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Received 8 June 2011; Growth-receptor-bound protein (Grb)7 is an adapter protein aberrantly
received in revised form overexpressed, along with the erbB-2 receptor in breast cancer and in other
13 July 2011; cancers. Normally recruited to focal adhesions with a role in cell migration, it
accepted 14 July 2011 is associated with erbB-2 in cancer cells and is found to exacerbate cancer
Available online progression via stimulation of cell migration and proliferation. The G7-
23 July 2011 18NATE peptide (sequence: WFEGYDNTFPC cyclized via a thioether bond)

is a nonphosphorylated peptide that was developed for the specific
Edited by I. Wilson inhibition of Grb7 by blocking its SH2 domain. Cell-permeable versions of

G7-18NATE are effective in the reduction of migration and proliferation in
Keywords: Grb7-overexpressing cells. It thus represents a promising starting point for
Grb?7 inhibitor; the development of a therapeutic against Grb7. Here, we report the crystal
SH2 domain; structure of the G7-18NATE peptide in complex with the Grb7-SH2 domain,
cyclic peptide; revealing the structural basis for its interaction. We also report further
ITC; rounds of phage display that have identified G7-18NATE analogues with
phage display micromolar affinity for Grb7-SH2. These peptides retained amino acids F2,

G4, and F9, as well as the YDN motif that the structural biology study
showed to be the main residues in contact with the Grb7-SH2 domain.
Isothermal titration calorimetry measurements reveal similar and better
binding affinity of these peptides compared with G7-18NATE. Together, this
study facilitates the optimization of second-generation inhibitors of Grb?7.
© 2011 Elsevier Ltd. All rights reserved.
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Abbreviations used: Grb, growth-receptor-bound propagation of signal transduction pathways.
protein; FAK, focal adhesion kinase; PDB, Protein Data Under normal cellular conditions, Grb7 plays a
Bank; ITC, isothermal titration calorimetry; HRP, role in integrin-mediated cell migration via direct
horseradish peroxidase. interaction with focal adhesion kinase (FAK) at focal
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contacts (reviewed in Refs. 1 and 2). This is
consistent with its evolutionary relationship to the
Mig10 cell migration protein of Caenorhabditis
elegans.” Grb7 has become of particular interest,
however, in cancer cells where it is massively
overexpressed and interacts with the well-known
propagator of cancerous cell growth, the erbB- 2
(also known as Neu/HER-2/EGFR-2) receptor.*
Grb7 is tightly coamplified with erbB-2 in approx-
imately 20-25% of breast cancer cell lines, and there
isalso a strong correlation between erbB-2 and Grb7
overexpressmn in esophageal, gastric, and ovarian
cancers.”” Grb7 overexpression has been noted in
32% of Barrett's adenocarcinomas® and has been
correlated w1th poor prognosis for hepatocellular
carcinoma.” Most recently, a study of high Grb7
expression in 638 primary breast cancer specimens
was found to correlate with decreased survival of
the patients.'”

There is now compelling evidence that the over-
expression of Grb7 directly impacts the proliferative
and metastatic potential of these cancers (and is not
just a benign result of amplification that occurs due
to the close proximity of the Grb7 gene to the erbB-2
gene on the 17q12 amplicon). In recent studies
correlating Grb7 overexpression with clinical out-
come, Grb7 protein overexpression has been shown
to be an adverse prognostic factor i In human breast
cancer independent of erbB-2.''! In studies
designed to directly determine the role of Grb7, it
has been shown that the removal of Grb7 from
breast cancer cells (using RNAIi) reduces breast
cancer cell viability and increases the activity of the
anti-erbB-2 cancer therapeutic lapatinib.'">" Grb7
overexpression in breast cancer cells has been shown
to facilitate the phosphorylation of erbB-2 and AKT
and, in mouse xenograft studies, promote the
xenograft growth It thus appears that Grb7
upregulation acts in concert with erbB-2 to promote
cancer cell proliferation. With respect to its role in
metastasis, overexpression of Grb7 has been shown
to enhance cell migration, whereas inhibition of
Grb7 (by overexpression of the Grb7 SH2 domain
acting as a dominant-negative 1nh1b1tor) results in
the inhibition of cell m1grat10n ® More recently,
knockdown of Grb7 expression in hepatocellular
carcinoma cells resulted in their lower invasive
potential in wtro and the delayed onset of tumors in
nude mice.” In another study, the knockdown of
Grb7 using RNAi showed a strong antimigratory
effect in a pancreatic cell line."” Grb7 is thus now
recognized to play a significant role in cancer
progressmn and to be an important new therapeutic
target

Grb7 is a 532-residue protein composed of an N-
terminal proline-rich domain, followed by an RA
(Ras-associating) domain, a central PH (pleckstrin
homology) domain, a BPS (between PH domain and
SH2 domain) domain, and a C-terminal SH2

domain.>'? Tt interacts with the phosphorylated
tyrosine of activated upstream partners via its SH2
domain and is phosphorylated at specific tyrosme
residues to propagate downstream events. 2021
While a large number of binding partners functlon—
ing upstream of Grb7 have been identified,* the
precise downstream events leading to cell prolifer-
ation and migration are not fully elucidated. The
most recent data suggest that the proliferative
activity of Grb7-overexpressing cells is mediated
via the recruitment of RasGTPases and subsequent
phosphorylation of extracellular signal-regulated
kinase 1/extracellular 51gna1 regulated kinase 2
leading to cell proliferation.”” The way in which
the Grb7/FAK interaction impacts migration in
human cancer cells is not yet determined, but there
is evidence to suggest that the phosphorylation of
Grb7 by FAK impacts at the level of translational
regulation.”"**

