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Abstract

We previously reported a family of hydrocarbon-stapled peptides designed to interact with the
EGFR juxtamembrane (JM) segment, blocking its ability to form a coiled coil dimer that is
essential for receptor activation. These hydrocarbon-stapled peptides, most notably E1S, decreased
the proliferation of cell lines that express wild type EGFR (H2030 and A431) as well as those
expressing the oncogenic mutants EGFR L858R (H3255) or L858R/T790M (H1975). Although
our previous investigations provided evidence that E1S interacted with EGFR directly, the location
and details of these interactions were not established. Here we apply biochemical and cross-
linking mass spectrometry tools to define the interactions between E1S and EGFR that result in
EGFR inhibition. Our results suggest that E1S interacts simultaneously with both the JM and
C-lobe of the activator kinase, effectively displacing the JM of the receiver kinase. This model
suggests that E1S inhibits EGFR by both mimicking and inhibiting JM coiled coil formation and
suggests a novel strategy for the design of allosteric EGFR inhibitors.
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INTRODUCTION

The epidermal growth factor receptor (EGFR)® is a receptor tyrosine kinase that

acts as a conduit for information flow across the plasma membrane. In normal cells,
EGFR communicates signals that regulate key events in the coordination of cell growth,
differentiation, and migration.® Misregulation of this information flow, by virtue of EGFR
mutation or over-expression, is associated with many human cancers.’~10

EGFR is inhibited clinically by both monoclonal antibodies and small molecules.11.10.12.13
Clinically approved monoclonal antibodies such as cetuximab,4-16 panitumumab (ABX-
EGF/E7.6.3),1718 nimotuzumab (h-R3),19 and necitumumab?9-21 bind directly to the EGFR
extracellular domain (ECD) to competitively inhibit the binding of growth factors required
for receptor activation. By contrast, small molecule inhibitors of EGFR are tyrosine kinase
inhibitors (TKIs) that compete directly or indirectly with the binding of ATP to the
intracellular kinase domain.22:23 First generation TKIs such as erlotinib (OSI-774)24.25
and gefitinib (ZD1839/Iressa) 26,27 target a constitutively active, oncogenic EGFR variant
(L858R-EGFR)28-30 that accounts for nearly 7-8% of all EGFR mutations found in
patient populations31-33 by competing reversibly with ATP. Second and third generation
TKiIs such as afatinib (BIBW-2992)3435, rociletinib (CO-1686),36:35 WZ-400237 and
osimertinib (AZD-9291)38-40 target a more drug-resistant variant L858R/T790M-EGFR33
by irreversibly alkylating a conserved active site cysteine side chain (C797). Monoclonal
antibodies and small molecules that interact directly with EGFR can also be engineered to
induce EGFR degradation via either proteasomal®=47 or lysosomal“8 pathways.

EGFR activity can also be inhibited allosterically. Small molecule allosteric inhibitors

such as EA104549 and JBJ-04-125-02°0 inhibit the kinase activity of oncogenic EGFR
variants (most notably L858R/T790M/C797S EGFR®1) by binding to an allosteric pocket
located within the kinase domain. In addition, there are now several reports®2-58 of peptide
or peptidomimetic inhibitors that target the JM segment, an intracellular region whose
dimerization is essential for kinase activation.59-63 One set of inhibitors are hydrocarbon
stapled peptides®4-%6 designed to inhibit EGFR by blocking the formation of the antiparallel
JM coiled coil dimer (Figure 1).5455
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The most active hydrocarbon-stapled peptide evaluated was E1S (Figure 1), which contains
residues 650-666 of the EGFR JM segment with residues 654 and 661 substituted with
(R)-2-(7-octenyl)alanine and (S)-2-(4-pentenyl)-alanine,>*64 respectively, to install an /j+7
hydrocarbon cross-link between residues 5 and 12. E1S decreased the proliferation of

cell lines that express wild type EGFR (A431, H2030),35467 as well as those expressing
the oncogenic mutants EGFR L858R (H3255) or L858R/T790M (H1975).5467 E1S

also effectively down-regulated the autophosphorylation of both EGFR and downstream
activators such as Akt and Erk in A431 cells.>®

Multiple lines of evidence provided support for a direct physical association between EGFR
and E1S. An E1S analog modified with an N-terminal biotin (BE1S) sequestered full-length
EGFR from CHO-K1 cell lysates, providing support for a direct physical association
between E15 and EGFR.>* Additional evidence for a direct interaction between E1S and the
EGFR JM derived from bipartite tetracysteine display experiments,8:61-63 which revealed
that E1S inhibited the formation of both EGF-type and TGF-a-type JM coiled-coils whereas
inactive variants such as T1S had no effect (Figure S1B,C).5*

While our previous work®455 provided solid evidence that E1S interacts directly with
EGFR to inhibit its tyrosine kinase activity, the precise location of this interaction was

not established. While the simplest interpretation of our previous data®*>° supports a direct
interaction between E15 and the EGFR JM, we could not rule out an alternative model

in which either E1S interacts with EGFR elsewhere and allosterically inhibits coiled coil
formation, or more complex models in which E1S interacts with more than one region of
the 1186-amino acid receptor. In this work, we apply biochemical and cross-linking mass
spectrometry tools to identify the complex interactions between E15 and EGFR that result
in tyrosine kinase inhibition. Our results are consistent with a model in which E1S interacts
simultaneously with both the JM segment and the C-lobe of the activator kinase, displacing
the JM of the receiver kinase. This model suggests that the inhibition of EGFR kinase
activity by E1S arises not only from inhibiting coiled coil formation but also by blocking an
essential intramolecular interaction between the C-terminus of the JM (the region commonly
referred to as the *JM latch’6) with the kinase lobe. These types of interactions could form
the basis for a novel family of allosteric EGFR inhibitors.

MATERIALS AND METHODS

Materials.

All materials used in this study are described in the Supporting Information document.

Peptide Synthesis and Characterization.

Peptide synthesis, reverse-phase HPLC purification, MS confirmation, CD structural
determination, as well as profiling by cell viability, immuno-blot analysis of EGFR phospho-
inhibition, and bipartite tetracysteine display (ReAsH labeling) assays are described in the
Supplemental Experimental Procedures.
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Lysate pull-down and cross-linking.

