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Abstract—Preferential binding of ligands to Grb2 SH2 domains in B-bend conformations has made peptide cyclization a logical
means of effecting affinity enhancement. This is based on the concept that constraint of open-chain sequences to bend geometries
may reduce entropy penalties of binding. The current study extends this approach by undertaking ring-closing metathesis (RCM)
macrocyclization between i and i + 3 residues through a process involving allylglycines and B-vinyl-functionalized residues. Ring
closure in this fashion results in minimal macrocyclic tetrapeptide mimetics. The predominant effects of such macrocyclization
on Grb2 SH2 domain binding affinity were increases in rates of association (from 7- to 16-fold) relative to an open-chain congener,
while decreases in dissociation rates were less pronounced (approximately 2-fold). The significant increases in association rates were
consistent with pre-ordering of solution conformations to near those required for binding. Data from NMR experiments and mole-
cular modeling simulations were used to interpret the binding results. An understanding of the conformational consequences of such

ito i+ 3 ring closure may facilitate its application to other systems where bend geometries are desired.

© 2005 Elsevier Ltd. All rights reserved.

The growth factor receptor bound 2 protein (Grb2)'-?
provides important components of signaling associated
with breast cancer.®* Accordingly, functional inhibitors
of Grb2 SH2 domain signaling have been pursued as
leads to new anticancer therapeutics.>® The develop-
ment of Grb2 SH2 domain-binding antagonists has been
guided by the preferential recognition of phosphotyrosyl
(pTyr)-containing peptide sequences of the type ‘pTyr-
Xxx-Asn-Yyy’, where the pTyr phenylphosphate group,
the Asn side chain and lipophilic residues C-proximal to
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the Asn residue serve as important interaction determi-
nants.” Structure 1 (Fig. 1) shows a hypothetical peptide
based on this motif wherein Yyy is an amidoglycine res-
idue. Because binding of ligands to Grb2 SH2 domains
occurs in B-bend conformations,® macrocyclization has
been used as an approach to enhance affinity, based
on the concept that constraint of open-chain sequences
to bend geometries may reduce entropy penalties of
binding.>>'® Ring-closing metathesis (RCM) has shown
utility for peptide macrocyclization in a variety of con-
texts. The terminal alkene groups required for RCM
ring closure can be introduced by several methods,
including the insertion of allylglycine residues at the in-
tended sites of ring juncture.!! For peptide 1, RCM
macrocyclization between the i (pY) and i+ 3 (Yyy)
positions of the B-bend using this approach would yield
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Figure 1. Structures of hypothetical open-chain and macrocyclized Grb2 SH2 domain-binding peptides.

structures of type 2 that lack critical phenylphosphate
functionality needed for high affinity binding. However,
by appending a phenylphosphate mimicking group onto
the allylglycine B-position, macrocyclization with full
retention of cognate functionality could be achieved
(structure 3).

This approach has recently been reported in modified
form using a C-terminal i + 3 naphthylpropylamine unit
that does not contain the a-carboxyl group of a true
allylglycine residue (compounds 4, Fig. 2).'>!3 The lack
of an a-carboxyl group in compounds of type 4 signifi-
cantly impedes C-terminal variation, since each new
target macrocycle requires an individual total synthesis
that begins with a lengthy preparation of the C-terminal
2-allyl-3-aryl-1-propanamido portion.!*!> To circumvent
these limitations, macrocycles 5 and 6 were designed as
full embodiments of the general structure 3 that are
based on the open-chain analogue 7. Preparation of
compounds 5 and 6 was achieved using commercially-
available (1-naphthyl)methylamine and - and p-allyl-
glycines, respectively.!® Both 5 and 6 employ RCM
macrocyclization differently than previously reported
accounts.'\17-2% A potential advantage of this new ap-

H,O5P

5 (L) 6 (*D)

proach not shared by earlier protocols that lead to mac-
rocycles of type 4, could be facile C-terminal variation
through the use of readily available starting materials.
The current report examines structural aspects of li-
gands derived from this type of macrocyclization and
their relationship to Grb2 SH2 domain binding.