The Grb7-SH2 domain has thus been targeted in
the development of a specific peptide inhibitor of
Grb7. The G7-18NATE peptide (sequence: WFE-
GYDNTEFPC cyclized via a thioether bond) was
discovered using phage display and was found to be
a specific inhibitor of Grb7, binding to the Grb7-SH2
domain with micromolar affinity, but it does not
bind to the SH2 domains of Grb14 and Grb10, which
are closely related family members, or to the Grb2-
SH2 domain, which is the downstream fartner of
the erbB-2 receptor in normal cells.”* A cell-
permeable version of G7-18NATE (synthesized with
a Penetratin® or Tat-based C-terminal peptide
extension) was shown to enhance the antiprolifera-
tive effect of Herceptin in breast cancer cells,
successfully validating the principle of Grb7 inhibi-
tion through the blocking of its SH2 domain.*® In
another study, cell-permeable G7-18NATE was
shown to prevent the Grb7 interaction with FAK
and dramatlcally reduce cell migration in a pancre-
atic cell line.'” Together, these investigations dem-
onstrate that G7-18NATE not only is a valuable tool
for the inhibition of Grb7 in cells but also represents
proof of concept that Grb7 may be blocked via its
SH2 domain and that this may be to therapeutic
advantage.

While G7-18NATE is effective as a Grb7 inhibitor,
a pressing goal is to develop analogues with
enhanced affinity. This would allow cellular exper-
iments to be conducted at lower inhibitor concen-
trations and be an essential criterion for therapeutic
use. What is not yet known is why the G7-18NATE
peptide sequence has affinity and specificity for the
Grb7-SH2 domain. Here, we report a breakthrough
in the understanding of the structural basis for the
G7-18NATE/Grb7-SH2 domain interaction
through structural studies and through further
peptide library screening. We report the crystal
structure of G7-18NATE bound to the Grb7-SH2
domain, revealing the conformation adopted by
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G7-18NATE and the critical contacts that underlie
the basis for the interaction. We also report the
outcome of further rounds of phage display that
have provided second-generation peptides based
upon G7-18NATE. These peptides are characterized
and analyzed in light of the structural information
for the further development of potent and specific
Grb7 inhibitors.

Results

Structure of the G7-18NATE/Grb7-SH2 complex

In order to investigate the basis for the molecular
interaction between the G7-18NATE peptide and the
Grb7-SH2 domain, we solved the structure of the
complex using X-ray crystallography to 2.4 A
resolution. The final G7-18NATE/Grb7-SH2 com-
plex structure consists of four chains of the Grb7-
SH2 domain and two G7-18NATE molecules in the
asymmetric unit. This unexpected stoichiometry is
most likely due to the crystal packing arrangement.
The G7-18NATE binds at the expected site on the
surface of the Grb7-SH2 molecule, but its presence
occludes the binding site on an adjacent Grb7-SH2
domain. The Grb7-SH2 also formed dimers as
previously observed.?® The crystal is thus composed
of Grb7-SH2 dimers in which one monomer of each
dimer is peptide bound (chains A and B) and the
other is apo-Grb7-SH2 (chains C and D).

The Grb7-SH2 domain adopts an SH2 domain
fold, with an aRapRPPa configuration as seen also
for its apo- -form crystallized under different
conditions”” (Fig. 1a and b). Note that the standard
nomenclature for SH2 domain secondary structures
dev1sed by Eck et al. is adopted throughout this
report.”’ A three-stranded antiparallel p-sheet com-
posed of BB, BC, and RD is flanked by the two
helices oA and oB. The BD strand is extended and
also forms a short region of p-sheet with BE. The
intervening loops are named after their adjacent
secondary structural elements. Short regions of p-
sheet (BA, BF, and RG) observed in other SH2
domains are not present in the Grb7-SH2 domain,
and an extra N-terminal helix is observed in this
Grb7-SH2 construct, termed HI1.

The G7-18NATE peptide is bound across the BD
strand and makes contact with the BC, EF, and BG
loops (Fig. 1c). The specific Grb7 amino acids that
are involved in interactions are indicated with dots
above the Grb7 sequence shown in Fig. la and
further discussed below. The presence of G7-
18NATE does not make significant impact on the
structure of the protein, with the C* RMSD between
G7-18NATE-bound and apo-forms of the Grb7-SH2
domain being 0.54 A for the cocrystallized Grb7-
SH2 domain (across 96 atoms) and 0.71 A for the

Grb7-SH2 domain structure previously reported
[Protein Data Bank (PDB) ID: 2QMS] (across 99
atoms) (Fig. 1d).

G7-18NATE binding interactions with the
Grb7-SH2 domain

The main objective of this study was to determine
the structural basis for the G7-18NATE interaction
with the Grb7-SH2 domain. For clarity, amino acid
residues of G7-18NATE will be referred to using
single-letter code, while those of the Grb7-SH2
domain will be referred to using three-letter code.
The whole of the G7-18NATE peptide was clearly
visible in the electron density map (Fig. 2a). The
structure reveals the G7-18NATE arranged in a cycle
with a pseudo-p-turn formed between the carbonyl
of the N-terminal acetamide (to which the thioether
is connected) and the amine of F9 (Fig. 2b). This turn
is also stabilized by the trans conformation of P10
and the formation of a hydrogen bond between the
backbone amine of C11 and the backbone carbonyl
of F9. A p-turn is formed between F2 and Y5, with a
hydrogen bond between the F2 carbonyl and the Y5
amine. No side-chain-specific intramolecular inter-
actions appear to influence the conformation of the
G7-18NATE. Rather, the side chains are arranged to
either form contacts with the surface of the Grb7-
SH2 domain, including hydrogen-bond, electrostatic,
and van der Waals interactions, or extend into
solvent.