A431 cells or CHO-K1 cells (transiently transfected with WT EGFR, EGFR-GGS, EGFR1-
998, or EGFRA958-1029 with the TransitCHO transfection kit, Mirus Bio, according to
directions) were harvested by using a non-enzymatic cell dissociation solution (Sigma),
separated into aliquots containing 1x10° cells, and lysed on ice for 1-2 h with 100 pL Lysis
Buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% Triton X-100,)
that was supplemented with protease and phosphatase inhibitor cocktails (Roche). Clarified
lysates were then treated with 25 uM affinity probe peptides (BIMWT, BE1S BE1,, S, BT1S,
BE4S, DBE1S BDE]S DBE4S or BDE4S) in 300 pL of binding buffer (50 mM Tris, 150

mM NaCl, pH 7.5), incubated with constant rotation for 2 h at 4°C, and then incubated

for 10 min on ice with or without UV irradiation (365 nm, UVL-56 handheld UV Lamp,
6W). Streptavidin-coated magnetic beads (100 uL slurry, GE Healthcare Biosciences) were
added to each reaction and incubated with constant rotation for 16 h at 4°C. Beads were
then washed with washing buffer (50 mM Tris, 150 mM NaCl, 2 M urea, pH 7.5) three
times, as previously described.>* To elute the sequestered proteins, the washed beads were
then incubated with 100 pL elution buffer (2% SDS) at 95°C for 10 min. Eluted proteins
were then incubated with protein-loading buffer and resolved by SDS-PAGE analysis, using
10% polyacrylamide gels (BioRad), followed by staining with Silver Stain Plus (BioRad)

or transfer to PVDF membranes for immuno-blotting (iBlot apparatus, Invitrogen). Immuno-
blotting was performed as previously described >* by utilizing rabbit anti-EGFR, anti-Biotin,
and anti-FLAG primary antibodies, followed by an HRP-conjugated anti-rabbit secondary
antibody (Cell Signaling Technology). Blots were visualized using Clarity Western ECL
reagents.

Photo-cross-linking assays with purified EGFR fragments.

Purified EGFR fragments (EGFR645-1186, EGFR672-1186, and EGFR1-621; Sigma-
Aldrich) were diluted into 100 pL of binding buffer (50 mM Tris, 150 mM NacCl, pH

7.5) and incubated with indicated equivalents of photo-affinity stapled peptide analogs, with
rotation for 2 h at 4°C in the dark. The samples were then irradiated with a 365 nm UV lamp
(365 nm, UVL-56 handheld UV Lamp, 6W) for 10 min on ice. Proteins were then prepared
for LC-MS/MS analysis or incubated with gel-loading dye and subjected to SDS-PAGE
analysis (10% polyacrylamide gel). Gels were then either stained with Silver Stain Plus
(BioRad) or transferred to PVDF membranes (iBlot membranes, Invitrogen) for subsequent
immuno-blotting, as previously described 54, by utilizing a rabbit anti- Biotin primary
antibody, followed by a HRP-conjugated anti-rabbit secondary antibody (Cell Signaling
Technology). Blots were visualized using Clarity Western ECL reagents.

In-Solution trypsin digest of protein samples.

EGFR645-1186 protein samples, post photo-cross-linking assay, were reduced with 10
mM dithiothreitol (DTT) for 1 h at room temperature, followed by carbamidomethylation
with 15 mM iodoacetamide (IAA) for 30 min at room temperature (in the dark). Protein
samples were then precipitated, by adding a 50/50 methanol/acetone mix in a 4:1 v:v ratio
to the sample, which was then incubated overnight at — 80°C. Chilled protein samples were
centrifuged for 30 min at 16,000 x g at 4°C, from which the resulting pellet was isolated
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for subsequent trypsinization. Trypsin digest was performed by resuspending the protein
pellet in 50 mM ammonium bicarbonate buffer (100 uL), to which Trypsin/LysC (Promega
Corporation) was added in a 1:20 w:w ratio to the sample. The protein trypsin digested at
37°C for 6 h, then quenched with 10 pL of 5% formic acid. Trypsinized peptides were then
extracted by SpeedVac-ing the tryptic solution. Dried peptides were resuspended in 0.1%
formic acid (20 pL), then desalted, concentrated, and purified with a C18 Resin Zip Tip
(EMD Millipore).

LC-MS/MS analysis of tryptic EGFR645-1186 peptides.

LC-MS/MS processing was performed by the Yale MS & Proteomics Resource of the

Keck Biotechnology Resource Laboratory (New Haven, CT). After ZipTip desalting, the
peptide sample was SpeedVac-ed dry and dissolved in 2% Formic Acid/0.1% Trifluoroacetic
Acid. An estimated 125 ng was injected for LC-MS/MS analysis on a Thermo Scientific

Q Exactive Plus mass spectrometer equipped with a Waters nanoAcquity UPLC system
utilizing a binary solvent system (Buffer A: 100% water, 0.1% formic acid; Buffer B: 100%
acetonitrile, 0.1% formic acid). Trapping was performed at 5 pul/min, 97% Buffer A for 3
min using a Waters Symmetry® C18 180 um x 20 mm trap column. Peptides were separated
using an ACQUITY UPLC PST (BEH) C18 nanoAcquity Column 1.7 pum, 75 pm x 250

mm (37°C) and eluted at 330 nL/min with the following gradient: 3% buffer B at initial
conditions; 5% B at 1 minute; 30% B at 140 minutes; 50% B at 155 minutes; 90% B at
160-170 min; return to initial conditions at 171 minutes. MS was acquired in profile mode
over the 300-1,500 m/z range using 1 microscan, 70,000 resolution, AGC target of 3E6,

and a full max ion time of 45 ms. Data dependent MS/MS were acquired in centroid mode
using 1 microscan, 17,500 resolution, AGC target of 1E5, full max IT of 100 ms, 1.7 m/z
isolation window, and a normalized collision energy of 28. Up to 20 MS/MS were collected
per MS scan on species with an intensity threshold of 1E4, charge states 2—6, peptide match
preferred, and dynamic exclusion set to 20 seconds.

Protein identification and sequence coverage confirmation with MyriMatch/BumberDash
and ID Picker.

Mascot generic format (mgf) files, obtained from LC-MS/MS analysis on an Orbitrap Q
Exactive mass spectrometer at the Yale Keck Mass Spectrometry Facility (New Haven,
CT), were further analyzed using the MyriMatch/BumberDash (v.1.4.115) and ID Picker
(v.2.6.271.0) software suite 69, A FASTA protein sequence database of the human proteome
(UniProt/SwissProt) was utilized as a reference, supplemented with the manual addition

of the GST-tagged EGFR645-1186 protein sequence. Tandem mass spectra were matched
with a mass tolerance of 25 ppm on precursor masses and 75 ppm for fragment ions.
Tryptic peptide matches were considered with up to five missed Lys/Arg cleavage sites (and
an inhibition of cleavage when the site precedes Pro) along with the static modification
carbamidomethylation of Cysteine (+57.0214 amu) and the variable modification oxidation
of Methionine (+15.99 amu). A false-detection rate (FDR) of 5%, with a minimal peptide
length of five amino acids, was set.
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StavroX cross-linking site identification.

RESULTS

Assignment of EGFR645-1186 residues that were cross-linked by photo-affinity stapled
peptide analogs (PBE1S, BDE1S, PBE4S or BDE4S) was performed with StavroX (version
3.6.0).70 StavroX in-silico cross-linked peptide fragments, calculated by generating a tryptic
peptide library derived from a FASTA file containing the amino acid sequence of EGFR645—
1186 (SRP 0239, Sigma) and the photo-affinity stapled peptide analog (°BE1S, BDE1S,
DBE4S, or BDE4S), were compared against the MS and MS/MS data extracted from Mascot
generic format (mgf) files that were obtained from LC-MS/MS analysis on an Orbitrap Q
Exactive mass spectrometer at the Yale Keck Mass Spectrometry Facility (New Haven, CT).
A maximum mass deviation of 10 ppm was applied between theoretical and experimental
precursor and fragment ions. Only b- and y-type ions with a signal-to-noise ratio (S/N) = 2
were considered for comparison with theoretical fragment ion masses. All amino acids were
defined as potential cross-linking sites for the Diazirine(SDA)-labeled N-terminal Lysine
residue of PBE1S and PBE4S, or for the Diazirine(SDA)-labeled C-terminal Lysine residue
of BDE1S and BPE4S. Carbamidomethylation of Cysteine (+57.0214 amu), oxidation of
Methionine (+15.99 amu), and three missed trypsin cleavage sites for Lysine and Arginine
were considered. Candidate cross-link sites with high scores (lower than the false-detection
rate (FDR) of 5%, based upon the distribution of false-positives derived from the reverse
protein sequences) were manually evaluated before being assigned as positives. The manual
evaluation involved confirming the presence and abundance of b- and y-type fragment ions
that were used to identify the cross-linked peptide adducts.

The interaction of EGFR with E1S demands an intact, native sequence JM segment.

First, we sought to determine whether the interactions of E1S with EGFR demanded the
presence of an intact, native sequence JM segment. These experiments made use of a
previously reported EGFR variant, EGFR-GGS,’? in which ten consecutive copies of the
tripeptide Gly-Gly-Ser replace residues 650-680 of EGFR (virtually the entire JM segment)
(Figure 2A). EGFR-GGS can be expressed in CHO-K1 cells at levels comparable to

WT EGFR'® and undergoes growth factor-induced dimerization, but the kinase remains
inactive (Figure 2B) - no autophosphorylation can be detected.’! We hypothesized that if

a native JM sequence is necessary for E1S to bind EGFR, then a biotinylated analog of

E1S (BE15)% should interact more favorably with WT EGFR than with EGFR-GGS, and
thereby sequester more EGFR from CHO-K1 cell lysates in traditional pull-down assays. As
negative controls, we prepared biotinylated analogs of the native WT JM sequence (BIMWT)
and two additional negative controls: hydrocarbon-stapled analogs of E1S in which the three
leucine residues (L655, L658 and L659) that contribute to EGF-type coiled coil formation
60-62 are replaced by alanine (BE1,; S)°* and one (BT1S) in which the hydrocarbon staple
replaces leucine residues (L655 and L659)>* (Figure 1, Table S1). Individually, these three
peptides, unadorned by a biotin tag and present at concentrations as high as 10 pM, fail to
detectably inhibit EGFR activity in A431 cells (Figure S1A).54

We first confirmed that EGFR-GGS was expressed at levels comparable to WT EGFR
in transiently transfected CHO-K1 cells’® (Figure 2C). Next, we prepared lysates from
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CHO-K1 cells transiently transfected with plasmids encoding WT EGFR or EGFR-GGS,
treated the lysates for 2h at 4°C with BE1S (0-25 pM) (Figure 2D) or the biotinylated
analogs (BIMWT, BE1,, S and BT1S; 25 uM) (Figure 2E) and isolated the interacting
proteins using streptavidin-conjugated magnetic beads. The eluted proteins were resolved
by SDS PAGE and the relative levels of sequestered WT EGFR or EGFR-GGS evaluated by
immunoblotting with an anti- EGFR antibody (Figure 2D and E). We observed that although
both WT EGFR and EGFR-GGS were sequestered by BE1S from CHO-K1 cell lysates in a
concentration-dependent manner (Figure 2D), at a given concentration of BE1S, the level of
WT EGFR sequestered from cell lysates was approximately 3-fold higher than the level of
EGFR-GGS (Figure 2D and E). In contrast, the levels of both WT-EGFR and EGFR-GGS
sequestered by the negative controls BIMWT and BT1S (25 pM) was negligible, providing
evidence that the sequestration by BE1S required both the induced secondary structure
provided by the hydrocarbon staple and a specific interaction with the receptor (Figure

2E). Interestingly with the negative control BE1,, S (25 pM), although WT EGFR was
sequestered 2-fold less than by BE1S, comparable amounts of EGFR-GGS were sequestered
by equal concentrations of BE1,, S and BE1S (Figure 2E). These results suggest that E1S and
E1,. S contain residues that bind the JM segment of EGFR, regardless of the JM sequence,
or that they also bind another region of EGFR (Vide infra).

Photo-affinity labeling experiments confirm that an intact, native sequence JM segment is
required for interaction between E1S and EGFR.

We next designed a set of photo-affinity probes to more directly localize the E1S interaction
site within EGFR. These probes (PBE1S and BDE15) contained the complete sequence

of E15, extended at both the N- and C-terminus to include either a biotin tag (installed

using NHS-LC-biotin) or a methyl diazirine tag (installed using NHS-diazirine, succinimidyl
4,4’-azipentanoate) 273 (Figure 3A, Table S1). Irradiation of a diazirine with 330-370 nm
light induces loss of N, and formation of a carbene that can insert into proximal C-H,

N-H, and O-H bonds.” When the diazirine is appended to a protein-binding ligand, this
insertion reaction can facilitate the identification of amino acids that are proximal to the
ligand interaction site.”2 As negative controls, we prepared an analogous set of biotinylated
and photo-affinity probes (BE4S, PBE4S and BPE4S; Table S1) containing the sequence

of E4S, an inactive variant of E1S that inhibits neither EGFR activity nor JM coiled-coil
formation (Figure S1).54 Preliminary experiments (circular dichroism, cell viability, western
blot analyses and bipartite-tetracysteine display) confirmed that the set of biotinylated and
photo-affinity probes prepared (BE1S, PBE1S and BPE1S) were comparable to the previously
reported® unadorned E1S analog in terms of secondary structure, activity, and effect on JM
coiled coil formation (Figure S2). The biotinylated and photo-affinity probes containing the
sequence of E4S (BE4S, DBE4S and BDE4S) also displayed comparable secondary structure
and activity to the unadorned E4S analog (circular dichroism and cell viability) (Figure S2).

In order to evaluate the photo-induced chemical activity of the diazirine-containing probes,
we performed /n vitro cross-linking and pull-down experiments. Lysates prepared from
CHO-K1 cells transiently transfected with either WT EGFR or EGFR-GGS were first
incubated for 2h with 25 uM of the biotinylated or photo-affinity probes (BE1S, PBE1S,
BDE1S, BE4S, DBE4S and BDE4S), then irradiated with UV light (365 nm) (or not) for
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10 min at 4°C. Proteins in the cell lysate that were either non-covalently sequestered or
covalently cross-linked were isolated using streptavidin-coated magnetic beads and resolved
using SDS-PAGE (Figure 3A). The gels were probed with an anti-EGFR antibody to
estimate the relative levels of sequestered WT EGFR or EGFR-GGS and with an anti-biotin
antibody to identify cross-linked proteins.

We first analyzed the levels of EGFR sequestered without UV irradiation (Figure 3B).
BDE1S and PBE1S both sequestered WT EGFR and EGFR-GGS from CHO-K1 cell lysates
at levels comparable to BE1S; in all cases, WT EGFR was sequestered more effectively

than EGFR-GGS (which does not contain a native EGFR JM). By contrast, the inactive
variants BE4S, PBE4S and BPE4S failed to sequester either WT or EGFR-GGS from cell
lysates. Next we analyzed the levels of cross-linked proteins sequestered after UV irradiation
(Figure 3C). UV irradiation significantly increased the yield of sequestered WT EGFR,
while the yield of sequestered EGFR-GGS increased only modestly (Figure 3C). Lower
levels of cross-linked protein were sequestered by the inactive variants PBE4S and BPE4S
(Figure 3C). Overall, these observations confirm that both PBE1S and BPE1S associate with
WT EGFR (regardless of the location of the biotin and diazirine moieties), require a native
EGFR JM for this association, and possess photo-inducible cross-linking activity. Moreover,
the observation that both BPE1S and PBE1S (but not PBE4S and BPE4S) also sequester and
cross-link to EGFR-GGS (albeit to a lower extent) emphasizes that interactions outside of
the JM segment must also be considered.

EGFR645-1186 is a model for the interaction of E1S with full length EGFR.

Having validated the activity of photo-affinity probes PBE1S and BPE1S, we next set out

to use them to identify the site(s) of direct interaction with EGFR. For this experiment we
made use of soluble EGFR fragments (EGFR645-1186, EGFR672-1186 and EGFR1-621)
to simplify identification of the cross-linked site(s) (Figure 4A). Two of the fragments
contained the complete EGFR kinase domain (residues 682 — 957) and the C terminal

tail (residues 958 — 1186) along with either the complete JM segment (residues 645-681;
EGFR645-1186) or a short fragment thereof (residues 672-681; EGFR672-1186). The third
EGFR fragment contained only the extracellular domain (residues 1-621, EGFR1-621). We
hypothesized that the photo-affinity probes PBE1S and BPE1S would associate and cross-link
most efficiently to EGFR fragments containing the key interaction surfaces used by E1S to
bind the intact receptor. Based on our previous observations, this EGFR fragment would
most likely be the one containing a complete JM segment, namely EGFR645-1186, and not
one where the JM is either incomplete (EGFR672-1186) or missing entirely (EGFR1-621).

Solutions of the three EGFR fragments (EGFR645-1186, EGFR672-1186 and EGFR1-621)
(0.15 uM) were incubated with increasing concentrations of photo-affinity probes PBE1S

or BPE1S (0-100 equivalents) for 2 h and then irradiated (365 nm, 10 min). The reaction
products were resolved using SDS-PAGE and stained (Silver Stain Plus™) to verify that

all samples contained a comparable level of each EGFR fragment (Figure 4A). We next
evaluated the yield of cross-linked biotinylated products by immunoblotting with an anti-
biotin antibody (Figure 4B). We observed high yields of cross-linked products when PBE1S
and BPE1S were incubated with EGFR645-1186 (which contains a complete JM segment)
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(Figure 4B) but not with either EGFR672-1186 (with a partial JM) or EGFR1-621 (JM is
absent), even with a 10-fold excess of the probes (Figure 4B). Overall, our results highlight
the need for an intact JM segment for proper interaction of E1S with the receptor and
validate the soluble fragment EGFR645-1186 as a model for this interaction.

Mass spectrometry reveals the locations of cross-links between E1S photo-affinity probes
and EGFR645-1186.

With functional photo-affinity probes (PBE1S and BPE1S) at hand and a suitable system
(EGFR645-1186) to model E1S interactions with EGFR, we proceeded to use high-
resolution mass spectrometry (MS) to identify the sites within EGFR645-1186 that become
cross-linked to each photo-affinity probe upon irradiation. We incubated EGFR645-1186
(0.15 pM) with 1 equivalent of either PBE1S, BDE1S DBE4S or BDE4S for 2 h at

4°C, irradiated the solution at 365 nm for 10 min, and digested the reaction mixture

with trypsin.”® The resulting tryptic fragments were subjected to LC-MS/MS analysis
using a Q Exactive Orbitrap system and spectra compared with those obtained from a
mock reaction that lacked any photoaffinity probe. LC-MS/MS conditions were chosen

to ensure adequate coverage of the entire EGFR645-1186 sequence. Comparison of the
experimentally obtained MS and MS/MS spectra with the Human Proteome FASTA
database using MyriMatch®® showed that the percent of the EGFR645-1186 sequence found
among the tryptic fragments was high: 96.7, 97.9, 93.6, 96.1, and 94.9% for the mock,
DBE1S BDE1S DBE4S and BPE4S -treated samples, respectively (Table S2, Figure S4).

We next used StavroX 70 to identify peptides whose masses indicated that they were
derived from tryptic cleavage of cross-linked EGFR645-1186. StavroX ' performs in silico
proteolysis and effectively acknowledges both the complexity of diazirine insertion reactions
and the reality that a cross-linked hydrocarbon-stapled peptide (PBE1S, BPE1S, PBE4S or
BDE4S ) can itself undergo tryptic cleavage. The StavroX output consists of a library of
virtual MS and MS/MS spectra that can be compared directly with experimental spectra.’®
Each comparison is scored on the basis of the quality of the experimental fragment ion
mass spectrum (the number of signals above a specified signal-to-noise ratio) and on the
abundance and length of the ionized species. To eliminate false positives, StavroX generates
a second virtual library containing the MS and MS/MS spectra expected for reaction and
tryptic digestion of the reverse target sequence and calculates a false detection rate (FDR)
for each potential match by comparing the scores of the candidate cross-linked peptides
obtained from the correct versus the reversed (false-positive) StavroX evaluations. In this
work, we retained only the highest scoring cross-linked peptides (FDR < 5%). We then
manually inspected the experimental MS/MS spectra of the highest scoring cross-linked
peptides to ensure that (1) each represented a cross-link between EGFR645-1186 and

the correct diazirine-modified lysine of PBE1S, BDE1S, DBE4S or BDE4S: and (2) that the
high-resolution b- and y-fragment ions were present and consistent with the candidate
cross-linked peptide sequence proposed by StavroX. Of the 107 high-scoring candidate
cross-linked peptides identified by StavroX, 27 were manually verified and defined as
genuine cross-linked peptides: 24 derived from tryptic cleavage of EGFR645-1186 cross-
linked to PBE1S, whereas 3 derived from tryptic cleavage of EGFR645-1186 cross-linked
to BDE1S (Table S3 and S4, Figures S5 and S6). No true-hits were identified in samples of
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EGFR645-1186 that had been mock-treated (no probe) or treated with PBE4S and BPE4S
(negative controls).

cations provide evidence for a direct interaction between E15 and the EGFR

The StavroX analysis revealed that E15-based photo-affinity probes cross-link to two
discrete regions of EGFR645-1186: the JM segment and the C-terminal tail (Figure 5).

Of the 27 cross-linked peptides identified as genuine hits, 5 contain sequences from the

JM segment and 22 contain sequences from the C-terminal tail. Notably, the patterns of
cross-linked products generated by PBE1S and BPE1S were not the same: incubation of
EGFR645-1186 with PBE1S led to cross-links within the JM segment (positions 663-664
and 665-666) and the C terminal tail (positions 976-982, 983-991, 1032-1035, 1045-1048,
1137-1139, and 1148-1151, Figure 5A), whereas incubation of EGFR645-1186 with BPE1S
led only to cross-links with the JM segment (positions 663-666 and 669, Figure 5B). These
positions are located immediately to the C-terminal side of the JM coiled coil-forming
region (positions 650-663, Figure 2A) in a region commonly referred to as IMg. It is

worth noting that we did not observe any genuine hits corresponding to cross-links with

the N-terminal region of the JM segment (JMp). The IMp segment of EGFR contains a
preponderance of proximal Lys and Arg residues (positions 650-657: VRKRTLRR) (Figure
2A) that obscures the identification of cross-links in this region using mass spectrometry.
Nevertheless, the patterns of cross-links induced by PBE1S and BPE1S are consistent with a
model in which these molecules interact directly with the EGFR JM segment, although we
cannot rule out an additional interaction with the C-terminal tail.

What about the C-terminal tail?

The fact that the majority of cross-links observed upon treatment of EGFR645-1186 with
DBE1S fall within the C-terminal tail suggests that either E1S also interacts directly with
the C-terminal tail or that the C-terminal tail (or portions thereof) is proximal to the JM
segment. Although the C-terminal tail spans 229 residues (residues 958-1186), only the
kinase-proximal region (residues 958-990) has been resolved by crystallography. The high-
resolution structure of inactive (symmetric) EGFR dimers containing this kinase-proximal
region show C-terminal tail residues 982—-990 nestled against the kinase C-lobe surface of
the same polypeptide chain in a position that precludes formation of the active, asymmetric
kinase dimer.6%:76 The high-resolution structure of the active (asymmetric) EGFR dimer
shows the same C-lobe surface on the activator kinase engaged by the C-terminal region of
the JM segment (residues 664—670, often referred to as the JM latch®?), and the C-terminal
tail (residues 958-998, albeit with discontinuous electron density) of the receiver kinase
engaged with the N- and C-lobes of the activator kinase, within 20 A of the receiver JM
segment.>9

Evidence that E1S does not interact directly with the EGFR C-terminal tail.

To determine whether PBE1S interacts directly with the C-terminal tail, we performed a final
set of experiments using expressed EGFR fragments in which portions of the C-terminal

tail had been deleted.”® One variant, EGFRA958-1029, lacked 72 residues found in the
N-terminal region of the C-terminal tail (residues 958-1029), while another, EGFR1-998,
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lacked 188 residues from the C-terminal region (residues 999-1186). Both of the deleted
segments of the C-terminal tail contain residues that were cross-linked to PBE1S (Figure
6A). To evaluate these interactions, we used CHO-K1 cells transiently transfected to
express FLAG-tagged versions of WT EGFR, EGFR1-998, or EGFRA958-1029. Lysates
prepared from these cells were incubated for 2 h with 25 pM PBE1S and irradiated with

UV light (365 nm) for 10 min on ice. Proteins sequestered by PBE1S were isolated

by using streptavidin-coated magnetic beads and resolved using SDS PAGE as described
previously; the gels were subsequently immuno-blotted to identify the relative levels of each
FLAG-tagged EGFR variant (Figure 6C). WT EGFR and EGFR1-998 were expressed in
CHO-K1 cells to roughly equivalent levels, while the level of expressed EGFRA958-1029
was reproducibly 30-40% lower (Figure 6B). We reasoned that if PBE1S binding relied
upon a direct interaction with the C-terminal tail, then one or both of the truncated EGFR
fragments (EGFRA958-1029 or EGFR1-998) would interact with PBE1S less favorably than
did WT EGFR. This decrease was not observed. The level of EGFRA958-1029 sequestered
by PBE1S was comparable (once normalized for expression) to the level of WT EGFR
sequestered, indicating that the presence of residues 958-1029 within the EGFR C-terminal
tail are not required for a strong interaction with E15. Furthermore, we observed that the
level of EGFR1-998 sequestered by PBE1S was significantly higher (4-fold higher when
normalized for expression) than the level of sequestered WT EGFR (Figure 6D). This result
implies that E1S interacts more favorably with EGFR when much (188 residues) of the
C-terminal tail is absent, as in EGFR1-998. These observations indicate that (1) the EGFR
C-terminal tail does not interact directly with E15; and (2) that C-terminal tail residues
999-1186 hinder the interaction between E1S and EGFR.

DISCUSSION

We previously reported a hydrocarbon-stapled peptide E15 which, at low micromolar
concentrations, decreases the viability of EGFR-expressing cells, down-regulates EGFR
autophosphorylation and downstream activators (Erk and Akt), effectively sequesters full
length EGFR from CHO-K1 cell lysates, and decreases the extent of coiled coil formation
within the JM segment of EGFR dimers assembled on the cell surface.>* Although these
studies pointed circumstantially to a direct interaction between E1S and the EGFR JM
segment, no direct evidence of that interaction was reported.

In this work, we made use of biochemical and cross-linking MS tools to provide direct
evidence that E1S interacts directly with the EGFR JM segment. Traditional pull-down
experiments demonstrated that the strongest interaction between E1S and EGFR in CHO-K1
cell lysates requires an intact, native sequence JM segment. Cross-linking MS experiments
revealed a close proximity between the C-terminal region of the JM segment and two
complementary diazirine-modified E1S analogs, PBE1S and BPE1S. Although the cross-
linking MS data additionally revealed a close proximity between PBE1S and the regions

of the EGFR C-terminal tail, subsequent experiments with EGFR fragments lacking two
different regions of the C-terminal tail ruled out a direct interaction between E1S and this
region of EGFR.
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While the data described above are consistent with a simple model in which E1S simply
binds the EGFR JM of either the activator or receiver kinase to inhibit formation of an
activated dimer, several observations suggest a more complex interaction. The first is the
relationship between the structure and inhibitory activity of E1S analogs. Although several
(> 11) hydrocarbon-stapled versions of the EGFR JM segment were evaluated as potential
EGFR inhibitors,>*5 only E15, with an //+7hydrocarbon staple between EGFR residues
654 and 661, and E25, with a / /+4 hydrocarbon staple between EGFR residues 657 and 661,
effectively inhibited the proliferation of A431 or H2030 cells, which express WT EGFR
(Figure S1).54 E1S analogs E4S, T1S, and T4S failed to decrease the proliferation of these
two cell lines, as did E3S, T2S, and T3S (Figure S1); these analogs differ from one another
only by the location of an /,/+4 or i,/+3hydrocarbon staple (and the amino acid substitutions
required for its installation) (Figure 1). The inhibition by E1S analogs of JM coiled coil
formation within EGFR expressed on the cell surface is also dependent on staple location,
and in an identical manner (Figure S1). These data suggest that the ability of E1S to inhibit
EGFR relies on a large fraction of its molecular surface — far more than what would be
required for a simple paired coiled coil interaction.

The second confounding piece of data, reported here, is the observation of significant
cross-links between PBE1S and EGFR-GGS, ! a variant of full length EGFR whose

JM sequence is replaced by a repetitive tripeptide repeat (GGS) that lacks the essential
elements required for JM coiled coil formation (Figure 2). As noted previously, although
an intact, native sequence JM segment is required for the strongest interaction with E15,
the observation of significant interactions between PBE1S and EGFR-GGS suggests that
either E1S binds the JM segment regardless of its sequence, or that it also binds another
region of EGFR. Combined with the SAR results, this data raises the possibility that E15
interacts simultaneously with two regions of EGFR — the JM and someplace else. The final
evidence for a more complex E15 binding mode, also reported here, is the observation that
an EGFR deletion fragment lacking the distal region of the C-terminal tail (EGFR1-998) is
sequestered by PBE1S more than 4-times better than WT EGFR itself (Figure 6), suggesting
the involvement of this C-terminal tail region in influencing E1S binding.

Interpretation of this data in the context of a sophisticated molecular dynamics-derived
model of the active full length receptor dimer® (Figure 7A) helps provide a consistent picture
of the complex interactions between E1S and EGFR. Several elements of this model® are
especially notable. First, the model shows the helical region of the receiver kinase JM
(residues 645-663) interacting in an antiparallel orientation with the activator kinase JM in a
manner that resembles the antiparallel coiled coil observed by NMR.60:77 In this interaction,
the leucine-rich face of the receiver kinase JM faces the leucine-rich face of the activator
kinase JM. The model also shows the helical region of the receiver kinase JM (residues
645-663) interacting with the surface of the C-lobe of the activator kinase, with the polar
face of the receiver JM facing the activator kinase, and the receiver kinase JM latch (residues
664-68150) directly interacting with the activator kinase C-lobe. Finally, the model shows an
interaction between the C-terminal tail of the activator kinase (residues 958-995) with the C-
and N-lobes of the activator kinase, within 5-20 A of the receiver JM.5
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Notably, the details of this model are largely consistent with (1) the only high-resolution
crystal structure of the asymmetric (active) EGFR kinase dimer that contains the JM domain
(EGFR645-998 K721M; PDB ID: 3GOP)>? and (2) the structure of the antiparallel JM
coiled coil (with or without the appended transmembrane segment) as determined by
NMR.5%.77 |mportantly, the model is also consistent with bipartite tetracysteine display
experiments61:62 that clearly reveal that the EGFR JM segment can interact with a partner
using either the leucine rich face or the polar face. The interactions of the receiver kinase
JM described above (Figure 7A) led us to consider three models for the interaction of E1S
with EGFR (Figure 7B). All involve the interaction of a single molecule of E1S with a single
EGFR dimer. In one (Model 1), E1S interacts with the receiver JM to form an antiparallel
coiled coil, displacing the activator JM. In the second (Model 2), E1S interacts with the
activator JM to form an antiparallel coiled coil, displacing the receiver JM. In the third
(Model 3), E1S replaces the receiver JM and interacts simultaneously with both the C-lobe
of the activator kinase and the activator JM. To evaluate these three models and guide future
experimentation, we considered the locations on EGFR that become cross-linked to PBE1S
(which carries an N-terminal diazirine) and BPE1S (which carries a C-terminal diazirine)
within the context of the MD-derived model of full-length EGFR ° (Figure 7A) as well as
the SAR for E15 analogs discussed above.

Model 1 is not consistent with the different patterns of EGFR cross-links generated by
DBE1S and BPE1S, Interaction of PBE1S with the receiver kinase JM in an antiparallel
orientation would lead to cross-links with the JMg region of the receiver kinase but not the
C-terminal tail of the activator kinase. Interaction of BDE1S with the receiver kinase JM in
an antiparallel orientation would lead to cross-links with the C-terminal tail of the activator
kinase and the JMg region of the activator kinase. In this arrangement, one would expect

to observe C-terminal tail cross-links using BPE1S, which is not what is observed: PBE1S
generates cross-links to the C-terminal tail (Figure 5A). Model 1 is also not consistent with
the E1S SAR, as it is not obvious why a large fraction of the E1S molecular surface would be
required for this interaction.

Models 2 and 3 are both consistent with the observed patterns of EGFR cross-links. In

the case of Model 2, interaction of PBE1S with the activator kinase JM in an antiparallel
orientation could lead to cross-links with the JMg region of the activator kinase and

its associated C-terminal tail. Interaction of BPE1S with the activator kinase JM in an
antiparallel orientation would lead to cross-links with only the JMg region of the receiver
kinase. In this arrangement, one would expect to observe both C-terminal tail and JMpg
cross-links using PBE1S and only JMg cross-links using BPE1S, precisely what is observed
(Figure 5A). In the case of Model 3, E15 replaces the receiver JM to interact simultaneously
with both the C-terminal lobe of the activator kinase and the activator kinase JM. This model
is expected to generate the same cross-link pattern as Model 2: C-terminal tail and JMB
cross-links using PBE1S and only JMB cross-links using BPE1S, precisely what is observed
(Figure 5A). However, Model 3 is more consistent with the previously reported SAR for
E1S analogs: simultaneous interaction of E15 with the JM and C-lobe of the activator kinase
would explain the strict requirement for a large fraction of the E1S molecular surface.

Biochemistry. Author manuscript; available in PMC 2022 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sinclair et al. Page 14

In summary, here we apply biochemical and cross-linking mass spectrometry tools to
increase understanding of how E1S interacts with EGFR to allosterically inhibit kinase
activity. Our results favor a model (Model 3) in which E15 makes use of virtually its entire
molecular surface to interact with EGFR. One surface, rich in hydrophobic leucine side
chains, interacts in an antiparallel arrangement with the JM segment of the activator kinase.
The opposite surface, rich in polar residues, interacts with the C-lobe of the activator kinase
to displace the JM latch of the receiver kinase, a region crucial for kinase activation. This
model implies that the inhibition of EGFR kinase activity by E1S arises not simply from just
inhibiting coiled coil formation but in addition by blocking and displacing an intramolecular
interaction between the JM latch and the kinase lobe that is essential for formation of the
fully active, asymmetric kinase dimer. This complex binding mode provides a structurally
well-defined starting point for the design or discovery of more effective peptide mimetics
and small molecules that can inhibit EGFR in an analogous way.
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A 645 JM-A Domain 671
—O —

—RRRHIVRKRTLRRLLOERELVEPLTPS-
JMWT VRKRTLRRLLOERELVE
VRKRZLRRLLOXRELVE
E2S VRKRTLRXLLOXRELVE
E3S VRKRTLXRLLXERELVE
E4S VRKRTLRBLLXERELVE
T1S VRKRTXRRLXQERELVE
T2S VRKRTLBRLXQERELVE
T3S VRKRTBRRXLOQERELVE
T4S VRKRXLRRXLOERELVE
E1 A SVRKRZARRAAQXRELVE

Figurel.
Design of stapled peptides targeting specific JM interfaces (A) Sequences of the EGFR

juxtamembrane (JM) segment (EGFR residues 645-671) and hydrocarbon-stapled peptides
studied herein. Shown are the locations of unnatural amino acids (R)-2-(7”-octenyl)alanine
(2), (S)-2-(4-pentenyl)-alanine (X), and (R)-2-(4"-pentenyl)-alanine (B) used to install
L,i+3, I,i+4, or I,i+7cross-links between the indicated residues. (B) Helical wheel
representation of the hydrocarbon-stapled peptides shown in (A). The leucine-rich and polar
faces of the peptides are highlighted in red and blue, respectively. See also Figure S1.
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EGFR GGS: -RRRHKLGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSRILK-

(GGS)10 Sequence
B C —  WT GGS
kDa
250+
150 + ..
WT EGFR
Norm.
EGFR -GGS EGFR [0.01 1.00 1.02
D WT EGFR EGFR-GSS
B
- 01 1 5 10 25| - 01 1 5 10 25
(M) <Da
+ 250
e s -
Eggg 0.01 0.03 0.16 0.25 0.64 1.00 [0.02 0.05 0.110.16 0.28 0.33
E WT EGFR EGFR-GSS
By:| = JMWT E1a1S T1S | = JMWT E1ALS T1S | kDa
[—— + 250
- - ‘_ s 1150
E‘gg;- 0.00 001 1.00 046 007 | 0.01 001 089 074 002
0.00 001 100 046 007 001 000 066 055 0.02
Relative EGFR-Pulldown to Input EGFR level
Figure 2.

A wild type JM sequence is necessary for the interaction of EGFR with E1S. (A) JM
sequences of WT EGFR and EGFR-GGS (residues 645-684). WT EGFR residues mutated
in EGFR-GGS are highlighted in red. (B) Cartoon illustrating the domains of WT EGFR and
EGFR-GGS. EGFR-GGS lacking the native JM is unable to activate the kinase (C) Relative
levels of expressed EGFR in lysates prepared from CHO-K1 cells transfected with plasmids
encoding WT EGFR (WT) or EGFR-GGS (GGS). (D and E) Immunoblots illustrating the
relative levels of WT EGFR or EGFR-GSS sequestered from lysates of CHO-K1 cells
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expressing these variants, incubated with (D) the indicated concentration (uM) of BE1S or
(E) 25 puM of biotinylated analogs BIMWT BE1S BE1,, S and BT1S. The fraction of EGFR
sequestered was normalized to the fraction of WT EGFR sequestered by 25 uM BE1S, Band
intensities were quantified with ImageJ (v.1.46r). The values shown represent the average of
3 independent replicates.
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Figure 3.
Photo-affinity labeling experiments confirm that an intact, native sequence juxtamembrane

segment is required for a high affinity interaction between E1S and EGFR. (A) Scheme
illustrating potential cross-linking reactions between EGFR and either BPE1S, DBE]S,
BDE4S or PBE4S, (B,C) Immunoblots illustrating proteins sequestered by biotinylated
photo-affinity probes without (B) or with (C) irradiation at 365 nm. Lysates of 10°
transiently transfected CHO-K1 cells were treated for 2 h with 25 uM of the indicated
molecule (BPE1S, DBE1S, BE1S BDE4S DBE4S or BE4S) and irradiated (or not) for 10
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min at 4°C. Treated lysates (in 300 pL of Binding Buffer) were then incubated overnight
with 100 uL streptavidin coated-beads (Streptavidin Mag Sepharose beads), washed, and the
proteins eluted using 2% SDS buffer. Sequestered proteins were resolved using SDS-PAGE
(10% polyacrylamide) and immuno-blotted to detect EGFR or biotin. The relative WT:GGS-
EGFR levels in lysates were 1:1.5. See also Figures S2 and S3
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Figure 4.
EGFR645-1186 is a model for the interaction of E1S with full length EGFR in cells. (A)

Silver Stain blots illustrating the relative concentration of EGFR fragments EGFR645-1186,
EGFR672-1186, or EGFR1-621 (0.15 pM) incubated with 0 or 100 equivalents PBE1S or
BDE1S for 2 h, then irradiated (365 nm,10 min). Samples were resolved by SDS-PAGE
(10% polyacrylamide) and stained with Silver Stain PlusTM (BioRad) (B) Immunoblots
illustrating the relative amounts of biotinylated fragments EGFR645-1186, EGFR672-1186,
or EGFR1-621 post- incubation with 0, 1, 10, 50 or 100 equivalents of PBE1S or BDE1S for
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2 h, irradiated, resolved and immunoblotted using an anti-Biotin antibody. See also Figure
S3.
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Figureb.
Mass spectrometry reveals the locations of cross-links between E1S photo-affinity probes

and EGFR645-1186. Cartoon representation of the sites within EGFR645-1186 that become
cross-linked (indicated by yellow dots) to (A) PBE1S or (B) BPE1S. Models representing
potential modes of binding of (C) PBE1S or (D) BPE1S to the JM segment of EGFR645-
1186, in an antiparallel orientation. See also Figures S4, S5 and S6.
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Figure®6.

Evidence that E15 does not interact directly with the EGFR C-terminal tail. (A) Domain
architecture of WT EGFR and EGFR fragments EGFRA958-1029 or EGFR1-998 used

in this study. The locations of the cross-links between PBE1S and EGFR645-1186

are indicated by yellow dots. (B) Relative levels of FLAG-tagged proteins detected

in lysates prepared from CHO-KZ1 cells transiently transfected with plasmids encoding
FLAG-tagged WT EGFR, EGFRA958-1029, or EGFR1-998. Lysates were prepared and
analyzed as described in the legend for Figure 3, but immunoblotted with an anti-FLAG
antibody. (C) Western blot illustrating the relative levels of the indicated FLAG-tagged
proteins sequestered after treatment with PBE1S, irradiation, and overnight incubation with
streptavidin coated-beads. (D) The intensities of FLAG-tagged bands in six replicate assays
were measured, normalized to the level of WT EGFR sequestered by 25 uM of PBE1S,

and plotted. Error bars represent the standard error of the mean: ****p < 0.0001; one-way
ANOVA with Dunnett post-analysis accounting for multiple comparisons. Protein band
intensities were measured using ImageJ, version 1.46r.
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Figure7.
Three models for the complex interactions between E1S and EGFR. (A) Molecular

dynamics-derived model of the active EGF receptor asymmetric dimer °. Only residues
645-995 of the receptor are shown. The juxtamembrane (JM) segments (residues 650-666)
of both the activator and receiver kinases are indicated, as are the JM latch of the receiver
kinase and the C-terminal tail of the activator and receiver kinases (residues 983-995). (B)
Cartoons illustrating three models for the interactions of E1S and EGFR. In Model 1, E1S
binds to the EGFR JM segment of either the activator or receiver kinase (only the first of

Biochemistry. Author manuscript; available in PMC 2022 February 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sinclair et al.

Page 30

these two options is shown) and inhibits its ability to pair with the JM segment of the second
receptor of the dimeric partnership. In Model 2, E1S binds the JM segment of the receiver
kinase as this segment interacts with the C-lobe of the activator kinase. In Model 3, E15
replaces the receiver JM segment from the C-lobe of the activator kinase and simultaneously
interacts with the activator JM segment.
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