1. Results and discussion
1.1. Grb2 SH2 domain-binding affinity

Macrocycles 5 and 6 represent the first f-bend mimetics
formed by i to i + 3 RCM ring closure of an allylglycine
residue onto a P-functionalized residue.!® To examine
the potential value of this type of ring closure within a
Grb2 SH2 domain-binding system, the affinities of 5
and 6 were compared with open-chain 7 using surface
plasmon resonance (SPR) assays. Relative to open chain
7, macrocycles 5 and 6 exhibited affinity enhancements
of 32-fold and 12-fold, respectively (Table 1). The Kp
values presented in Table 1 were calculated from associ-
ation and dissociation rate constants (K, and Ky, respec-
tively). The potency enhancements based on kinetically-

Figure 2. Structures of key compounds 5-7 and previously-reported macrocycles 4.'%!3
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Table 1. Plasmon resonance-determined kinetic data for the binding to Grb2 SH2 domain protein®

No K, M 's7h Kq(s7h Kp (nM) n
5 3.58 x 10° + 7.00 x 10° 6.75x1072+7.89x 1073 18.8 3
6 1.66 x 10° + 1.40 x 10* 8.41x1072+328x107* 50.7 4
7 223%10°+9.2x10° 1.33x 107 £2.38x 1072 599 2

#Data was obtained as described in the Experimental section.

Response Units (RU’s)

-50 0 50 100 150 200 250
time (s)

Figure 3. Example of SPR data (black) and data fit (red) for
interaction of 6 with chip-bound Grb2 SH2 domain protein.

determined Kp values, are less than those calculated
using steady-state Kp values.!® The reasons for this are
not known. A representative SPR data plot with its
associated data fit are shown in Figure 3. The predomi-
nant effects on binding affinity incurred by macrocycli-
zation are increases in rates of association relative to
open-chain 7 (16-fold for 5 and 7-fold for 6), while de-
creases in dissociation rates relative to 7 are less pro-
nounced (2-fold for 5 and 1.6-fold for 6). The
significant increases in association rates are consistent
with pre-ordering of solution conformations to approx-
imate those required for binding. However, this is in
contrast to a recent study that found no increase in
Grb2 SH2 domain-binding affinity following RCM mac-
rocyclization, even though modeling studies showed that
ring-closed conformations were similar to those ob-
served in the X-ray structure of a Grb2 SH2 domain-
bound linear peptide.?’ These latter results indicate that
constraining solution conformations to those found in
the bound peptide do not necessarily enhance overall
affinity. Similar results have been observed in other
SH2 domain-binding systems,?!-?> where a phenomenon
of enthalpy—entropy compensation has been invoked.??
NMR and molecular modeling studies were undertaken
to examine the effects of macrocyclization on conforma-
tion and their potential relationships to interactions with
the Grb2 SH2 domain.

1.2. NMR studies

Since the hypothesis behind macrocyclization as an ap-
proach toward affinity enhancement is a pre-ordering
of the inhibitors to bend geometries needed for binding,
it was of interest to determine and compare the pre-

ferred conformations of the open chain and macrocyclic
compounds in solution. Therefore, a battery of NMR
experiments was performed to ascertain whether specific
dispositions around the macrocycle were evident. For
standard PB-turns in natural peptides, there are sets of
distinct coupling constants and NOE patterns that are
typically observed.?* In the case of compounds 5 and
6, these patterns would be different due to the number
of linker atoms employed for macrocyclization, the
inflexibility of the olefin moiety included in the linkers
and constraining effects of the B-bend-inducing cyclo-
hexyl residue. The use of 3-carbon linkers dramatically
restricts the available conformational space of the mac-
rocycle as shown by both NMR data and molecular
modeling (vide infra).

