancer cell lines BT-474 (IC5p 0.595 + 0.270 puM) and SKBR-3 (0.373
+0.150 uM) compared to MCF-7 cell lines that do not overexpress HER2 (ICgq >50 uM)
(Table 2). Compounds 22 and 23, which are analogs of 9, lost their antiproliferative activity.
Compounds 24 and 25, analogs of 5 with D-amino acids without chain reversal, retained the
activity in HER2-overexpressing cancer cell lines. However, selectivity for HER2-
overexpressing cancer cell lines was lost because they exhibited antiproliferative activity in
MCEF-7 cell lines. Compounds 26 to 28 with D-amino acids and with C-terminal
modification or without capping did not show any improved activity or selectivity (Table 2).
Overall, structure-activity studies suggested that compound 21, an analog of compound 5,
exhibited antiproliferative activity comparable to that of compound 5, and better selectivity
for HER2-overexpressing cancer cell lines. When D-amino acid was substituted for N- and
C-terminal residues (Arg and Phe), the direction of the peptide chain had to be reversed. The
N- and C-termini could be capped with acetyl and amide groups without the loss of activity
and selectivity. Substitution of the sequence with D-amino acids without the chain reversal
resulted in loss of activity as shown by compounds 23 and 26 (Tables 1 and 2).

HER?2 is also known to be overexpressed in human ovarian and lung cancer cells.3940
SKOV3 and Calu-3 cells, which overexpress HER2, are derived from ovarian and lung
cancers, respectively. The compounds that showed antiproliferative activity in BT-474 cells
were chosen to be evaluated for activity in SKOV3 and Calu-3 cell lines (Table 2). All three
compounds—S5, 9, and 21—exhibit antiproliferative activity in the lower micromolar range
in ovarian and lung cancer cell lines, suggesting that these peptidomimetics are specific for
HER2-overexpressed cell lines. Since compound 21 is the lead compound from the
structure-activity relationship studies, we chose this compound for competitive binding
studies to evaluate the binding ability to HER2-overexpressing BT-474 cell lines. Figure 2
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shows the competitive binding of compound 21 to HER2-overexpressing cells determined
using FITC-labeled compound 5 (which was known from previous studies to bind to domain
IV of HER219). A dose-dependent inhibition of FITC-5 binding to BT-474 cells with
increasing concentration of compound 21 was observed, suggesting that compound 21 binds
to domain IV of HER2. A control compound (CP) did not show any competitive binding
with FITC-5 (Supporting Information).

PPI Inhibition and Phosphorylation

Docking

Using PathHunter® assay, Western blot, and PLA, compound 21 was evaluated for the
ability to inhibit protein-protein interactions and the phosphorylation of the kinase domain
of HER2. In the PathHunter® assay, the PPI interaction is detected using a B-galactosidase
enzyme based assay.32 Upon PPI interaction of HER2:HERS, the fully functional
galactosidase enzyme formed is measured using a chemiluminescent substrate, a part of the
detection kit. Compound 21 was incubated with U20S cell lines that are transfected and
genetically modified to express only HER2 and HER3 proteins. Heregulin, a ligand for
HER3, induces the dimerization of HER2 and HER3. The dose-response of compound 21 on
the heterodimerization of HER2-HER3 was measured by p-galactosidase activity in the
form of luminescence. Figure 3 suggests that compound 21 inhibits the heterodimerization
of HER2-HER3 in a concentration-dependent manner compared to the control compound
(CP) and lapatinib, a well-known HER? kinase inhibitor.

Heterodimerization of extracellular domains leads to transphosphorylation of the kinase
domain. Western blot analysis of HER2 protein in BT474 cells treated with compound 21
suggests that it inhibits the phosphorylation of the kinase domain of HER2 (Figure 4). As a
control, total HER2 protein and the effect of the kinase inhibitor lapatinib are also shown in
the Western blot (Figure 4). Also, to assess the specific inhibition of HER2-HER3
dimerization by compound 21, PLA was performed. It is evident from the images that the
red fluorescent dots, which indicate dimerization of HER2 and HER3, have decreased with
the treatment of compound 21 as compared to that of control (Figure 5). These results
clearly suggest that compound 21 targets HER2-overexpressed cells and inhibits the
signaling for cell growth by inhibiting protein-protein interaction between HER2 and HER3.

