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The observation that anthranilic acid as N-terminal group produces a dramatic increase of
the binding affinity of the phosphopeptide sequence Glu-pTyr-Ile-Asn for the Grb2-SH2 domain
was rationalized by molecular modeling. The model, which invokes a stacking interaction
between the N-terminal group and the SH2 domain residue Arg RA2, was subsequently used
to design the 3-aminobenzyloxycarbonyl N-terminal group. The latter confers high affinity
(IC50 ) 65 nM in an ELISA assay) to the minimal sequence pTyr-Ile-Asn recognized by the
Grb2-SH2 domain.

Introduction

Intervention in the signal transduction pathways of
tyrosine kinase growth factor receptors is a contempo-
rary theme in anticancer drug research.1-3 Many efforts
have focused on preventing tyrosine phosphorylation
and the consequent intracellular signal propagation by
chemical inhibition of the kinase enzymatic activity of
these receptors.4,5 Downstream in the signaling cas-
cade, blocking the interaction between the phosphoty-
rosine (pTyr)-containing activated receptors and the Src
homology 2 (SH2) domain of the growth factor receptor-
bound protein 2 (Grb2) constitutes another approach of
potential interest in the search for new antitumor
agents.6,7 This strategy, which targets a key component
of the ras activation pathway,8,9 is conceptually attrac-
tive. Starting from the minimal peptide sequence pTyr-
Ile-Asn recognized by the Grb2-SH2 domain,10 we have
initiated a medicinal chemistry project in this direction.
A first objective in the project was to improve the
binding affinity of the minimal sequence to progress
toward the identification of low molecular weight com-
pounds that can efficiently disrupt these protein-
protein interactions. As part of this effort, we report
here the rationalization by molecular modeling of the
unexpected beneficial effect on affinity observed upon
introduction of a particular fluorophore at the N-
terminus of a Grb2-SH2 phosphopeptide ligand. We
also describe how this finding has been exploited to
design an N-terminal capping group of phosphotyrosine
that increases the binding affinity of the unprotected
minimal sequence by 3 orders of magnitude.

Results and Discussion

Anthranilic Acid Effect. To assess the binding
affinity of ligands for the Grb2-SH2 domain, we have
set up an ELISA-type assay that measures their ability
to inhibit the binding of the phosphorylated C-terminal
intracellular domain of the epidermal growth factor
receptor (EGFR) to this SH2 domain.11 In the early
phase of the project, we envisaged to develop an
alternative binding test based on fluorescence. For that

purpose, reference phosphopeptides bearing the anthra-
nilic acid (Abz) fluorophore at the N-terminus were
synthesized. As illustrated by a comparison of the IC50
values of compounds 1 and 2 (Table 1), it turned out
that Abz, when appended at the N-terminus of the
amino acid preceding the phosphotyrosine, produced a
dramatic, unexpected increase of the binding affinity of
the phosphopeptides for the Grb2-SH2 domain. At the
time this result was obtained, we had not yet deter-
mined the X-ray crystal structure of the Grb2-SH2
domain in complex with a phosphopeptide.11 Still, using
the available coordinates of an homologous SH2 domain,
that of the protein p56lck (Lck) complexed with the high-
affinity phosphopeptide Glu-Pro-Gln-pTyr-Glu-Glu-Ile-
Pro-Ile-Tyr-Leu,12 we could derive a hypothesis for the
structural basis of this effect.
Why the Lck Structure Is an AppropriateModel.

Specificity in peptide ligands of SH2 domains is deter-
mined by the residues C-terminal to the phospho-
tyrosine.13 For instance, while for the Grb2-SH2 do-
main an asparagine at position pTyr+2 of the se-
quence14 is the dominant recognition feature, the Lck-
SH2 domain preferentially binds peptides presenting
the motif pTyr-Glu-Glu-Ile.15,16 As confirmed by X-ray
and NMR structural investigations,11,12,17-19 this sug-
gests that the three-dimensional structures of SH2
domains present significant differences in the regions
involved in binding the C-terminal part ot their phos-
phopeptide ligands. As a corollary, because they are not
critical for determining specificity, less variation is
expected in the N-terminal part binding regions as well
as in the phosphotyrosine recognition pockets. In
particular, the analysis detailed below gave us confi-
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Table 1. Structure-Activity Relationships of Reported
Phosphopeptides

no. sequence IC50 (µM)a

1 H-Glu-pTyr-Ile-Asn-NH2 7.9 ( 0.46
2 Abz-Glu-pTyr-Ile-Asn-NH2 0.022 ( 0.005
3 Ac-pTyr-Ile-Asn-NH2 8.64 ( 1.56
4 H-pTyr-Ile-Asn-NH2 56.9 ( 6.74
5 (3-amino)Z-pTyr-Ile-Asn-NH2 0.065 ( 0.0045
6 Z-pTyr-Ile-Asn-NH2 6.35 ( 0.59
a IC50 concentration to inhibit the binding of the phosphorylated

C-terminal intracellular domain of EGFR to the Gbr2-SH2 domain.
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dence that the Lck-SH2 X-ray structure provided an
appropriate frame to model the interactions between the
Grb2-SH2 domain and its ligands as far as phospho-
tyrosine and the N-terminal residues are concerned.
According to sequence alignments,18 the amino acids

of the Lck-SH2 domain seen to interact with the ligand
phosphotyrosine and its N-terminal residues in the
X-ray structure are absolutely conserved in the Grb2-
SH2 domain. These are Arg RA2, Arg âB5, Ser âC3,
Ser BC2, Ser âB7, Lys âD6, Glu BC1, and His âD4.21
Additional support to the notion that the three-
dimensional structures of the Lck and Grb2-SH2 do-
mains in complex with ligands are similar in this region
came from structure-activity relationships reported in
Table 1. In the crystal structure of the Lck-SH2
domain, the only contact existing between the glutamine
pTyr-1 phosphopeptide residue and the protein is a
bifurcated hydrogen bond interaction involving the
ligand backbone carbonyl and the terminal nitrogens
of the guanidinium moiety of Arg RA2 (see Figure 1).
The side chain of the pTyr-1 residue projects away from
the protein in the direction of solvent space. Consistent
with the idea that a similar situation exists in ligated
Grb2-SH2, comparison of the respective IC50 values of
compounds 1, 3, and 4 indicates that the pTyr-1 amino
acid contributes to affinity only through its backbone
carbonyl function. A simple acetyl N-protection of the
phosphotyrosine can replace the full pTyr-1 residue
without loss of affinity (peptide 3 compared to 1).
However, removal of the protecting group causes a 7-fold
increase of the IC50 value (peptide 4 compared to 3) by
abolishing, presumably, the hydrogen bond interaction
above mentioned.

Rationalization of the Effect. Thus, taking the
X-ray structure of the Lck-SH2 domain complex as a
model, we sought to understand the origin of the
anthranilic acid effect. The Lck structure shows that
amino acid Arg RA2 makes multiple contacts with the
phosphopeptide ligand. Its side chain forms hydrogen
bonds with the phosphate group and, as already men-
tioned, the backbone carbonyl of residue pTyr-1. A less
conventional amino-aromatic hydrogen bond, also seen
in the structures of other SH2 domains,22,23 is formed
between the η1 nitrogen and the phosphotyrosine ring.
In addition, a weak van der Waals contact exists
between the guanidinium moiety and the ring of the
proline residue in position pTyr-2 of the phosphopeptide
sequence. These different interactions are represented
in Figure 1. When the modeling experiment consisting
of replacing the pTyr-2 proline residue by the Abz
N-terminal group in the X-ray structure was performed,
it immediately suggested a reason why this structural
change could lead to a gain in binding affinity. As
depicted in Figure 2, constructing Abz at the location
of the proline ring in the X-ray structure followed by
energy minimization places the N-terminal group in an
optimal position to make a favorable planar π-π stacking
interaction with the guanidinium moiety of Arg RA2.
Stacking interactions between arginine side chains and
aromatic or heteroaromatic moieties have often been
observed in structural biology,24 and calculations on
model complexes suggest that they can produce sub-
stantial stabilization energy.25 In fact, statistical analy-
sis of protein structures indicates that arginine and
aromatic amino acid side chains interact more fre-
quently in the stacked geometry than in the perpen-
dicular (amino-aromatic hydrogen bond) one.25 Stack-
ing gives to an arginine guanidinium group that has
fulfilled its hydrogen bonding potential, as it is the case
for Arg RA2, an additional possibility of interaction.
Recently, this type of interaction between an electron-
rich aromatic moiety and the electron-poor guanidinium
group has also been invoked to rationalize the structure-
activity relationships of some matrix metalloproteinase
inhibitors.26 To check if other low-energy binding
geometries could exist, a local Monte Carlo search of
the conformations accessible to the N-terminal part of
the Abz-protected phosphopeptide ligand in complex
with the Lck-SH2 domain was carried out. The confor-
mation corresponding to the stacking interaction be-
tween Abz and Arg RA2 came out as the global mini-
mum, reinforcing the plausibility of our hypothesis
regarding the origin of the anthranilic acid effect.
As can be seen in Figure 2, in our model of the

complex in which Abz stacks on Arg RA2, the 2-amino
substituent of the protecting group is within hydrogen-
bonding distance of one of the pTyr phosphate oxgen
atoms. We speculated that this intramolecular hydro-
gen bond in the ligand, by locking its N-terminal part
in the conformation recognized by the SH2 domain, also
contributed to the exceptional increase in affinity con-
ferred by Abz.
Design of a 3-Aminobenzyloxycarbonyl N-Ter-

minal Group. As discussed in the preceding sections,
the side chain of the ligand pTyr-1 amino acid does not
contribute to affinity. According to our model, the
glutamic acid pTyr-1 residue of 2, apart from its main
chain carbonyl group, acts as a neutral spacer connect-

Figure 1. Interactions between residue Arg RA2 (yellow) and
the phosphopeptide ligand in the Lck-SH2 domain X-ray
structure. Conventional hydrogen bonds are represented as
thin white lines. The amino-aromatic hydrogen bond formed
with the π system of pTyr is pictured in the form of pink dots
while the van der Waals contact with proline pTyr-2 as blue
dots.
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ing the important pTyr and Abz moieties. This sug-
gested that it should be possible to design an appropri-
ate N-terminal group that could mimic the stacking
interaction of Abz and be directly attached to the
phosphotyrosine, thus eliminating one unnecessary
amino acid in potent compound 2.
Inspection of the model in Figure 2 revealed that the

part of the Abz group in contact with the guanidinium
moiety of Arg RA2 extends beyond the phenyl ring. It
also includes a surface patch belonging to the atoms
forming the pseudo-six-membered ring resulting from
the intramolecular hydrogen bond between the 2-amino
substituent and the carbonyl group (Abz was con-
structed in this conformation as described in the mo-
lecular modeling part of the Experimental Section). An
electrostatic potential map of the Abz fragment (Figure
3) clearly shows that the electron-rich region corre-
sponding to negative values of the molecular electro-
static potential and having affinity for the electron-poor
guanidinium group is centered in the middle of the
bicyclic system formed by the phenyl and the pseudo-
six-membered rings. Interactive modeling work sug-
gested that the phenyl ring of a 3-amino-substituted
benzyloxycarbonyl (Z) group, appended at the N-termi-
nus of phosphotyrosine, could appropriately mimic the
bicycle-centered part of Abz in contact with the guani-
dinium moiety of Arg RA2 without compromising the
other ligand-SH2 domain interactions. The resulting
energy-minimized model is shown in Figure 4.
The synthetic realization of this idea, compound 5,

confirmed the validity of the design. With an IC50 value
of 65 nM (Table 1), 5 is almost equipotent to 2 while
being one amino acid residue shorter. Three orders of
magnitude in binding affinity were gained with respect
to the unprotected reference tripeptide sequence 4.
To assess the importance of the 3-amino substituent

in producing this dramatic increase in affinity, 6, the
unsubstituted Z-protected analogue of 5, was also
synthesized. As shown in Table 1, the amino substitu-
ent is essential. No gain in affinity was obtained with
6 compared to the acetyl-protected peptide 3. In the
model, the most obvious role of the amino substituent

is to lock the N-terminal part of the peptide in the
stacking conformation by forming a strong intramolecu-
lar hydrogen bond with the charged phosphate group
of pTyr. However, the electron-donating property of the
substituent, by increasing the electronic density on the
phenyl ring of Z with the result of strengthening the
interaction with the electron-deficient arginine guani-
dinium group, is very likely to also have a contribution
to the enhancement of affinity. Thus, the large increase
in potency induced by Abz or its (3-amino)Z mimetic
seems to depend on the synergy between an enthalpic
(π-π stacking strengthened by an electron-donating
substituent) and an entropic (conformational restriction
by an internal hydrogen bond) favorable effect.
Repeating the modeling work above described using

our recently solved X-ray crystal structure of the Grb2-
SH2 domain11 gave the same results in accordance with

Figure 2. Model (stereoview) of the stacking interaction between the phosphopeptide Abz N-terminal group and the SH2 domain
residue Arg RA2 (yellow). The hydrogen bond between the 2-amino substituent of Abz and the phosphate group of pTyr is
represented as a dashed line.

Figure 3. Electrostatic potential map of the Abz N-terminal
group. The electrostatic potential is displayed as isovalue
contour lines on the van der Waals surface of the molecule
(negative values, blue; positive values, red). The intramolecu-
lar hydrogen bond formed by the 2-amino substituent and the
carbonyl group appears as a dashed line.
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the expected high degree of similarity observed between
the Lck and Grb2-SH2 structures in the region of the
phosphotyrosine binding pocket.

Conclusion
Molecular modeling based on the X-ray structure of

an SH2 domain homologue to that of Grb2 allowed us
to formulate a hypothesis regarding the structural basis
of the anthranilic acid effect discovered by serendipity.
The resulting model was successfully used to design

an N-terminal capping group of phosphotyrosine that
can impart high affinity to the minimal tripeptide
sequence recognized by the Grb2-SH2 domain. The
small size and the high potency of the phosphopeptide
thus obtained represent a major advance in the search
for low molecular weight compounds that can block a
crucial protein-protein interaction in the signal trans-
duction pathways of tyrosine kinase growth factor
receptors.
Since the anthranilic acid effect is assumed to origi-

nate in an interaction with the well-conserved Arg RA2
amino acid, it should also be observed for SH2 domains
other than Grb2. We are currently in the process of
checking this idea by applying the same N-terminal
modifications to phosphopeptide sequences specific to
various other SH2 domains

Experimental Section
4-[[[(2′,4′-Dimethoxyphenyl)Fmoc]amino]methyl]phenoxy]-

polystyrene resin (1% DVB cross-linked, 0.4 mequiv/g, 100-
200 mesh) and BOP and HOBt reagents were purchased from
NovaBiochem (Läufelfingen, Switzerland). TPTU reagent was
from Senn Chemicals AG (Dielsdorf, Switzerland). HATU
reagent was from PerSeptive Biosystems (Hamburg, Ger-
many). The required Fmoc derivatives were obtained using
standard protocols. NR-Fmoc-Tyr(PO3H2)-OH was synthesized
as described previously.27 2-Aminobenzoic acid, trifluoroacetic
acid, diisopropylethylamine, and piperidine were from Fluka
(Buchs, Switzerland). N,N-Dimethylacetamide was from Mer-
ck (Hohenbrunn, Germany) andN-methylpyrrolidin-2-one was
from SDS (Peypin, France). All commerical chemicals used
were of the highest quality available (AR grade or higher).
3-[N-tert-Butoxycarbonyl)amino]benzyl Alcohol. Di-

tert-butyl dicarbonate (13.4 mL, 60 mmol) was added to a
solution of 3-aminobenzyl alcohol (2.46 g, 20 mmol) in THF:1
N NaOH (125 mL, 1:1, v/v), and stirring was continued until
completion of the reaction. The alkaline solution was extracted

with petroleum ether (2 × 25 mL); the ether extracts were
discarded. The aqueous phase was acidified with a 5% solution
of citric acid and extracted with ethyl acetate (3 × 30 mL).
The ethyl acetate extracts were pooled, washed with water (3
× 30 mL), dried over anhydrous Na2SO4, and evaporated in
vacuo. Yield: 4.0 g (18 mmol, 90%). TLC: Rf ) 0.72 (chloro-
form:methanol:water:acetic acid ) 750:270:50:5, v/v/v/v). 1H
NMR (CD3OD): δ 1.50 (s, 9H, t-Bu), 4.56 (s, 2H), 6.98 (d, J )
7.5 Hz, 1H), 7.21 (t, J ) 7.5 Hz, 1H), 7.30 (d, J ) 7.5 Hz, 1H),
7.40 (s, 1H).
3-[N-(tert-Butoxycarbonyl)amino]benzyl 4-Nitrophen-

yl Carbonate. A solution of 3-[N-(tert-butoxycarbonyl)amino]-
benzyl alcohol (1.0 g, 4.5 mmol) in anhydrous pyridine (18 mL)
was cooled in an ice-water, bath and 4-nitrophenyl chloro-
formate (0.9 g, 4.5 mmol) was added with stirring. The
solution was stirred for 17 h at room temperature and then
added to a mixture of diisoporpyl ether/petroleum ether (1:1,
v/v; 200 mL). The ether mixture was extracted with brine (1
× 50 mL) and then with water (7 × 50 mL), dried over
anhydrous Na2SO4, and evaporated in vacuo. The crude
compound was purified by flash chromatography on silica gel,
using dichloromethane as eluent. Yield: 1.25 g (3.2 mmol,
71%). