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Abstract

Although EGFR is a highly sought-after drug target, inhibitor resistance remains a challenge. As
an alternative strategy for kinase inhibition, we sought to explore whether allosteric activation
mechanisms could effectively be disrupted. The kinase domain of EGFR forms an atypical
asymmetric dimer via head-to-tail interactions and serves as a requisite for kinase activation. The
kinase dimer interface is primarily formed by the H-helix derived from one kinase monomer and
the small lobe of the second monomer. We hypothesized that a peptide designed to resemble the
binding surface of the H-helix may serve as an effective disruptor of EGFR dimerization and
activation. A library of constrained peptides was designed to mimic the H-helix of the kinase
domain and interface side chains were optimized using molecular modeling. Peptides were
constrained using peptide “stapling” to structurally reinforce an alpha-helical conformation.
Peptide stapling was demonstrated to notably enhance cell permeation of an H-helix derived
peptide termed EHBI2. Using cell-based assays, EHBI2 was further shown to significantly reduce
EGFR activity as measured by EGFR phosphorylation and phosphorylation of the downstream
signaling substrate Akt. To our knowledge, this is the first H-helix-based compound targeting the
asymmetric interface of the kinase domain that can successfully inhibit EGFR activation and
signaling. This study presents a novel, alternative targeting site for allosteric inhibition of EGFR.
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1. Introduction

Human epidermal growth factor receptor (EGFR/HER1/ErbB1) is a member of the receptor
tyrosine kinase family and contains an extracellular receptor, a transmembrane helix, a
juxtamembrane region and an intracellular kinase domain [1, 2]. Dimerization of EGFR is
required for kinase activation, and this can be accomplished by homodimerization or
heterodimerization with other members of the ErbB family including ErbB2, ErbB3 and
ErbB4 [3]. Ligand-stimulated activation by growth factors such as epidermal growth factor
(EGF) induces a significant conformational change, leading to dimerization of the receptor
(Figure 1a) [4]. Upon receptor dimerization, the intracellular juxtamembrane region and
kinase domains also dimerize [4—7] and one tyrosine kinase domain acts as an allosteric
“activator” of the partner tyrosine kinase domain, which functions as the “receiver” [7].
While many kinases dimerize in a symmetrical head-to-head fashion and require
phosphorylation of the activation loop for activation, EGFR is not dependent on activation
loop phosphorylation but rather requires a distinct asymmetric dimerization interface for
kinase activation [4, 7]. In the case of the EGFR kinase dimer, the C-lobe of the activator
kinase interacts with the N-lobe of the receiver kinase to form an asymmetric interface and
this conformation is required for receptor activation [7, 8]. As part of the interface, the C-
lobe of the activator kinase forms multiple contacts derived from the H-helix including
residues M945, V948, and M952 to form a stable dimer interface with the N-lobe of the
receiver kinase [7]. In an active state, the tyrosine-rich C-terminals of EGFR are
phosphorylated and these phospho sites subsequently serve as docking sites for proteins
bearing domains such as Src Homology 2 (SH2) or Phosphotyrosine-Binding Domain (PTB)
to promote downstream signaling [7, 9, 10].

Since EGFR is implicated in a variety of diseases including cancer, multiple strategies for
inhibiting EGFR activation were previously developed and include blocking growth factor
binding, obstructing extracellular receptor-receptor dimerization, or preventing ATP-binding
by the kinase domain [11]. For example, gefitinib (Iressa) and erlotinib (Tarceva) are
quinazoline derivatives that compete with ATP binding at the kinase domain [12, 13]. In
contrast, cetuximab (Erbitux) is a monoclonal antibody that binds to the extracellular region
of EGFR, leading to inhibited ligand binding while also impeding the required structural
rearrangement of the extracellular domain so as to inhibit receptor dimerization [14]. Many
alternative inhibitory strategies have been explored including stapled peptides that target the
intracellular juxtamembrane segment of EGFR [6] and constrained beta-loop peptide mimics
of the EGFR dimerization arm [15, 16]. In terms of the kinase dimer interface, the human
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mitogen-inducible gene 6 protein (MIG-6/ERRFI1/RALT/ GENE-33), initially discovered as
a potential cell-cycle marker for G1 phase in HL-60 cells [17], has been identified as a
negative regulator of EGFR signaling [18]. MIG6 binds to the interface on the C-lobe of
EGFR and extends to occupy the substrate-binding site and interact with the activation loop
[19, 20]. EGFR can phosphorylate MIG6 at Y394 and Y395, and phosphorylation results in
a dual mechanism of inhibition because it continues to occupy the substrate site after
phosphorylation, occluding the kinase dimer interface and thereby preventing asymmetric
dimerization [20, 21]. With this duality, various MIG6-derived peptides or protein segments
have been reported to act as EGFR substrates as well as allosteric inhibitors [19, 20, 22]. As
an alternative approach for allosteric inhibition, we wanted to determine whether designing
an inhibitor based on the sequence of the H-helix of the kinase domain could target EGFR
dimerization, and whether this site alone would suffice to inhibit EGFR activation.

and Discussion

In order to design a disruptor targeting the protein-protein interface of the kinase dimer, we
focused on a key component of the kinase dimer interface: the H-helix of the kinase domain
(940-950, TIDVYMIMVKQC). This helix, along with the C-terminal flanking residues (951—
954, WMID), is evolutionarily conserved in the ErbB family members yet is divergent
amongst the kinase superfamily (Figure 1b). A BLASTP search and alignment of this
sequence shows significant similarity between the ErbB family members (E-values < 26.0
E-9, Ident.: = 93%). However, the H-helix sequence is divergent amongst the kinase
superfamily where the next closest comparisons are Platelet Derived Growth Factor
Receptor alpha (PDGFRA) and Janus Kinase 2 (JAK2) with E-values > 7.0 and identities <
80%. Further, since the majority of kinases do not require the H-helix at the dimerization
interface, a mimic of this helix may serve as a unique handle for selective targeting of EGFR
inhibition. In order to improve the inhibitory properties of a H-helix peptide mimic,
molecular modeling and a structural constraint would be applied via peptide “stapling”
(Figure 1c) [23]. Ultimately, we hypothesized that disruption of the dimerization interface
with an H-helix mimic could prevent allosteric activation of the tyrosine kinase domains and
thereby sequester EGFR in an inactive state (Figure 1d).

In order to first establish the optimal position for placement of the hydrocarbon staple, the
H-helix (residues 940-954) was synthesized with the staple introduced at various positions
on the non-binding, solvent-exposed face of the helix so as to stabilize individual helical
turns. Activity of this preliminary library (Figure 2, peptides 1-8) was measured in cells by
monitoring EGFR activation after EGF stimulation in the presence of each compound. A
cell-based activity assay was used to screen for phosphorylation of EGFR Y1068 and Akt
detected by western blotting were used as a readout for EGFR activity. The initial library
had notably limited water solubility, and thus phosphorylation results were inconclusive. In
order to increase hydrophilicity, a limited number of peptides were modified to contain 3
PEG units at the N-terminus (Figure 2, peptides 9-11). Although water solubility was
improved, the peptides did not demonstrate inhibitory effects on EGFR activation (Figure
3a).
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To determine whether H-helix analogs could be computationally designed, we used two
widely available software packages for peptide and protein design, namely Rosetta [24] and
FoldX [25, 26]. We used the mutational scanning procedures implemented in the software to
estimate the binding of H-helix with mutations at M945, V948 and M952. We focused on
these three positions in the H-helix because these residues are part of the dimer interface and
were previously shown to be important for dimerization [7]. Specifically, the programs will
fix the backbone structure of the protein complex and exhaustively explore all possible
natural amino acids at the specified positions. An empirically determined energy function
score for each mutation was reported as a stability measurement of the resultant model (see
Methods). Computational mutation scanning indicates that the wild-type sequence, in
general, has favorable binding free energy as compared to the modified forms
(Supplementary Tables 1-2). However, since the wild-type peptide sequence had no
detectable inhibitory properties on EGFR activation, binding free energy values calculated
from both programs were rank ordered and only favorable mutations predicted by both
Rosetta and FoldX were selected. We then manually inspected the design structures by
considering side chain properties (basic, acidic, polar, non-polar and rigidity versus
flexibility introduced into the peptide backbone) as well as the interactions, contacts and
clashes mediated by the indidivual amino acid substitions. After these procedures,
substitutions such as M945Q, V948G and M952R were selected for the design of H-helix
analogs and experimental testing.