The YDN residues of G7-18NATE that comprise
the recognition motif of the Grb7-SH2 domain are
positioned analogously to the pYXN mode of
binding to the Grb2-SH2 domain,® which also
possesses specificity for a YXN motif. Interestingly,
this occurs despite the lack of a phosphate group
(Fig. 2¢). The tyrosine (Y5) side chain projects into
the phosphotyrosine binding pocket with its aro-
matic ring positioned planar to the surface of the
side chain of the critical Grb7 pD6 residue Leu481.
The aspartic acid (D6) residue extends in the
opposite direction and forms hydrogen bonds via
its side-chain carbonyl and backbone amine with the
Grb7 His479 backbone amine and carbonyl, respec-
tively. Asparagine (N7) is extended back towards
Leu481 where it forms bipartite hydrogen bonds
with the backbone amide and carbonyl groups of
Leud481. The G7-18NATE, as mentioned above, is
nonphosphorylated. Grb7 residues that would be
predicted to form electrostatic interactions with a
phosphate include Arg438 and Arg458. In the
current structure, the side chain of Arg438 extends
to hydrogen bond with the carbonyl of glycine (G4).

Strikingly, the aromatic groups of the phenylala-
nines (F2 and F9) are positioned planar to the surface
of the Grb7-SH2 domain contributing to binding via
van der Waals contacts (Fig. 2d). F9 is positioned
over the surface of the EF loop. In particular, this
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surface is formed by the planar arrangement of the
backbone carbons and C" of Asp496. F2 is posi-
tioned over the surface of the Leu481 side chain
adjacent to the surface that Y5 is positioned over.
These residues contribute to a total surface area of
interaction of 458 AZ.

The remaining amino acid residues of G7-
18NATE appear to play no role in forming in-
teractions with the Grb7-SH2 domains at all. W1
projects away from the surface of interaction into
solvent. Likewise, E3 projects away from the
binding site, although in this case, it is not projecting
into solvent. Rather, the E3 side chain forms
hydrogen bonds with Arg458 in the phosphotyr-
osine binding site of an adjacent holo-Grb7-SH2
molecule. T8 also projects outward from the binding
site, not forming any contacts with the Grb7-SH2
protein. The proline (P10) does not make any
specific contribution to binding, although it may
act to stabilize the turn conformation of the G7-
18NATE. Lastly, cysteine appears to play no role in
binding to the Grb7-SH2 domain except to provide
the thiol for the cychzat1on of the peptide that is
essential for binding.*

Phage display evolution of second-generation
peptides

In parallel with establishing the determinants of
binding of G7-18NATE to the Grb7-SH2 domain
using a structural method, we also sought to
investigate the sequence requirements of the peptide
using combinatorial peptide library screening. Af-
finity maturation of G7-18NATE was performed
using a biased phage library approach with two
additional rounds of library construction. The first-
round libraries were designed with conserved YDN
amino acids and the cyclic structure of Grb7 peptide
retained using cysteines for disulfide bond cycliza-
tion. The YDN positions were identified from the
original blased library screening where G7-18 was
discovered.”® Two libraries containing the YDN
motif were created, one maintaining the four amino
acids flanking each cysteine and the other with the
flanking amino acids removed since it was not clear
whether these amino acids were important for the
binding. The cysteine-constrained libraries were
designed with X,CX3YDNX,CX4 and CX3YDNX,C

(where X is any amino acid), referred to as the YDN
and YDN-NA biased libraries, respectively. After
three rounds of panning, we observed strong
enrichment of 163-fold in the YDN-NA library and
12-fold in the YDN library. One hundred unique
clones from the eluate collected from the YDN-NA
library were screened for their binding to the SH2
domain of Grb7. There were 24 unique clones
identified from 189 clones sequenced from the
YDN and YDN-NA libraries. From this pool of
unique clones, four clones (5073, 5200, 5242, and
5367) displayed improved binding to the SH2
domain of Grb7. Interestingly, the four strongest
binding clones share a similar amino acid sequence
with each other and with our original G7-18 clone
(Table 1). The motif CX;FX;GYDNX;3(X4=F/Y/W)
(Xs=L/V)C was conserved in these peptides. This
set of data showed that F at position 3 and G at
position 5 are important. There was no preferential
amino acid for the X; position; however, at the
following positions, preference was shown for the
following amino acids: X,=W; X3=E; X4=F, Y, or
W; and Xs=L or V. The homology in all the top
binding clones occurred in the cyclic ring and not in
the four amino acids flanking the cysteines.

One more round of maturation was carried out to
further confirm all positions. The oligonucleotides
for this library were designed as follows: CX;FX,.
GYDNX;(X4=F/Y/W) (Xs=L/V)C, where posi-
tions X; and X; were random; position X,
expressed 50% Trp and 50% random amino acids;
position X, expressed equimolar amounts of F, Y,
and W; and position Xs expressed equimolar
amounts of L and V. This library was created with
excellent diversity, having greater than 10 billion
clones. Following three rounds of panning of this
biased library on Grb7 protein, 96 clones were
randomly picked for clone-binding analysis using
phage ELISA.*® In addition, the remaining eluate
was sub]ected to further screening using a colony lift
assay”' to the biotinylated Grb7. Colony lift assays
are a way to screen large numbers of clones to
identify rare high-affinity binding phage present in
an excess of low-affinity clones. After the initial
screening, the clones with the strongest signal were
chosen for secondary screening in a colony lift assay,
followed by sequencing and individual clone-
binding analysis using phage ELISA. The binding

Fig. 1. The Grb7-SH2 structure in complex with G7-18NATE. (a) The sequence of the Grb7-SH2 domain with the
secondary structural elements, as determined in the current structure, highlighted in rainbow colors. The archetyplcal
SH2 domain secondary structural elements are shown schematically above with the naming system according to Eck ef al.*’
Black dots above individual amino acids indicate residues that are involved in hydrogen-bond interactions with the
G7-18NATE, and blue dots indicate residues that form part of the buried surface area. The aligned sequences and
percentage identity of Grb14-SH2, Grb10-SH2, and Grb2-SH2 domains are shown for comparison. (b) A cartoon
representation of the Grb7-SH2 domain with coloring correlated with that shown in (a). (c) The structure of the G7-
18NATE peptide is shown in stick representation bound to the Grb7-SH2 domain. (d) Superposed cartoon structures
of Grb7-SH2 bound to G7-18NATE (gray), the cocrystallized apo-Grb7-SH2 domain (orange), and the apo-Grb7-SH2
domain previously structurally determined (purple; PDB ID: 2QMS).