All molecules examined were assigned by standard tech-
niques (COSY, TOCSY, NOESY, ROESY) by collect-
ing NMR data in D,0, 90% H,0/D,0O, and DMSO-d;
to allow assignment and evaluation of the solution
behavior of the exchangeable protons. Both NOESY
and ROESY spectra showed only a sparse set of NOE’s,
with the majority being sequential or short range in nat-
ure. This data offered little in the way of structural re-
straints. Nevertheless, the observed NOE’s were
qualitatively grouped (strong, medium, weak) and used
as filtering criteria to choose ‘best fit’ structures after
exhaustive in silico conformational searching (see the
Modeling Section). Additional NMR experiments were
conducted to explore the shielding or hydrogen-bonding
characteristics of the three endocyclic and one exocyclic
amide groups. Temperature coefficients were examined
in DMSO-dg for compounds 5, 6, and 7 (Fig. 4). Chem-
ical shift changes plotted against temperature gave linear
relationships indicating that conformational changes
were minimal over the temperature range (20-55°C,
Fig. 4B). Values for AJ/°C ranged from 0 to
—5.54 ppb/°C (Fig. 4C), suggesting that there is consid-
erable shielding of certain protons. Specifically, NH?
and NH? (numbering as in Fig. 4A) showed the lowest
negative values for all three compounds. This was con-
sistent with solvent shielding or their involvement in
intramolecular hydrogen bonds. The lowest values were
seen for NH?, which is the amide proton that would be
involved in a typical B-turn (i to i+ 3)-type hydrogen-
bond. However, it is unlikely that this amide proton ex-
tends across the macrocycle ring to hydrogen bond with
the carbonyl at C8 (see numbering in Fig. 2). Interest-
ingly, distinct chemical shifts were observed for each
of the Asn side chain amide protons, and their temper-
ature coeflicients were fairly low (—3 to —4.8 ppb/°C).
This suggested that an extended hydrogen bonding net-
work may exist with neighboring donor acceptor pairs
around the macrocycle.
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Figure 4. Temperature coefficients for the four amide protons of compounds 5, 6, and 7 measured in DMSO-ds. (A) Labeling of amide protons as
shown for compound 6. (B) Representative graph of values for 5 showing the linearity of the fits. (C) Table of coefficient values in parts per billion per

degree C.

An attempt was made to corroborate these data by cal-
culating H/D exchange rates for four of the amide pro-
tons. Data was collected for compounds 5 and 7, with
compound 6 not being analyzed due to limited solubility
of its free acid in D,O. Although both 5 and 7 showed
rapid exchange of all amides after dissolution in DO,
it was possible to show that for 5, the slowest exchange
was observed for NH?, followed by NH*, NH? and
NH'. For the open chain 7, the slowest exchange was
observed for NH?, suggesting that this amide has more
freedom to participate in cross-ring hydrogen bonding
that would define a typical B-turn. It is interesting to
note that although 7 has the ability to extend its carbon
backbone, the data strongly suggests that the molecule
remains at least partially folded in solution.

1.3. Molecular modeling studies

Since the relative paucity of NMR information pre-
cluded prediction of specific structural elements, a com-
prehensive modeling study was performed on 5, 6, and 7
to explore the extent of conformational space available
to the molecules. In particular, it was of interest to
examine the various rotamer populations allowed for
the two exocyclic aromatic residues, since NMR did lit-
tle to define the positions of these moieties. Accordingly,
hypothetical binding modes of these molecules were de-
rived from molecular dynamics simulations followed by
further analysis of each of the minimized protein-ligand
complexes.

In the lowest energy complexes, the i + 2 Asn residues in
5, 6, and 7 made hydrogen bonding interactions with the
carbonyl of LBE4%> (L120) and bidentate hydrogen
bonding interactions with the backbone carbonyl and
amide protons of LyspD6 (K109), respectively (Fig. 5).
The backbone amide of the pY + 1 aminocyclohexane-
carboxylic acid (Acgc) residue was hydrogen bonded to
the carbonyl group of HBD4 (H107), while the pTyr mi-

Figure 5. Hypothetical Grb2 SH2 domain binding modes of 5-7.
Hydrogen bonds are represented as dotted lines in yellow. For reasons
of clarity, only key residues and atoms are shown. Color codes used:
nitrogen—blue; oxygen—red; phosphorus—maroon; hydrogen—gray;
carbon atoms—pink (for 5); cyan (for 6); and orange (for 7).

metic phosphonate group interacted with SBC2 (S90)
and RPBBS5 (R86) residues. For peptides 5 and 6, interac-
tion with RaA2 (R67) is mediated by the a-CH,COOH,
while this interaction is absent in peptide 7. Hydrogen
bonding with the RaA2 residue is a characteristic of
Grb2 SH2 domain inhibitors that is normally mediated
by the pTyr phosphate (or phosphonate) group. The ab-
sence of such an interaction with RaA2 in case of 7
could reduce its binding affinity. However, interactions
between the phosphonate groups of 5 and 6 and the
RaA2 residue also appear to be missing in spite of the
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fact that these peptides exhibit high binding affinity. The
loss of phosphonate interactions with the RaA2 residue
may be due to conformations arising from the size of the
macrocyclic ring, which is one unit shorter than previ-
ously reported high affinity macrocyclic Grb2 SH2 do-
main binding inhibitors.!*> The most notable difference
observed between 5 and 6 appears to be the absence of
hydrophobic interactions between the C-terminal naph-
thyl amide moiety of 5 and residues LBDS (L111) and
KBD6 (K109).