Based on these predictions, H-helix analogs were synthesized by introducing amino acid
substitutions into the sequence, TIDVYMIMVKCWMID (residues 940-954), to generate a
library of /n silico-optimized variants. A small panel of analogs were tested for inhibition of
EGFR activation (Figure 3a, peptides 12-17 and Supplementary Figure S1). Peptides 14 and
17 (ErbB H-helix-Based Inhibitors 1 and 2, EHBI1 and EHBI?2) significantly decreased
EGFR phosphorylation as compared to the EGF-stimulated cells (lane 2, p<0.001), however,
not surprisingly, the stapled peptides required a higher concentration for inhibition as
comparison to the small molecule inhibitor gefitinib. Interestingly, these peptides only bore a
single amino acid difference between one another at position 6: K or Q, in EHBI1
(KTIDRYKI(NIe)GKC*RID*) and EHBI2 (KTIDRYQI(NIe)GKC*RID*), respectively, in
lieu of the native methionine (where stars represent the non-natural olefinic amino acid).
These peptides also contained two additional amino acid changes from the parent sequence
which are the same between EHBI1 and EHBI2: G at position 9 and R at position 13. Based
on these preliminary findings, we focused on EHBI2 for further characterization. To further
investigate dose-dependent inhibition of EGFR activation, phosphorylation assays of EGFR
and downstream substrates were performed in cells (Figure 3b). A stapled scramble peptide
was used as a control (EHBI2 scramble). Over a concentration range of 2.5 to 10 pM,
phosphorylation of EGFR pY 1068 was monitored by western blot analysis. While EHBI2
demonstrated dose-dependent inhibition of EGFR phosphorylation with maximal inhibition
at the highest concentration tested (45% inhibition at 10 uM, p<0.01), the scramble control
had no inhibitory effect. To ensure that EHBI2 did not affect total protein levels of EGFR in
cells, total EGFR and a-tubulin were used as loading controls. No statistical difference was
detected in protein levels for any of the treatment conditions tested (Supplementary Figure
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S2a). Thus, it appears that EHBI2 inhibits EGFR phosphorylation while not significantly
reducing total expression levels of EGFR.

Next, we monitored downstream signaling of EGFR by monitoring phosphorylation of Akt
at residue S473 (pAkt) [27] using western blotting (Figure 3c) [28]. A significant decrease in
pAKkt (71% reduction, p < 0.05) was observed when EGF-stimulated cells were treated with
10 uM EHBI2 as compared to the DMSO vehicle control. On the otherhand, its scramble
had no inhibitory effects on Akt activation. To confirm that EHBI2 did not affect Akt protein
expression levels, total Akt and GAPDH were used as loading controls. No notable
difference in protein levels was observed (Supplementary Figure S2b). Consequently,
EHBI2 appears to inhibit both activation and downstream signaling of EGFR.

While non-modified peptides are generally not considered to permeate the cell membrane,
peptide stapling can greatly improve cellular uptake [29-31]. Further, since the kinase
domain of EGFR resides in the cytosol of cells, it is imperative that the inhibitory peptides
can access the cytosolic compartment. To monitor cellular uptake of the stapled peptide
EHBIZ2, cells were incubated on a chamber slide for 24 h in complete media containing
serum, and then incubated with 5 uM of fluorescein-labeled peptide or DMSO for 7 h. At
this point, cells were washed, fixed and imaged for detection of intracellular peptide
localization. Relative to the non-stapled control peptide that was largely excluded from the
intracellular environment, both EHBI2 and EHBI2 scramble were clearly internalized
(Figures 4 and S3). While there is some punctate distribution of EHBI2, presumably in
endocytic vesicles, it is also notably distributed throughout the cytoplasm and nucleus. Thus,
EHBI2 is cell permeant and can reach the cytosolic space shared by the kinase domain of
EGFR.

3. Conclusions

In summary, we have identified an EGFR kinase domain H-helix analog peptide that can
permeate the cell membrane and inhibit EGFR activation and signaling. Others have targeted
the asymmetric dimer interface of EGFR; however, much of this work was centered on
protein segments or peptides derived from MIG6 which targets multiple sites on the kinase
domain [19, 22]. For example, a MIG6-derived peptide was conjugated to gefitinib to create
a potent, cell permeable inhibitor that targets multiple sites on the kinase including the ATP
binding pocket and substrate binding site [22]. In comparison, the EHBI peptides described
in this work demonstrate that an H-helix mimic is sufficient to allosterically inhibit EGFR
activation and signaling. Further, although MIG6 targets multiple areas of the kinase
domain, MIG6 also targets the kinase dimer interface. Since EHBI2 is proposed to also
target this interface, it will be interesting to determine whether or not EHBI2 affects MIG6
binding to EGFR and whether EGFR-mediated phosphorylation of MIG6 is affected.
Moreover, since MIG6 is highly expressed in MDA-MB-231 cells [18], it would be
interesting to determine whether EHBI2 may work in combination with MIG6 to negatively
regulate EGFR activation. A structural model for EGFR kinase oligomerization has also
recently been proposed where head-to-tail packing interactions are formed between multiple
kinase domains, thereby utilizing the H-helix docking site as part of a complex series of
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protein-protein interactions that mediate oligomer formation [32]. Based on this model, the
EHBI inhibitor peptides may further serve to help downregulate EGFR oligomers.

Since EGFR has proven to be a difficult target where inhibitor resistance is common and
small molecule tyrosine kinase inhibitors (TKIs) are often rendered ineffective in clinical
settings [11], alternative targeting strategies are needed. By targeting the asymmetric kinase
dimer interface rather than the active site of EGFR, this approach may serve as an alternative
method for overcoming resistance in EGFR mutants bearing inhibitor insensitive mutations
such as T790M [33, 34]. Additionally, since EGFR can heterodimerize with other ErbB
family members, it will be important to determine whether EHBI2 can additionally block
activation of heterodimeric complexes. While further optimization of the EHBI peptides is
needed, this work is an encouraging step towards identifying alternative allosteric targeting
sites on this well-studied receptor.

The inhibitory properties of EHBI2 were identified after introducing M945K, V948G and
M952R substitutions. Surprisingly, it was previously shown that introducing positively
charged single mutations (Arg) at residues in the H-helix that form part of the asymmetric
interface, including M945, V948 and M952, inhibited activation as shown by decreased
phosphorylation of full-length EGFR [7]. Thus, in the context of full-length EGFR, a
positive charge mutation at these sites appears to significantly disrupt the asymmetric dimer
interface of EGFR. However, in the context of the designed peptide EHBIZ2, a single arginine
substitution appeared to be favorable for enhancing the inhibitory properties of the peptide
as it was experimentally observed to have more potent inhibitory effects as compared to the
native H-helix peptide sequence. This finding may be due to a variety of reasons including
inherent differences in conformational flexibilities for the full-length protein versus a short
peptide when binding the small lobe of the receiver kinase, compensatory differences
between individual versus multiple amino acid substitutions on the binding interface or
altered interactions that disrupt EGFR activation. Future crystallographic studies of EHBI2
bound to the kinase domain will be needed to clearly elucidate the mechanism for disruption
at a molecular level.

The in silico experiments identified multiple substitutions in the binding interface of the H-
helix at positions M945, V948, and M952 that may bolster inhibitory activity at the kinase
dimer interface despite notable evolutionary conservation in the H-helix. Based on the
predicted binding free energy values for individual substitutions, many were predicted to
have comparable favorable binding properties and thus further exploration of H-helix
analogs may lead to the identification of more potent analogs that target the EGFR kinase
dimer interface. Although the initial set of peptides in this work were considerably
hydrophobic and were not amenable to direct binding measurements by surface plasmon
resonance due to non-specific binding interactions, subsequent development of peptides with
improved solubility will facilitate more rapid screening for Kp determinations. In addition,
combinatorial targeting of other protein-protein interfaces such as the juxtamembrane
domain dimer [5] and domain 1V dimer [32] may lead to more effective inhibition of EGFR
activation. The H-helix mimics described in this work represent a new strategy for EGFR
targeting and may serve as useful tools for studying EGFR and ErbB homo- and
heterodimerization/oligomerization.
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4. Methods

4.1 General Information

The Rink amide methylbenzhydrylamine (MBHA) 100-200 mesh resin and N-a-Fmoc-
protected amino acids were purchased from Novabiochem. (S)-/NV-Fmoc-2-(4’-pentenyl)
alanine (S5) was purchased from Okeanos Tech Co., Ltd. Fmoc-11-amino-3,6,9-
trioxaundecanoic acid (Fmoc-mini PEG3) and 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU) were purchased from ChemPep Inc.
Bis(tricyclohexylphosphine)benzylidine ruthenium(1V) chloride (1%t generation Grubbs
catalyst) was bought from Sigma Aldrich. 5(6)-carboxyfluorescein was purchased from
Gold Acros Organics. All other chemical reagents used for peptide synthesis and purification
were purchased from Acros Organics, Fisher, or Sigma Aldrich (unless otherwise noted) and
used as supplied. Penicillin/streptomycin (P/S), bovine serum albumin (BSA), and trypan
blue were purchased from Amresco. Cell culture media and phosphate buffered saline (PBS)
were purchased from Lonza BioWhittaker. Cell Gro 1X trypsin (0.05% trypsin/0.53 mM
EDTA in HBSS) was purchased from Corning.

4.2 Peptide Synthesis

Solid phase peptide synthesis was performed on a Rink amide MBHA 100-200 mesh resin
with A-a-Fmoc-protected amino acids. Fmoc protecting groups were removed at room
temperature for 25 min with 25% (v/v) piperidine in A-methyl-2-pyrrolidinone (NMP).
Coupling reactions were setup at room temperature for at least 45 min in NMP with 10
equivalents (eq) amino acid, 9.9 eq HCTU, and 20 eq N, N-diisopropylethylamine (DIPEA).
For couplings with (S)-A-Fmoc-2-(4’-pentenyl) alanine (S5) or Fmoc-mini PEG3, 4 eq was
used. A-a-Fmoc-L-norleucine was used as a substitute for methionine residues. Before
addition of the N-terminal PEG3 linker, ring closing metathesis (RCM) was performed on-
resin at room temperature in 1,2-dichloroethane with 0.4 eq of 15t generation Grubbs catalyst
twice for 1 h each time. After the RCM reaction, Fmoc-mini PEG3 or B-alanine was added
to the N-terminus. All peptides were N-terminally labeled with 5(6)-carboxyfluorescein. N-
terminal fluorescein labeling was performed overnight at room temperature with 2 eq of
5(6)-carboxyfluorescein, 1.8 eq HCTU, and 4.6 eq DIPEA in DMF. Peptides were cleaved
from resin in 95% (v/v) trifluoroacetic acid (TFA), 2.5% (v/v) triisopropylsilane, 2.5% (v/v)
ultra pure water for 4 h at room temperature.