To model the possible binding mode of compound 21 on HER2 domain IV, docking was
performed using AUTODOCK.37 Using the crystal structure of HER2 with 620 amino acid
residues of the extracellular domain that represents domain 1V of HER2,36 compound 21
was docked to the region around domain 1V. The grid box was big enough to cover the
entire domain 1V with nearly 100 amino acids. The low energy docked structures that had
energy values within 2 kcal of the lowest energy docked structures were analyzed as
possible binding modes. The lowest energy docked structure had docking energy of —6.2
kcal/mol. Ten structures within 2 kcal/mol were chosen as possible docking modes of
compound 21. All the structures were docked at the C-terminal part of domain IV of HER2
(Supporting Information). There was a major cluster of docked structures of compound 21
around residues Leu586, Trp592, and Pro605 of the HER2 domain IV. Only two structures
were in another cluster near amino acids Arg577, Trp592, and Pro595. The lowest energy
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structure with docked conformation is shown in Figure 6. This structure produced a
hydrophobic interaction with HER2 domain IV. The Phe and p-naphthyl groups of
compound 21 participate in hydrophobic interactions with Trp592 and Pro605 of HER2
domain V. No hydrogen bonding was observed in the lowest energy docked structure. The
docked structure was near the protein-protein interaction site of HER2 with other EGFR.1°
Docking studies were also performed on all the analogs studied. However, all the structures
docked to the C-terminal domain IV of HER2 with docking energy of —6 £ 2.0 kcal/mol.
There was no indication of specificity of the peptides in the docking results. Hence docking
studies can only serve to propose a model for compound 21 and HER2 protein domain IV
interactions based on the results of binding studies and PPI inhibition.

DISCUSSION

The inhibition of protein-protein interactions using small molecules and peptides is
challenging. Antibodies and fusion proteins have been used successfully to inhibit
PP1.234142 However, development of useful small molecules or peptides is still in progress.
In an attempt to study PPI and their inhibition, we chose to investigate EGFR. The homo-
and heterodimerization of EGFR is well known in the pathogenesis of cancer.10:11.43 |t is
known that in HER2-positive breast cancer HER2—-HERS interaction is more dominant than
EGFR-HER2 interaction.22 Current therapies for different types of cancer are focused on
antibodies or kinase domain inhibitors.23:4445 Qur interest was in designing
peptidomimetics that inhibit PPI of extracellular domains of EGFR. Peptides and
peptidomimetics are obvious choices for inhibition of PPI since the interface of PPl is a
peptide epitope. We designed a peptidomimetic based on the binding site of the trastuzumab
binding region of HER2.24 In our earlier studies we have shown that compounds 5 and 9
exhibit antiproliferative activity in HER2-overexpressed cancer cell lines and inhibit PPI of
EGFR-HER?2 and HER2-HER3 using a variety of techniques.12-20:46 However, compounds
5 and 9 are peptidomimetics with N- and C-termini viable for enzymatic degradation. The in
vivo stability of these compounds may be limited due to their possible enzymatic
degradation. We used several strategies to modify the peptidomimetics for stability and have
evaluated their antiproliferative activity and PPI inhibition ability.

The structures of compound 5 and the designed analogs are shown in Figure 1 and Table 1.
It is well known that the PPI hot spot site is dominated by hydrophobic amino acid residues
such as Trp, Tyr, and Phe, as well as positively charged amino acids such as Arg.*” The
amino acid Trp has a bulky hydrophobic group with hydrogen bond donors in the side chain.
To evaluate the effect of Trp in the peptidomimetic compound 5, Trp was introduced in the
N- and C-termini, resulting in compounds 16 and 17. The crystal structure of a homodimer
of EGFR has been reported.1 It is known that domains IV of EGFR interact with one
another in the C-terminal region. In the EGFR homodimer, in domain 1V, residues Leu582,
Trp583, Tyr602, and Thr614 stabilized EGFR domain 1V interaction. Based on this protein-
protein interaction region, we postulated that peptides with Trp and Leu could fit into the
hydrophobic pocket of the EGFR domain IV PPI site. These hydrophobic amino acids can
be placed at proper distance in a molecule using a p-turn conformational constraint. It is
well known that B-turn can be stabilized by inserting L-Pro and D-Pro sequence in the
peptide structure.*8 L-Pro and D-Pro residues were introduced to stabilize the compound
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with B-turn structure. Gly and Thr residues were introduced in the structure to provide
flexibility and solubility of the compound. For cyclization of a peptide, a minimum of five
amino acids is required.42-°0 However, four amino acid residues containing cyclic peptides
can have cis or trans peptide bonds.>% Thus, compound 19 was designed with 6 amino acids
with PPI interaction site and conformational constraint residues, to make it suitable as a
cyclic hexapeptide. However, compound 19 did not exhibit antiproliferative activity in any
of the cancer cell lines studied in this report. Compound 5 with Arg, Anapa, and Phe showed
specificity for HER2-overexpressing cancer cell lines. When Asp was introduced into the C-
terminal (compound 9), the activity of the compound was retained. We wanted to cyclize
compound 9 with the introduction of a Pro-Gly B-turn. Compound 20 was designed based on
compounds 5, 9, and 17 with cyclization and conformation constraints. As seen in
compound 19, D-Pro-L-Pro turn resulted in loss of antiproliferative activity. Hence, we
introduced a Pro-Gly flexible B-turn in the peptide sequence, resulting in compound 20. The
antiproliferative activities of compounds 16 to 20 were evaluated in HER2-overexpressing
cancer cell line BT-474. None of the compounds in this series showed antiproliferative
activity (Table 2).

Our next strategy was to keep the amino acid residues in the compounds the same and
change the chirality of the amino acids/analogs in compounds 5 and 9. It is well known that
introduction of D-amino acids provides stability to the peptides/peptidomimetics against
proteolytic degradation.28:51 Furthermore, peptides/peptidomimetics can be made stable via
N- and C-termini capping by acetyl and amide functional groups.>2>3 Compounds 21 to 28
were analogs of compounds 5 and 9 with N-terminal or C-terminal capping and D-amino
acid substitution. For all of these compounds, the chirality of the central p-amino acid
Anapa was in S configuration. The structure-activity relationships of 21-28 suggested that
replacement of D-amino acids in the N- and C-termini resulted in a slight decrease in the
activity compared to that of compounds 5 and 9. When the sequence of the amino acids was
reversed after the chirality was changed, the compounds exhibited better antiproliferative
activity. Among the compounds studied, compound 21 showed the best activity against
HER2-overexpressing breast cancer cell lines (Table 2) and, hence, it was chosen as the lead
compound for further studies. These structure-activity studies suggested a trend in the
antiproliferative activity. Compound 5 and its analogs, 21, 24, 25, and 27, all exhibited
antiproliferative activity in the lower micromolar range. Changing the chirality of the amino
acids or reversing the sequence and N-and C-terminal capping did not affect the activity of
the compounds drastically. On the other hand, analogs of compound 9—22, 23, 26, and 28
—exhibited a significant decrease in activity after changing the chirality or reversing the
sequence and changing the chirality (retro-inverse). Compared to 21, compound 22 has an
additional amino acid, Asp. Compound 9 with Asp at the C-terminal has good
antiproliferative activity in the lower micromolar range. When the chirality of the amino
acid was changed and the sequence was reversed (compound 22), the activity was lost.
Compound 23, which is similar to 9, lost its antiproliferative activity when the chirality was
changed and the N-and C-termini were capped. The same results could be seen with
compounds 26 and 28. We believe that the positions of hydrophobic and charged residues in
the molecule along with chirality are important for activity. Introduction of negatively
charged Asp at the N-terminal leads to a decrease in activity.
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HER2 is also known to be overexpressed in ovarian and lung cancers. Compared to that of
breast cancer and ovarian cancer, the mortality rate for lung cancer is higher.54-56 Thus, to
broaden the scope beyond breast cancer without shifting our focus, we also tested the effect
of compound 21 along with the previously described compounds 5 and 9 against HER2-
overexpressing ovarian (SKOV3) and lung (Calu-3) cancer cell lines. All three lead
compounds (5, 9, and 21) exhibited antiproliferative activity in the lower micromolar
concentration in HER2-overexpressed cancer cell lines. Furthermore, these compounds
showed high selectivity for HER2-overexpressing cancer cell lines compared to MCF-7 cell
lines (Table 2).

To understand the molecular mechanism of action of compound 21, it was evaluated for PPI
inhibition activity using PathHunter® assay, Western blot, and PLA. The results clearly
suggest that compound 21 inhibits the protein-protein interaction of HER2-HER3 and the
phosphorylation of the kinase domain of HER2 (Figures 3-5). Antiproliferative activity and
phosphorylation were comparable to those of a well-known kinase inhibitor lapatinib.>”
Thus, inhibition of extracellular domain PPI results in inhibition of intracellular signaling
due to the kinase domain. Our idea was to design compounds that bind to HER2 specifically
at domain IV and inhibit PPI of the extracellular domain of HER2 interaction with other
EGFR. Compound 21 exhibited competitive binding with FITC-labeled compound 5,
suggesting that compound 21 and compound 5 bind to the same region on HER2 protein.
Our previous surface plasmon resonance studies have suggested that compound 5 binds to
HER2 domain IV. Based on this result and competitive binding results presented here
(Figure 2), we can conclude that compound 21 binds to domain IV of HER2 protein and
inhibits PPI of HER2 with other EGFRs. To understand the binding of compound 21 to
HER2 protein, docking calculations were performed. Although the grid was created for the
entire domain 1V of HER2 covering more than 100 amino acids, compound 21 docked to
HER2 domain IV in the C-terminal region near amino acid residues Leu586, Trp592, and
Pro605 of HER2. When we compared the binding region of compound 21 on HER2 protein
with the EGFR homodimer structure, it was found that compound 21 binds to the PPI
interaction site of EGFR homodimer (Figure 7). At present, the crystal structure of HER2
interaction with other EGFR (heterodimer structures) is not available. If we assume that the
PPI interaction site of HER?2 is similar to that of EGFR, we can propose that compound 21
binds to the pocket of HER2 PPI site in domain IV and thus inhibits protein-protein
interactions of HER3-HER2 as well as EGFR-HERZ2, hence inhibiting the signaling for cell
growth. The peptides we designed have Arg, hydrophobic group B-naphthyl and Phe in the
sequence. As mentioned earlier, the PPI interface is dominated by residues such as Trp, Arg,
Tyr, and Phe. The B-naphthyl group is an analog of Trp. With Arg, B-naphthyl, and Phe, our
compound mimics the PPI interface and, hence, inhibits PPl of EGFR. Such
peptidomimetics are not only useful as therapeutic agents but will also be helpful in
understanding the underlying mechanism of PPI.

CONCLUSIONS

The peptidomimetics designed on the basis of HER2-trastuzumab crystal structure showed
good antiproliferative activity. Compound 21 was the most potent and selective analog of
compound 5, and also showed competitive binding to HER2 in the presence of compound 5.
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The antiproliferative activity of the compound was similar to that of compound 5; however,
there was an increase in selectivity in 21 to HER2-overexpressed cell lines compared to
MCEF-7 cells that do not overexpress HER?2 protein. Although the mode of action of the
compound is not completely clarified as yet, we have concluded from PathHunter® assay,
Western blot analysis, and PLA that the peptidomimetic is capable of inhibiting the
dimerization and phosphorylation of HER2. The peptidomimetic mimics the PPI interface
with amino acids Arg, Trp, and Phe and thus is a suitable tool to understand the PPI. In the
future, studies such as PLA, flow cytometry, and TUNEL cytoxicity assay would help in
investigating the mechanistic details of the peptide.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Structure of compound 5 and conformational constraints imposed on it to generate different analogs of 5.
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FIGURE 2.

Competitive binding assay for compound 21. FITC-labeled compound 5 was incubated with different concentrations of
compound 21 with BT-474 cells. Cells were washed and fluorescence was detected using a plate reader. Ex A 485 nm, Em A
535 nm. A decrease in the fluorescence indicates binding of compound 21 to BT-474 cells expressing HER2 protein. As a

control binding of FITC-5 is also shown.
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FIGURE 3.
PathHunter assay for inhibition of heterodimerization of HER2-HER3 in HER2-HER3-transfected U20S cells by compound 21

at different concentrations. Dose-response curve for inhibition of heterodimerization by compound 21 (filled diamonds) and
lapatinib (filled squares), a well-known kinase inhibitor, in the presence of 0.3 uM heregulin.
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FIGURE 4.
Western blot analysis of phosphorylated HER2. BT-474 cells that overexpress HER2 protein upon treatment with compound 21

(1 uM) and lapatinib (0.07 uM). The visualization of GAPDH was used to ensure equal sample loading in each lane.
Phosphorylation was detected using p-HER?2 antibody. CP is for control compound and C is for control without any treatment.
Total HER2 protein is also shown.
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A

FIGURE 5.
PLA assay to show HER2:HER3 heterodimerization and its inhibition by compound 21 in SKBR-3 cells. A) HER2:HER3

heterodimerization detected by PLA probe shown as red dots. B) SKBR-3 cells without any antibody to HER2 and HER3 and
with PLA probes. There are no red dots, indicating the specificity of the assay. C) In the presence of control compound (CP), red
dots are observed, suggesting that the control compound does not inhibit heterodimerization. D) in the presence of compound
21, the number of red dots decreased significantly compared to the control, suggesting the inhibition of HER2:HER3
heterodimerization.
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FIGURE 6.
Docking of compound 21 to HER2 domain IV. Lowest energy docked structure showing the hydrophobic interaction with

domain IV of HER2. B-napthyl group of Anapa and Phe side chain of compound 21 interact with P590 and W592 of HER2. For
the sake of clarity, amino acids of the protein are labeled with a single letter code and those of compound 21 are labeled with a
three letter code.
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FIGURE 7.
Proposed model for inhibition of protein-protein interaction of EGFR by compound 21. Low energy docked structure of

compound 21 on HER2 domain IV is shown as sticks (green). Ribbon (blue) is representation of HER2 protein domain 1V.
HER2 protein was overlapped with EGFR homodimer structure to propose the PPI inhibition. Amino acid residues that are
involved in PPI of EGFR homodimer are shown as sticks (cyan). Notice that compound 21 docks near the interface of PPI of
EGFR.
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Table 1
Analytical data for the compounds studied
Code Peptide Sequence Purity % | Calcd mass | Expt mass
5 H,N-R(Anapa)F-OH >95 518.60 519.22 (M+1)
9 H,N-R(Anapa)FD-OH >95 633.69 635 (M+H)
16 H,N-W(Anapa)F-OH >95 548.63 549 (M+H)
17 H,N-R(Anapa)W-OH >95 557.64 558 (M+H)
19 p'P2G3wWAL 5T6 >95 651.75 652.3 (M+H)+
20 GP?R3(Anapa)*FSDOE7F8W IR 95% 1388.52 1389.25 (M+H)+
21 Ac-f(Anapa)r-NH, >95 559.65 560.24
22 Ac-df(Anapa)r-NH, >05 674.74 675.32
23 Ac-r(Anapa)fd-NH, >90 674.74 675.35
24 Ac-r(Anapa)f-NH, >90 559.65 560.13
25 H,N-r(Anapa)f-OH 94 518.60 518.56
26 H,N-r(Anapa)fd-OH >95 633.69 633.83
27 H,N-r(Anapa)f-NH, >95 517.62 518.28
28 H,N-r(Anapa)fd-NH, >95 632.71 633.37
Control CP | H,N-K[3-amino 3-(biphenyl)-propionic acid]-Phe-OH | >95 516.63 517.28 (M+H)+
FITC-5 FITC-aminocaproic acid -R(Anapa)F-OH >90 1021.14 1020.88

Page 22

Anapa, [3-amino-3(napthyl)]-propionic acid. Capital letters represent L-amino acid in the sequence and small letters refer to D-amino acids in the

sequence.

For cyclic peptides 19 and 20, cyclization is indicated by underline suggesting the link between first and last amino acid in the sequence.
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