Based on binding orientations in the lowest energy com-
plexes, one would expect peptide 5 to exhibit less affinity
than peptide 6. The fact that this is contrary to observa-
tion may indicate understanding affinity differences can-
not be done merely on the basis of lowest energy
complexes. In light of this, the conformational space
of the ligands was explored in both the free and the
bound states. To perform these studies, peptides 5, 6,
and 7 were extracted from their complexed states and
subjected to 5000 steps of Monte Carlo Multiple Mini-
mum (MCMM)?® using Merck Molecular Force Field
(MMFFs)?” with a continuum H,O solvation model
(GB/SA).?8 Conformers within 50 kcal/mol of the global
energy minimum were stored and subjected to cluster
analysis using XCluster (Schrédinger Inc.).?’ For each
compound, average conformations of molecules that
were parts of clusters with high separation ratios were
saved and the inter-proton distances were measured.
These inter-proton distances were than compared with
NMR NOESY-derived inter-proton distances in order
to arrive at the closest solution conformer for each of
5, 6, and 7, respectively.

Figure 6. Average solution conformer of 5 (A) and 6 (B) derived using
a combination of modeling and NMR results.

It was possible to identify a select subset of conformers
for macrocycles 5 and 6 that were consistent with the
results of NMR solution studies. However, because
of the greater flexibility of 7, clusters of conformers
could not be obtained with high separation ratios, even
though NMR data suggested that 7 remained at least
partially folded in solution. Attempts to pre-screen
the generated conformers of 7 using NMR-derived dis-
tance constraints, followed by cluster analysis, also
failed to provide good clustering. This implied that 7
can fold itself in multiple ways, owing to its greater
conformational flexibility. Figure 6 depicts possible
solution conformations of compounds 5 and 6. Because
these conformers are quite similar, one would not ex-
pect a large difference in energy penalties incurred in
binding to the protein.

Figure 7. Overview of the probable Grb2 SH2 domain binding modes of 5 (A; 311 conformers); 6 (B; 250 conformers); and 7 (C; 126 conformers)
obtained by conformational searches of the compounds within the binding pocket.



2436 S. Oishi et al. | Bioorg. Med. Chem. 13 (2005) 2431-2438

The poorer binding affinity of peptide 7 may be attrib-
uted to its greater conformational flexibility, which
could result in higher entropy losses upon binding.
To confirm this, a parallel study was conducted where-
in the conformational spaces of ligands bound in the
active site were explored. While complexed within the
active site, peptides 5, 6, and 7 were subjected to
1000 steps of a MCMM conformational search routine
while keeping the protein atoms fixed. All conformers
that were within 50 kcal/mol of the global minimum
were saved and analyzed. It was evident from the
ensemble of conformations within the active site, that
ligands can bind in several ways (Fig. 7). Critical pro-
tein interactions of macrocycles 5 and 6 were highly
similar, except for variation in the orientation of their
naphthylmethylamide moieties. Therefore, although the
predicted binding of 5 in its lowest energy conforma-
tion was not as favorable as 6, the fact that its naph-
thylmethylamide moiety could make more extensive
hydrophobic interactions with the protein provided a
basis for its experimentally-observed higher SPR bind-
ing affinity. On the other hand 7 does not appear to
bind in any predominantly favorable mode. The lower
SPR binding affinity of 7 may reflect that conforma-
tional flexibility is deleterious to binding.

2. Conclusions

The current study further demonstrates the potential
value of RCM macrocyclization for the construction
of Grb2 SH2 domain-binding peptide mimetics, wherein
the role of macrocyclization is to pre-order solution con-
formations to those favoring high affinity binding. The
focus of this work has been i to i + 3 ring closures using
allylglycines and B-vinyl-functionalized residues giving
rise to minimal macrocyclic tetrapeptide mimetics. This
general approach may be applicable to other systems
where small peptides would benefit from conformational
restriction to bend geometries.

3. Experimental
3.1. Grb2 SH2 domain protein

Oligonucleotides and plasmids. pDonr223 is a Gateway
Donor vector modified from pDonr201 (Invitrogen).
pDonr223 replaces the kanamycin resistance gene with
a gene encoding spectinomycin resistance, and contains
several sequencing primer sites to aid in sequence veri-
fication of Entry clones. pDest-566 is a Gateway Desti-
nation vector containing a T7 promoter, which
produces an aminoterminal His6-MBP (maltose bind-
ing protein, New England Biolabs) fusion of any pro-
tein cloned into the vector using Gateway
recombination. The following oligonucleotides (Oper-
on, Inc) were used in this study:

L718: 5-ATTTTCGAGGCCCAGAAAATTGAGTG-
GCACGACGGCTGGTTTTTTGGCAAAATCCCCAG
L722: 5'-GGGGACAACTTTGTACAAGAAAGTTG-
GCTATATGTCCCGCAGGAATATCTGCTGG

L726: 5-GGGGACAACTTTGTACAAAAAAGTTG-
GCGAAAACCTGTACTTCCAAGGCCTGAACGA-
TATTTTCGAGGCCCAGAAAATTG

3.2. Cloning of Grb2 SH2 domain fusion protein

A fragment of the Grb2 domain consisting of amino
acids 60-151 inclusive was cloned by PCR from
IMAGE cDNA library clone #3345525 (Open Biosys-
tems). The fragment was first amplified for 5 cycles using
primers L718 and L722 (above), followed by the addi-
tion of the adapter primer L726 and amplification was
continued for 15 cycles. PCR was carried out using Plati-
num Taq HiFidelity (Invitrogen) under standard condi-
tions using a 30 s extension time. The final PCR product
contains the Grb2 SH2 domain fragment flanked on the
5’ side with a Gateway attBl1 site, Tev protease cleavage
site, and a 15 amino acid peptide (BAP), which can be
biotinylated in vivo in E. coli. The 3’ side contains a
Gateway attB2 site. The PCR product was cleaned using
the QiaQuick PCR purification kit (Qiagen) and recom-
bined into pDonr223 using the Gateway BP recombina-
tion reaction (Invitrogen) with the manufacturer’s
protocols. The subsequent Entry clone was sequence
verified, and sub-cloned by Gateway LR recombination
into pDest-566. Final expression clones encode for a
protein of the form His6-MBP-Bl1-tev-BAP-Grb2(60—
151)-stop. The linker between the MBP and the Grb2
regions consists of the amino acid sequence ENLY-
FQGLNDIFEAQKIEWHEG, which is cleaved by Tev
protease between the Q and G residues to leave the
BAP peptide, which can be biotinylated on the lysine
residue.

3.3. Expression of Grb2 SH2 domain fusion protein

The Grb2 SH2 domain expression clone was trans-
formed into E. coli BL21(DE3) cells, which also con-
tained the pBirA plasmid (Avidity, Inc) that
overexpresses the E. coli biotin ligase protein. Cells were
grown to mid-log phase in Circlegrow medium (Qbio-
gene) at 37 °C, shifted to 16 °C, and induced by adding
0.5 mM biotin and 0.5 mM IPTG. Growth was contin-
ued for 18 h and cells were harvested by centrifugation.
Pellets were frozen at —80°C prior to subsequent
processing.

3.4. Purification of the Hisc-MBP:Grb2 fusion protein
and Grb2 SH2 domain protein

The cell paste from 6 L of an E. coli expression culture
was resuspended with two volumes of extraction buffer
(20 mM Na phosphate, pH 7.5, 100 mM NaCl, 1 mM
bME, 5% glycerol, 20 mM imidazole, and complete pro-
tease inhibitor (Roche) at 1 tablet per 50 mL of extrac-
tion buffer) per gram wet weight of cells, digested with
lysozyme (0.5 mg/mL) for 30 min on ice, adjusted to
5mM MgCl, and treated with 10 U benzonase (Nova-
gen)/mL for an additional 20 min. The sample was son-
icated to lyse the cells (verified by microscopic
examination), adjusted to 500 mM NaCl, clarified by
centrifugation (27,000g for 30 min) and filtration
(0.45 um, PES membrane) and applied at 1.0 mL/min
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to a 5 mL chelating sepharose column (Amersham) pre-
viously charged with nickel and equilibrated with extrac-
tion buffer in 500 mM NaCl (binding buffer). The
column was washed with binding buffer to baseline
and proteins were eluted over a 100 mL gradient to
400 mM imidazole at 2 mL/min, collected in 2 mL frac-
tions and analyzed by SDS-PAGE.

Fractions from the immobilized metal ion affinity chro-
matography (IMAC) that contained the Hisg-
MBP:Grb2 SH2 domain fusion protein were pooled
and then divided: 20% was dialyzed against 25 mM
HEPES, pH 7.4, and 80% was dialyzed against binding
buffer without imidazole. Samples of the latter fraction
were titrated with TEV protease. The TEV protease
digestions were scaled up based on the results of the test
digests. Final Grb2 SH2 domain purification was per-
formed as an additional IMAC step similar to the initial
IMAC save for the absence of imidazole in the sample
and the separation of the gradient into two sections.
The first gradient was over 50 mL from 0-50 mM imid-
azole, while the second gradient was over 50 mL from
50-400 mM imidazole. Final protein pools were dia-
lyzed against 1xPBS, pH 7.2, and concentrated to
1 mg/mL using Amicon Ultra concentrators (Millipore).

3.5. HPLC purification and characterization of
recombinant Grb2 SH2 domain protein

The Grb2 SH2 domain protein was purified on a nickel
column and digested with TEV protease as described
above. After digestion the protein was subjected to chro-
matography on a second nickel column to eliminate re-
leased MBP and TEV protease. For further purification
the protein was subjected to reverse phase HPLC on a
Cig column Delta-Pak (25 x 100 mm, 15 um; Waters,
Milford, MA). In a typical fractionation, 100 pL of
TFA was added to 25 mL of protein solution and this
was injected on the column equilibrated in buffer A
(0.1% aqueous TFA). Proteins were eluted using a linear
gradient of buffer B (0.1% TFA in acetonitrile) from 0%
to 90% over 60 min with a flow rate of 7 mL/min using
UV detection at 254 nm. One major peak was collected,
which upon MALDI-TOF mass spectrometric analysis
revealed the presence of a protein with mass of
12784 Da. This is in agreement with the theoretical mass
of the desired biotinylated protein (12562 + 226 =
12788 Da). The corresponding fractions from seven
injections were combined to give a total volume of
52mL. A 2 uL aliquot of the combined material was
analyzed using N-terminal protein sequencing. The
resulting 19 amino acid sequence ‘GLNDIFEAQ-
XIEWHDGWFF’ was in agreement with the expected
sequence. The PTH derivative of the residue in position
10 eluted between arginine and tyrosine, corresponding
to the biotinylated lysine. No residual non-modified ly-
sine was detected at this stage, indicating quantitative
biotinylation. The results of amino acid analysis of the
preparation were consistent with the expected amino
acid composition of the protein and indicated a protein
content of 28 pg per 100 pL. The preparation was lyoph-
ilized in 2.1 mg aliquots based on the results of amino
acid analysis.

3.6. Biosensor analysis

Binding experiments were performed on Biacore S51
instrument (Biacore Inc., Piscataway NJ). All biotinyla-
ted Grb2 SH2 domain proteins (b-Grb2) were expressed
and purified as described above. The b-Grb2 was immo-
bilized onto carboxymethyl 5’ dextran surface (CMS5
sensor chip, Biacore Inc.) by amine coupling. The lyoph-
ilized b-Grb2 was reconstituted in 50% aqueous DMSO
to make a stock solution of 1 mg/mL and stored at
—80 °C. A 1:12.5 dilution of b-Grb2 was used for immo-
bilization, following dilution in acetate buffer pH 5.0
and using 5% DMSO. 1XPBS (phosphate buffered sal-
ine, pH 7.4) as the running buffer.

An immobilization wizard was used to aim for the immo-
bilization target. Approximately 2500-5000 resonance
units (RU) of b-Grb2 protein were captured onto the
CMS5 sensor chip. Synthetic peptides 5, 6 and 7 were seri-
ally diluted in running buffer to the concentrations (1.25—
1500 nM) as described in each sensorgram and injected
at 25 °C at a flow rate of 30 mL/min for 2 min. Samples
containing different concentrations of peptides were in-
jected in increasing concentration, and every injection
was performed in duplicate within each experiment. In
order to subtract background noise from each data set,
all samples were also run over an unmodified reference
surface and random injections of running buffer were
performed throughout every experiment (‘double refer-
encing’). Data were fit to a simple 1:1 interaction model,
using the global data analysis program CLAMP.3°

3.7. NMR solution studies

NMR data were collected on a Varian Unity Inova
instrument operating at 500 MHz. All NMR data were
collected at 25 °C. Assignments were made using stan-
dard NMR experiments. In 100% D,0, 1D 'H NMR
data were collected using pre-saturation for the residual
H,O and standard 2D NMR experiments were con-
ducted, including NOESY (at mix times of 50 and
200 ms), dqCOSY, and TOCSY. 1D '"H NMR data were
collected in 10% D,O (90% H,0) using Watergate sup-
pression and standard wgNOESY, wgROESY, and
wgTOCSY 2D experiments were run. Samples were pre-
pared as follows: A total of 1.79 mg of 7 as a lyophilized
solid in free acid form was dissolved in 600 pl. H,O/
D>O (pH 3.29) and a total of 0.53 mg of 5 as a lyophi-
lized solid in free acid form was dissolved in 600 pL
H,O/D,0 (pH 5.04). Peptide 6 was insoluble in water
in the free acid form. Therefore, a total of 2.245 mg of
6 in its sodium salt form was dissolved in 600 pL H,O/
D,0O (pH 7.9). Potential intramolecular hydrogen bond-
ing interactions were investigated by measuring the ex-
change rates for the exchangeable protons of the N-H
groups. This was achieved by taking the samples up in
200 mL of H,O, followed by lyophilization to dryness
(repeated at least 3 times). Immediately prior to NMR
measurements, samples were taken up in 100% D,O.
The 1D "H NMR experiments were monitored over a
time course from 5 min to 24 h. Protons were integrated
over the same region for each spectrum and referenced
to a non-exchangeable proton with an integration value
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of 1. Integration decreased as each N-H proton under-
went deuterium exchange. The integral of each
exchangeable proton was plotted as a function of time
and fit to the following equation:

Y=y, +A4*xexp(Ry *x),
where y = integrated area and x = time (min)

For 6 in its sodium salt form, complete exchange was
observed within 5 min, rendering it impossible to derive
relative exchange rates.

3.8. Molecular modeling

All simulations were performed using the molecular
modeling tools available within Macromodel 8.0.3!
Chain A from the crystal structure of mAZ-pY—(aMe)-
pY-N-NH, bound to the Grb2 SH2 domain
(1JYQ.pdb3?) was used as the starting geometry for
the modeling study. All crystallographic water mole-
cules were removed and the structure of the bound
ligand was modified using the 3D-sketcher tools
available within Macromodel 8.0 to yield initial struc-
tures of peptides 5, 6, and 7 complexed with the protein.
Each of the resulting protein-ligand complexes was then
subjected to minimization using the Polak-Ribier Con-
jugate gradient (PR-CG) method until a gradient con-
vergence threshold of 0.05 was reached. This was
followed by 10 ps of equilibration and 50 ps of molecu-
lar dynamics simulation using the Merck Molecular
Force Field (MMFFs)?’ and a continuum solvation
model for H,O (GB/SA).?® For each compound under
study, 100 structures of the protein-ligand complex
from molecular dynamics simulations were saved for
further analysis. The frames with the lowest energy of
the 100 saved structures are depicted in Figure 5. During
minimization and simulation, all atoms were held fixed
except for those within a 10 A sphere around the li-
gands. In an attempt to explore the conformational flex-
ibility of the molecules while bound to the protein, the
lowest energy frames of peptides 5, 6, and 7 complexed
with the Grb2 SH2 domain were subjected to 1000 steps
of Monte Carlo Multiple Minimum (MCMM)?¢ confor-
mational search routine while keeping the protein atoms
fixed. In a separate study, the structures of 5, 6, and 7
were extracted out from their complexed state and sub-
jected to 5000 steps of MCMM using MMFFs with a
continuum solvation model for H,O. All conformers
within 50 kcal/mol of the global energy minimum were
saved and subjected to cluster analysis using XCluster.?’
Conformations of the molecules that formed clusters
with high separation ratios were saved and the inter-pro-
ton distances were measured using the analysis tool in
Macromodel 8.0. These distances were compared with
the inter-proton distances obtained from NMR NOESY
data to derive the possible solution conformers.
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