Fig. 2. The G7-18NATE structure in complex with the Grb7-SH2 domain. (a) Stereo diagram showing the 2F,—F. electron density map contoured at 1.2 o (blue
mesh) that defines the structure of G7-18NATE at the surface of the Grb7-SH2 domain (gray). (b) G7-18NATE oriented to show intramolecular hydrogen bonds. (c) G7-
18NATE amino acid residues from G4 to N7 (truncated ends of this segment are indicated with black circles) bound to the Grb7-SH2 domain. (d) The G7-18NATE
molecule showing the positioning of aromatic amino acid residues F2 and F9 that form interactions with the Grb7-SH2 domain. In all images, G7-18NATE is shown in
green stick representation, the Grb7-SH2 molecule is shown in gray cartoon representation with a transparent surface, and specific amino acids involved in interactions
with the bound peptide are displayed in gray stick representation.
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Table 1. The newly identified Grb7 binding clones identified
from the YDN and YDN-NA biased libraries have sequence
homology with each other and to our lead G7-18 peptide

G7-18 RSTLCWFEGYDNTFPCKYFR
08-5367 CLEWGYDNEYLC
08-5073 LWLGCHFAGYDNEFLCSRGG
08-5200 CAFWGYDNWWVC
08-5242 CIFWGYDNSWLC

Identical and chemically similar amino acids (L, V and F, Y) are
in boldface and underlined

of the individual clones were compared to G7-18
phage clone. Seventy-two of the strongest binding
clones identified from random picking and colony
lift analysis were grown and normalized using a
plate-based assay developed in our laboratory for
rapid quantification of phage for semi-high-
throughput analysis.’® Figure 3 represents the
sequences of the best binding clones as compared
to G7-18 identified from this panning series. This
affinity maturation identified a series of clones with
strong binding. Multiple clones with identical
sequences were also identified and are presented
in Table 2. The conserved motif of these clones is
CPFWGYDNEFLC, which is the exact sequence of
clone 08-6110. However, clone 08-5992 differs by
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Fig. 3. Phage ELISA demonstrating the binding of the
newly identified phage clones to the purified Grb7-SH2
domain. Equivalent amounts of phage were evaluated to
determine their relative binding affinity to the SH2
domain of Grb7 as compared to our original G7-18
clone.”® Phage were detected with anti-M13-HRP. The
HRP was monitored with chemiluminescent substrate.

only one amino acid change, that is, from L to V at
the X5 position. 08-5992 repeatedly had better
binding than 08-6110, indicating the value of V at
the X5 position. Clone 08-6028 had similar intensity
of binding with clone 08-5992 and also shares the
conserved motif with the exception at position Xj.
The fourth clone of interest, 08-6046, which was
narrowly the third highest binder in the ELISA
assay, differed from the consensus sequence at
positions X, and X;. The notable feature of these
peptides is the complete conservation of F2, G4, and
F9 residues that, with the YDN motif, are precisely
the amino acid residues that were found to form the
basis for the binding interaction in the structural
studies of the G7-18NATE/Grb7-SH2 complex.

These four peptides (08-5992, 08-6110, 08-6046,
and 08-6028) were synthesized as thioether-cyclized
peptides and analyzed for their binding affinity to
the Grb7-SH2 domain as described below. In
addition, peptides 08-5992 and 08-6028 were syn-
thesized as free peptides conjugated to the Tat
sequence and analyzed further to compare their
antiproliferative properties to G7-18NATE-Tat.
These newly identified peptides had the same level
of antiproliferative activity as G7-18NATE-Tat in a
BrdU chemiluminescent cell proliferation ELISA
(Roche Applied Science, Indianapolis, IN) of SK-
BR-3 breast cancer cells (data not shown).

Binding affinity of second-generation peptides

Using isothermal titration calorimetry (ITC), we
and others have previously shown that G7-18NATE
binds to the Grb7-SH2 domain with micromolar
affinity.”***33* Using the same experimental con-
ditions as previously conducted in our laboratory to
arrive at a K4 =35 pM for G7-18NATE, we compared
the binding of second-generation peptides 08-5992,
08-6110, 08-6046, and 08-6028. Similar to G7-
18NATE, all peptides showed an exothermic heat
of reaction (Fig. 4), although these varied between
peptides as reflected in the different magnitudes of
heat loss measured. Analysis of the curves allowed
equilibrium dissociation constants (Kg) to be esti-
mated (Table 3). K4 values were all found to be in the
micromolar range (experiments were conducted in
duplicate). Of these four peptides, 08-6046 displayed
a slightly higher affinity than G7-18NATE with a
Kq=18 uM. The others were of similar or slightly
lower affinity. Since none of these peptides bound
with an affinity remarkably higher than that of the
parent G7-18NATE, this demonstrates that the
amino acids that vary between these peptides do
not significantly have an impact on the binding
interactions with the Grb7-SH2 domain. Conversely,
these data show that the sum total of interactions
underlying binding affinity is made by F2, G4, F9,
and the YDN motif, in agreement with the crystal
structure studies (Fig. 5).
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Table 2. Sequence of clones identified from the CX;FX,GYDNX;XX5 library
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Column 1 depicts the clone number, and column 2 depicts the number of clones with identical sequence. The amino acids that are
italicized are those that were constant in this library, while those that are not italicized are those enriched for in this round of maturation.