All peptides were characterized by LC-MS (ESI) using an Agilent 1200 with a Zorbax
analytical SB-C18 column coupled to an Agilent 6120 Quadrupole mass spectrometer.
Peptides were separated over a 10-100% gradient of water:acetonitrile with 0.1% TFA using
a linear gradient and a flow rate of 0.5 mL/min. Peptide purification was performed using
the same conditions but with a flow rate of 4 mL/min over a semi-preparatory column.
Fluorescein-labeled peptides were quantified based on the A4g5 values measured with a Bio-
Tek Synergy 2 plate reader in 10 mM Tris, pH 8 and an extinction coefficient of £ = 68,000
M~1 cm™1 (see reference [15]). Protein Shuffle was used to generate the EHBI2 scramble
control (http://www.bioinformatics.org).
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Peptide masses for each of the products are as follows: 1 = 2262.0 (expected mass =
2262.6); 2 = 2505.6 (expected mass = 2506.0); 3 = 2243.8 (expected mass = 2243.6); 4 =
2356.6 (expected mass = 2356.8); 5 = 2471.8 (expected mass = 2472.0); 6 = 2243.6
(expected mass = 2243.6); 7 = 2250.6 (expected mass = 2250.7); 8 = 2544.8 (expected mass
=2544.1); 9 = 2624.6 (expected mass = 2624.1); 10 = 2617.4 (expected mass = 2618.1); 11
= 2618.2 (expected mass = 2618.1); 12 = 2624.4 (expected mass = 2625.1); 13 = 2633.1
(expected mass = 2634.1); 14 = 2619.6 (expected mass = 2619.1); 15 = 2624.1 (expected
mass = 2625.0); 16 = 2634.2 (expected mass = 2634.1); 17 (EHBI2) = 2619.0 (expected
mass = 2619.0); 18 (EHBI2 scr) = 2618.6 (expected mass = 2619.0).

4.3 In Silico Optimization

The starting model for /n silico optimization was generated from the crystal structure of
EGFR asymmetric dimer (pdb: 2GS6) [7] and the sequence segment corresponding to the H-
helix (residues 939-955) in the activator was used as the starting model for the H-helix
peptide. Prior to peptide design, energy minimization was performed using the relax
function in Rosetta. Foldx version 4 and Rosetta pmut_scan_parallel program was used to
perform mutational scan analysis in which the wild-type residue at each of the three
positions were mutated to all 19 natural amino acids. To avoid bias towards a single design
simulation, 10 different relaxed structures were used. The average binding energies and
standard deviations reported by Foldx and Rosetta are shown in Supplementary Tables 1-2.

4.4 Cell Culture

MDA-MB-231 were purchased from the American Type Culture Collection. Cells were
cultured on tissue culture plates (CellStar Greiner Bio-One) in RPMI-1640 media with 10%
fetal bovine serum (FBS, Thermo Fisher) and penicillin/streptomycin. PBS was used to
wash cells multiple times prior to serum starvation.

4.5 Western Blot Analysis

MDA-MB-231 cells were cultured in complete media (RPMI-1640, 10% FBS, penicillin/
streptomycin) and plated at 70,000 cells/well on 24-well, tissue culture treated plates
(Falcon). Cells were incubated for 24 h at 37 °C, 5.0% CO,, prior to serum starvation. Cells
were washed three times with PBS and incubated with serum free RPMI-1640 media.
Within the 24 h window for serum starvation, the cells were treated for 9 h with 10 pM of
peptide or an equivalent percentage of DMSO (v/v) for the positive and negative controls.
As a control, cells were treated with 0.5 uM of gefitinib for 30 min. After the 24 h of serum
starvation, cells were left unstimulated or stimulated with 50 ng/mL EGF for 5 min at 37 °C,
5.0 % CO,. Media was immediately aspirated and replaced with loading sample buffer (80
mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 0.02% bromophenol blue, 5.3% -
mercaptoethanol) to perform in-well, direct cell lysis. Cell lysates were boiled at 95 °C for
15 min. Cell lysates were separated on 8% polyacrylamide gels using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) in Towbin Buffer (0.1% SDS, 25 mM Tris, 192 mM
glycine). Proteins were then transferred to polyvinylidene fluoride (PVVDF) membranes in
Towbin Buffer with 20% methanol. Membranes were blocked overnight in Tris buffered
saline-Tween 20 (TBS-T, 4 mM Tris-HCI, 1 mM Tris, 15 mM NaCl, 0.1% Tween 20) with
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5% BSA and 0.1% sodium azide. Membranes were probed using primary antibodies in TBS-
T with 5% BSA and 0.1% sodium azide. The following primary antibody dilutions were
used: 1:1000 pEGFR Y1068 (2HCLC, Thermo Scientific), 1:200 total EGFR (1005, Santa
Cruz), 1:200 a-tubulin (12G10, DSHB), 1:500 pAkt Ser473 (D9E, Cell Signaling), 1:500
pan-Akt (11E7, Cell Signaling), and 1:500 GAPDH (GALR, Thermo Scientific). Secondary
antibodies were diluted 1:5000 for anti-rabbit HRP (Pierce) and 1:3000 for anti-mouse HRP
(Rockland) in TBS-T with 5% BSA. Membranes were washed three times (10 min/wash)
with TBS-T following incubation with primary and secondary antibodies. Membranes that
were probed for pEGFR Y1068 or pAkt S473 were stripped and re-probed for total EGFR
and total Akt. Membranes were gently rocked in stripping buffer (62.5 mM Tris pH 6.8, 2%
SDS, 0.7% p-mercaptoethanol) at 50 °C for 30 min. Afterwards, membranes were washed in
TBS-T six times for 5 min/wash followed by an additional three washes for 10 min/wash.
Stripped membranes were blocked in 5% BSA TBS-T buffer at room temperature for 1 h
before proceeding with primary antibodies. Western blots were imaged using a 10-min
integration time with the Odyssey Fc imaging system (LI-COR Biosciences). Image Studio
Lite 3.1.4 (LI-COR) was used to collect the densitometry data. GraphPad Prism 5 was used
to graph data and perform statistical analyses. Band densities of phosphorylated protein
(EGFR Y1068 or Akt S473) were compared as a ratio to total protein or the loading control
protein (e.g. pY1068/EGFR or pY1068/a-tubulin). The positive control (+ EGF) ratio was
defined as the baseline (set to 1.0). One-way ANOVA and Tukey’s post hoc test with a 95%
confidence interval was applied to the densitometry data to determine statistical significance
between the samples. Statistically significant differences between the positive control and
test conditions were identified with one or more asterisks, depending on the p-value (7.e. ***
for p <0.001, ** for p < 0.01, and * for p < 0.05).

4.6 Cell Permeation Assay

MDA-MB-231 cells were cultured in complete media (RPMI-1640, 10% FBS, penicillin/
streptomycin) and plated at 20,000 cells/well in 8-well chamber slides (Thermo Scientific
Nunc Lab Tek I1). Cells were incubated for 24 h at 37 °C, 5.0 % CO». Original media was
aspirated from each well and replaced with complete media containing either 5 uM of
various peptides or DMSO and incubated for 7 h. At this time point, the media was removed
and cells were washed once with PBS. Cells were fixed using 2% paraformaldehyde in PBS
for 15 min followed by an additional wash with PBS. Cells were permeabilized for 10 min
with 0.2 % Triton-X100 in PBS, followed by two additional washes with PBS. Cells were
incubated with 4’,6-Diamidino-2-phenylindole (DAPI, 1:10,000, Invitrogen), and 3% BSA
in PBS for 35 min, followed by two washes with PBS. PermaFluor Aqueous Mounting
Medium (Thermo Scientific) was applied before imaging. Slides were imaged with a Zeiss
LSM 710 confocal microscope (20X) and processed using the Zeiss 2012 software (Zen
Lite). 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeting disruption of EGFR activation
a) Ligand-dependent activation of EGFR results in dimerization through multiple interfaces

including the extracellular ligand-binding domain, intracellular juxtamembrane segments
and intracellular tyrosine kinase domains. The kinase domains form an asymmetric dimer
where one tyrosine kinase domain (“activator”) allosterically activates the partner tyrosine
kinase domain (“receiver”). The structure was rendered using PyMOL X11 (PDB 2GS6). b)
An alignment of the top hits produced from a BLASTP search of the EGFR protein
sequence surrounding the H-helix (residues 940-954; accession number P00533). ¢) A
scheme for the design and synthesis of stapled ErbB H-helix Based Inhibitor (EHBI)
peptides. d) A peptide mimic of the EGFR H-helix was designed as a strategy to block
asymmetric kinase dimerization and inhibit EGFR activation.
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(EGFR940-954) TIDVYMIMVKCWMID
1 15

Peptide Linker Sequence
1 PpAa TIDRYNINVKCRNID

2 pBAa KTIDRYNIKVKCKNTIDRK
3 BAa TIDRYNIS VKCS,NID
4 BpAa TIDRYNINVEKCS NIDS,
5 fAa STIDSYNIKVKCEKNIDK
6 pAa TIDS YNISVKCRNID
7 PpAa TIDRSNINSKCRNID
8 pAa KTIDRYNIKSKCKS, IDK
9 [PE6) KTIDRYNIKVKCKNIDK
10 (P88 XKTIDRYNIS VKCE NIDK
11 [PE8) K TIDRYNIKVKCS NIDS,
In silico optimization
12 [PE6) KTIDRYKINGKCKRIDK
13 [@E6) KTIDRYKIS,GKCSRIDK
(EHBI1)14 ([PEG) KTIDRYKINGKCSRIDS3,
15 ([PE6) KTIDRYQINGKCKRIDK
16 [PEG) KTIDRYQISGKCSRIDK
(EHBI2)17 (PEG) KTIDRYQINGKCSRIDS,

(EHBI2 scr) 18 YINDCRDTIISRKKS,

10
0]

Figure 2. H-helix-derived peptide sequences
The selected EGFR protein sequence (residues 940-954, accession number P00533) is

presented as a helical wheel numbered as residues 1-15 (N- to C-terminus). Highlighted in
light blue are residues that interact with the EGFR kinase domain (PDB 2GS6). /n silico
designed peptides (12—18) contain amino acid substitutions that were predicted to have
relatively favorable target binding as compared to the wild-type sequence. Additional amino
acid substitutions (K) were introduced to the anticipated solvent face of the peptide to
improve solubility. The helical wheel was generated from the following site: http://kael.org/
helical.htm. Nje = norleucine.
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Figurg 3. Inhibition of EGFR activation and downstream signaling using H-helix-derived

eptides

2) ICI)DEGg—conjugated H-helix based peptides were tested for their ability to inhibit EGFR
phosphorylation as a marker of EGFR inhibition using MDA-MB-231 cells. The ratio of
phosphorylated EGFR (pY1068) to the loading control a-tubulin was measured by western
blot analysis. Peptides 14 and 17 were found to downregulate phosphorylation.
Densitometry is shown in the graph above the western blots using 3 independent
experiments performed in triplicate. b) A concentration-dependent cell-based assay was
performed using Peptide 17 (EHBI2) and its corresponding scramble control peptide. EHBI2
demonstrated dose-dependent inhibition of EGFR activation while its scramble control had
no effect at the same concentrations. Densitometry data represents n=3 experiments
performed in triplicate. c) To assess effects on downstream signaling of EGFR, total Akt,
phosphorylated Akt (S473) and GAPDH were measured by western blotting. Densitometry
data was measured from a triplicate experiment. EHBI2 caused downregulation of Akt
phosphorylation, but not its scramble control. One-way ANOVA and a Tukey’s post hoc test
(95% confidence interval) were performed on all densitometry data sets. The p-values are as
follows: *** indicates p < 0.001, ** indicates p < 0.01, and * indicates p < 0.05 as compared
to the positive control (+EGF). Error bars represent standard error of the mean.
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Figure 4. EHBI2 permeates the cell membrane
20X confocal microscopy images of MDA-MB-231 cells after a 7 h treatment with 5 pM of

fluorescein labeled peptide (green) or DMSO. Nuclei are stained with DAPI (blue). EHBI2
and its scramble control both demonstrate cell permeation while an unstapled analog (15)
does not.
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