@ Peptides further tested using ITC.

Discussion

The upregulation and overexpression of Grb7 in
many cancers have a direct impact on their prolifer-
ative and metastatic potential. There is thus signif-
icant current interest in the development of Grb7
inhibitors that could be used in combating these
cancers. The G7-18NATE peptide is the first peptide
that has been discovered that binds with specificity
to the Grb7-SH2 domain. Furthermore, cell-perme-
able forms of G7-18NATE have been shown to
inhibit Grb7 interactions with binding partners in
vivo and to reduce cancer cell migration and
proliferation. The G7-18NATE thus represents an
important starting point in the development of
potent inhibitors that could be used in medical
research and therapeutically. The current work has,
therefore, been carried out in order to understand the
structural basis for the G7-18NATE interaction with
the Grb7-SH2 domain and to potentially identify
peptides of enhanced affinity. While small-molecule
inhibitor development may also represent a path to
targeting Grb7, no small-molecule inhibitor with
specificity or high affinity has been discovered to
date, although we are also pursuing this approach.®

The crystal structure of the G7-18NATE/Grb7-
SH2 domain complex reported here reveals the
structural basis for their interaction. It is remarkable
that the G7-18NATE peptide binds to the Grb7-SH2
domain with micromolar affinity despite being
nonphosphorylated. The binding interaction is, in
part, assisted by the peptide being cyclized to
constrain the peptide. It has been shown that the
linear form of the peptide does not bind with
detectable affinity.” Cyclization is presumed to

reduce the loss of conformational entropy upon
binding. We have previously reported that the G7-
18NATE peptide has a propensity to adopt a turn
about the YDN motif,>® and the current Grb7-SH2/
G7-18NATE structure confirms that, indeed, the G7-
18NATE peptide adopts the anticipated turn when
bound to its target. The YDN motif is positioned
precisely where analogous YXN motifs are posi-
tioned, bound to both Grb2-SH2 and Grb7-SH2
domains,””” forming van der Waals and hydrogen-
bond interactions about the D6 residue Leu481, as
was predicted in our modeling studies.”® At the
phosphotyrosine binding site of the Grb7-SH2
domain, arginine residues (Arg438 and Arg458),
which would be expected to form hydrogen-bond
interactions with the phosphate of the phosphotyr-
osine of a physiological substrate, are engaged in
interactions with the G4 backbone carbonyl and, in
this crystal form, with the E3 glutamic acid side
chain from an adjacent G7-18NATE/Grb7-SH2
domain complex. This explains the selection of a
glycine, since it uniquely possesses the conforma-
tional flexibility required for the interaction. It raises
the question, however, of whether the E3 side chain
would be positioned differently in solution, possibly
even playing a role in G7-18NATE binding. This
answer is provided through the phage display work,
discussed further below, in which a glutamic acid
was not selected from the peptide libraries. It is
therefore unlikely to play a role in the primary G7-
18NATE interaction with the Grb7-SH2 domain but
may have assisted with the crystal formation. An
important additional contribution to G7-18NATE
binding arises from the positioning of two phenyl-
alanine residues (F2 and F9) that contribute to van
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Table 3. Thermodynamic binding parameters of G7-18NATE analogues

Binding parameter 08-5992 08-6110 08-6046 08-6028
N 1.2+0.18 1.13+0.09 1.31+0.08 1.05+0.162
K (10* M 1.73+0.23 2.26+0.47 5.53+0.14 1.91+0.40
AH (keal mol™ ) -1.92+0.37 -2.89+0.33 -1.64+0.06 -1.60+0.33
—TAS (kcal mol™) -3.83 -3.05 -5.83 -4.23
AG (kcal mol™?) -5.75+0.37 -5.94+0.33 —6.48+0.06 -5.84+0.33
K4 (uM) 57.8 44.25 18.1 52.36

der Waals interactions with the Grb7-SH2 domain,
extending the total surface area of interaction to
458 A,

The interaction formed between the G7-1SNATE
peptide and the Grb7-SH2 domain bears some
resemblance to other ligand SH2 domain interac-
tions and possesses some unique features. Besides
the YXN motif interactions, the positioning of an
aromatic residue against the D6 side chain (as seen
for F2 in the current structure) has similarly been
observed for ligands bound to the Grb2-SH2
domain.’®* The G7-18NATE interaction with the
Grb7-SH2 domain is, however, unlike that reported
for the one other ligand-bound structure of the
Grb7-SH2 domain. The structure of a 10-residue
phosphorylated peptide, representing the pY1339
target site of the erbB-2 receptor, bound to the Grb7-
SH2 domain has been solved using NMR
spectroscopy”’ (PDB IDs: IMW4 and 2L4K). In this
structure, although the YXN motif is positioned
similarly, the rest of the peptide is positioned at a
different surface interface from that adopted by G7-
18NATE. No residues are positioned similarly to the
G7-18NATE F2 (against the pD6 side chain) or F9
(over the EF loop). In fact, the structures of the Grb7-
SH2 domain DE and EF loops are dramatically
repositioned by the pY1339 ligand interaction for
reasons that are, as yet, unclear.

08-5992 CPEWGYDNEFVC
08-6028 CPEWGYDNEFVC
08-6046 CPFSGYDNQFLC
08-6110 CPFWGYDNEFLC

G7-18NATE (WFEGYDNTFPC
HN—-CO—CH,—S

Fig. 5. Sequences of second-generation G7-18NATE
peptides. Shown are the sequences of four second-
generation peptides that were developed using phage
display and further tested as thioether-cyclized peptides
using ITC. Highlighted in red are the amino acid residues
that were conserved among the Grb7-SH2 domain
binding sequences. These residues correspond exactly to
the residues shown to be structurally important for
binding.

It is of interest that, in this crystal form, the G7-
18NATE is bound to the Grb7-SH2 domain in a 1:2
stoichiometric ratio, with only one SH2 domain of
every Grb7-SH2 domain dimer bound by peptide.
This is most likely due to the packing arrangement
of this crystal form in which every second G7-
18NATE binding site is occluded. Previous solu-
tion studies using analytical ultracentrifugation
and ITC have shown that a Grb7-SH2 domain
dimer forms in solution and interacts with G7-
18NATE in a 1:1 stoichiometric ratio—that is, with
a G7-18NATE gegtide bound to every available
SH2 domain.****?

The structure provides insight into the basis of
specificity of G7-18NATE for the Grb7-SH2 domain
over SH2 domains of Grb14, Grb10, and Grb2. The
interaction with Leu481 is understood to form the
basis for specificity of peptide binding to the Grb7-
SH2 domain, with a mutation made to Leu481 being
enough to completely abrogate binding or the
addition of Leu481 to the Grb14-SH2 domain
being enough to confer binding.*” While the
equivalent experiment has not been carried out for
G7-18NATE, the central importance of Leu481 is
clearly seen for G7-18NATE binding to the Grb7-
SH2 domain. Not only is the Y5 side chain
positioned over the Leu481 side chain and the N7
side chain hydrogen bonded to the Leu481 backbone
groups, but the F2 side chain is also positioned
against the Leu481 side chain. Any changes to this
residue would be expected to disrupt these opti-
mized interactions. Other interactions made by G7-
18NATE are with amino acid residues that are
conserved across Grb14, Grb10, and Grb2 or with
amino acid backbone functionalities, and it is thus
unlikely that these interactions underlie specificity.

Two phage display libraries were employed to
generate second-generation peptides with affinity
for the Grb7-SH2 domain. These maintained the
YDN motif and established its importance for G7-
18NATE binding. Enriched peptides were screened
for Grb7-SH2 domain binding using an ELISA-
based assay, from which four new peptides that
bind to the Grb7-SH2 domain were discovered. This
established the importance of F5 and G4 before the
YDN motif and an aromatic and hydrophobic
residue after the YDN motif. In a further maturation
step that maintained this consensus pattern, a
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library of over 10 billion clones was screened for an
optimized binder. Multiple clones were identified as
strong binders relative to the G7-18NATE sequence
in the ELISA-based assay. A notable feature of these
peptides is the almost complete conservation of F2,
G4, and F9 residues that, with the YDN motif, are
precisely the amino acid residues that the G7-
18NATE/Grb7-SH2 structure revealed to form the
basis for the binding interaction.

Four of the second-generation peptides were
synthesized as thioether-cyclized peptides by anal-
ogy to the G7-18NATE peptide. These all displayed
similar micromolar binding for the Grb7-SH2
domain. In all cases, their equilibrium dissociation
constants (K4 values) were in the micromolar range
(18-52 pM), similar to that found for G7-18NATE
(35 uM). No second-generation peptide displayed a
significantly enhanced affinity for the Grb7-SH2
domain despite the apparent higher affinity of the
ELISA-screened phage-displayed peptides. In view
of the structural data, this is not unexpected. The
differences between the second-generation peptides
and G7-18NATE occur exclusively at the amino acid
residue positions that, as the structural data show,
do not interact with the Grb7-SH2 domain. The
peptides are completely conserved at the amino acid
residues that form the basis for the interaction.
Together, the data suggest that this class of cyclic
peptide, with the consensus motif XEXGYDNXFXX,
has been optimized for interaction with the Grb7-
SH2 domain.

Conclusion

This study has revealed the basis for interaction of
the G7-18NATE peptide with its Grb7-SH2 domain
target, which will greatly assist in the development
of inhibitors against Grb7 in cancer. The crystal
structure of the Grb7-SH2/G71-18NATE complex
has revealed the mode of interaction and the identity
of the key functionalities that interact with the
target. Peptide sequences derived from phage
display methods contained these key residues.
They displayed similar and better binding affinity
to the target but did not represent a significantly
improved peptide for Grb7-SH2 inhibition. Togeth-
er, this suggests that the key amino acids that form
the basis for the interaction have been optimized for
this class of cyclic-peptide binding to the Grb7-SH2
domain. It can be concluded that further improve-
ments to the affinity of interaction will not be made
by substitution of the common amino acids at any
position but will require other strategies, such as the
incorporation of nonnatural amino acids or the
preparation of constrained G7-18NATE analogues
that retain the key interactions. Such investigations
are the focus of our current research.

Materials and Methods

Grb7-SH2 domain preparation

Expression and purification of the SH2 domain of Grb7
(residues 415-532) were conducted using established
protocols.”**! In brief, the SH2 domain was overexpressed
as a glutathione S-transferase fusion protein in the
Escherichia coli strain BL21(DE3)pLysS. After affinity
purification using glutathione resin, the glutathione S-
transferase was cleaved using thrombin and the protein
was further purified using cation- and size-exclusion
chromatography. Purity was determined using SDS-
PAGE, and the protein was concentrated to 10 mg/ml as
determined spectrophotometrically at 280 nm using an
extinction coefficient of 8480 M™'. The final purified
construct comprised residues 415-532 of Grb7 preceded
by the amino acid residues GS.

Peptide synthesis

The G7-18NATE and analogues were synthesized as
peptide amides using the Fmoc-based solid-phase peptide
synthesis strategy on a rink amide resin (1.0 mmol/g).
Details are as reported previously for the synthesis of G7-
18NATE.**** The following peptide sequences were
synthesized: WFEGYDNTEFPC (G7-18NATE), PFWGYD-
NEFVC (08-5992), PFWGYDNEFVC (08-6028),
PFSGYDNQFLC (08-6110), and PFWGYDNEFLC (08-
6046). Following incorporation of the residues using the
microwave synthesizer (CEM Liberty System; CEM,
Matthews, NC) and removal of the final Fmoc group, N-
terminal chloroacetylation was carried out using 171 mg of
chloroacetic anhydride, 2 ml of dimethylformamide, and
100 ul of diisopropylethylamine. The reaction was carried
out manually at room temperature for 30 min. The dried
peptide was then cleaved and fully deprotected using a
cocktail of 94.5% trifluoroacetic acid/2.5% triisopropylsi-
lane/2.5% H,0/0.5% ethane dithiothreitol in a 20-fold
excess volume over dry weight of resin peptide for 3to4 h
at room temperature. After workup, thioether formation
was effected by dissolving the lyophilized peptide at
2 mg/ml in 50 mM NH4HCOj; in 50% acetonitrile/H,O,
pH 8.0, for 1.5 h at room temperature. The success of
cyclization was followed by mass spectrometry. The
cyclized peptides were purified using preparative re-
versed-phase HPLC, and their successful preparation
was confirmed using electrospray mass spectrometry in
negative ion mode (average molecular masses are listed)
(G7-18NATE: Meypected = 1417.6, Mopserved = 1417.1; 08-5992:
Mexpected:1415'01 Mepserved=1415.4; 08-6028: Mexpected:
1370.6, Mobserved=1370.8; 08-6110: Mexpected = 1428.6,
Mobservea=1429.0; 08-6046: Meypectea=1328.5,
Mobserved = 13288)

Crystallization of the Grb7-SH2/G7-18NATE complex
and data collection

The crystallization and diffraction data collection for the
Grb7-SH2/G7-18NATE complex have been previously
reported.*' In brief, the Grb7-SH2 protein, concentrated to
10 mg/ml and in 4-morpholineethanesulfonic acid bulffer,
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Table 4. Data refinement parameters

Grb7-SH2/G7-18NATE

Data collection®

Space group P2,

Cell dimensions
a,b,c(A) 52.7,79.1, 54.7
o, B,y (%) 90.0, 104.4, 90.0

Resolution (A) 37.42-2.41 (2.48-2.41)
Rinerge” (%) 9.6 (43.2)

I/ol 7.3 (2.0)
Reflections measured 16,204 (unique)

Completeness (%) 96.1 (86.3)
Redundancy 4.1 (3.6)
Refinement
Resolution (A) 241
No. of reflections used 16,204 (unique)
Rwork/Rfree 237/277
No. of atoms
Protein 3227
Peptide 200
Tons 0
Water 116
B-factors (A?)
Protein 34.0
Peptide 26.7
Tons —
Water 321
RMSDs
Bond lengths A) 0.010
Bond angles (°) 1.2
Ramachandran plot® (%)
Favored regions 95.7
Allowed regions 99.0

? Values in parentheses refer to the highest-resolution shell.

b Rmerge=2. 1 I=(I) | / 3:(I), where I is the intensity of individual
reflections.

¢ Determined using the program MolProbity.**

was added to lyophilized peptide to achieve a 1:2 protein-
to-peptide ratio. The mixture formed crystals in a 2-ul
hanging drop using 17.5% (w/v) polyethylene glycol 3350,
0.2 M magnesium chloride hexahydrate, 0.1 M glycine,
10% (w/v) glycerol, and 0.1 M 2-[bis(2-hydroxyethyl)
amino]-2-(hydroxymethyl)propane-1,3-diol, pH 6.0, as the
precipitant solution. The crystals formed as small thin
plates (approximately 0.01 mm x 0.06 mm x 0.1 mm in size)
over 2 days and, after cryo-freezing, diffracted to 2.4 A
resolution. X-ray diffraction data were collected on the
high-throughput protein (MX1) crystallography beamline
at the Australian Synchrotron. X—rag diffraction data were
integrated and scaled with XIA2.** The crystallographic
data and refinement statistics are reported in Table 4. The
diffraction data were consistent with space group P2; with
unit cell dimensions a=52.7 A, b=79.1 A, c=547 A,
«=90.0, p=104.4, and y=90.0 and Collecated with a
completeness of 96.1% from 37.42 to 2.41 A resolution
(86.3% in the highest-resolution bin from 2.48 to 2.41 A
resolution).

Structure determination of the Grb7-SH2/G7-18NATE
complex

The structure of the Grb7-SH2/G7-18NATE complex
was solved using the molecular replacement method.

Initial phases were obtained using MOLREP* and the
coordinates of the apo-Grb7-SH2 structure previously
determined in our laboratory (PDB ID: 20MS) as the
search model. The correct solution had a correlation
coefficient of 67.7 and an R-factor of 46.8, whereas the next
unrelated peak had a correlation coefficient of 55.1 and an
R-factor of 54.8. Manual model rebuilding was carried out
using Coot,* and maximum likelihood refinement was
carried out using PHENIX.* Noncrystallographic sym-
metry restraints were applied between pairs of chains that
occupied the asymmetric unit but were removed for the
final round of refinement. Successive rounds of refinement
and manual building were performed. The refinement
statistics are reported in Table 4. The program
MolProbity*® was used to assess the quality of the final
structures (99% of the amino acids possess backbone
torsional angles within the allowed regions of the
Ramachandran plot).

The final G7-18NATE/Grb7-SH2 complex structure
solved to 2.4 A resolution consists of four chains of the
Grb7-SH2 domain and two G7-18NATE molecules in the
asymmetric unit. The crystal is composed of Grb7-SH2
dimers in which one monomer of each dimer is peptide
bound (chains A and B) and the other is apo-Grb7-SH2
(chains C and D). The final model also contains 116 water
molecules and has an R-factor of 23.7% (Rgee=27.7%)
(Table 4). Interpretable electron density was present for
residues 423-529 but was missing for the 10 N-terminal
residues of the construct (GSPASGTSLS) and the last 3
residues (VAL). Some disorder was also observed at
residues 460-464 and 487489 that occur at loop regions.
The four chains did not significantly differ from each other
with C* RMSDs of 0.32 A (A/B holo-chains across 106
atoms) and 0.21 A (C/ D apo-chains) between like chains
and C* RMSDs of 0.54 A (A/C) and 0.54 A (A /D) between
unlike chains (across 96 atoms). The whole of the G7-
18NATE peptide was clearly visible in the electron density
map. The coordinates have been deposited at the Research
Collaboratory for Structural Bioinformatics database (PDB
ID: 3PQZ).

Phage library construction

The peptide biased libraries used in these studies
were constructed in the fUSE5 gene III phage-display
system* according to the methods previously
reported.”> The fUSE5 vector (K91 Kan) and E. coli
host (MC1061F’) strains were generous gifts of Dr.
George Smith at the University of Missouri. There were
two rounds of library construction. The half-site cloning
method used by Cwirla et al. was employed in the
construction of these libraries.** The two “half-site”
oligos 5’tccgccageeccgtd’ (GS5') and 5'cggecccgectecd’
(GS3’) are complementary to the 5 and 3’ ends of the
peptide-insert-encoding oligonucleotide, respectively.
The random peptide-encoding oligonucleotides for the
first round of libraries have the following sequences for
the YDN-NA biased library and the YDN biased library,
respectively: 5'gggccggaggatga(NNK),tatgacaat(NNK);.
tgeggggecgetgd’ and 5'gggecggagga (NNK)4tga(NNK),
tatgacaat(NNK);tgc(NNK).ggggeegetg3’ (N=equal
amounts of G, A, T, or C; K=equal amounts of G or
T). The random peptide-encoding oligonucleotides for
the second round of library construction have the
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following sequence: 5'tattctcactcggecgacggggccggaggatge
NNKttc123ggttacgacaacNNK456789tgcggggccgctggggcc-
gaaactgttc3’ (where N and K are the same as noted above).
The oligonucleotide denoted “123” is designed (1=12.5%
G,12.5% A, 62.5% T,12.5% C;2=62.5% G, 12.5% A, 12.5%
T, 12.5% C; 3=66.6% G, 33.3% T) to obtain 50% of the
clones expressing random amino acids and the rest
expressing tryptophan at this position. The oligonucleotide
denoted “456” is designed (4=100% T; 5=33.3% G, 33.3%
A,33.3%T;6=33.3%G, 66.6% C) to randomize Phe, Tyr, or
Trp at this position. The oligonucleotide denoted “789” is
designed (7=50% G, 50% C; 8=100% T; 9=50% G, 50% T)
to express Leu or Val at this position. All oligonucleotides
were synthesized by Biosynthesis Inc. (Lewisville, TX).

Phage library screening

The methods for panning the newly created biased
libraries against the target and clone-binding analysis
using phage ELISA have been previously reported.” The
only modification made here was the use of SuperSignal
ELISA Femto chemiluminescent substrate (Pierce, Rock-
ford, IL) instead of ABTS for measuring the horseradish
peroxidase (HRP)-conjugated anti-M13 antibody (Amer-
sham) using a chemiluminescent plate reader (GloRunner,
Turner BioSystems, Sunnyvale, CA). In order to achieve
an equivalent phage input in the binding studies, we
carried out normalization of the phage preparations using
the Chemiluminescent ELISA methods developed in our
laboratory.>* The colony lift assays were performed as
previously described.”’ The vector DNA of each selected
clone was purified using QIAprep Spin Miniprep Kit
(Qiagen, Inc., Chatsworth, CA) according to the manufac-
turer's instructions. The plII sequencing primer, 5-CCC
TCA TAG TTA GCG TAA CG-3, designed by Dr. George
Smith, was used for sequencing the DNA inserts. The
sequence reactions were carried out using BigDye Ver 3.1
Dye Terminator kit (Life Technologies, Foster City, CA) by
the Vermont Cancer Center DNA Analysis Facility.

ITC determination of peptide-protein affinities

For ITC experiments, the Grb7-SH2 domain protein was
dialyzed against sodium acetate buffer (50 mM
NaOOCCHj;, 100 mM NaCl, and 1 mM NaNj, pH 6.6).
The filtered dialysate buffer was used to dilute the
required amount of the Grb7-SH2 domain to a volume
of 2.5 ml and a concentration of 40 to 85 uM. Lyophilized
peptide of accurately determined mass was dissolved in
500 pl of the filtered dialysate buffer. The peptide
concentrations employed were 10 to 30 times higher
than the protein concentration. Following this, both the
peptide and the Grb7-SH2 domain solutions were
degassed for 5 min. ITC experiments were conducted
using a VP-ITC MicroCalorimeter (MicroCal, Northamp-
ton, MA). All experiments were performed in duplicate at
25 °C cell temperature, and the total number of injections
was set to 30 with volume injections of 10 pl, an injection
duration of 20 s, and an injection interval of 250 to 400 s.
The reference power was set at 20 pcal/s, and the initial
injection delay was 60-70 s. The stirring speed was
307 rpm, and the feedback mode gain was set to high
with the fast and auto equilibration options applied. A

binding isotherm was generated by plotting the heat
change evolved per injection against the molar ratio of
peptides to the Grb7-SH2 domain receptor. A blank
determination in which the peptides were titrated against
the buffer was carried out to account for heats of dilution
and mixing, which was then subtracted from the binding
data. The corrected data were then employed to fit to a
single binding site model using the nonlinear least-squares
fitter from Origin (MicroCal Software, Northampton,
MA). All of the ITC fitting parameters were kept floating.

Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession number 3PQZ.
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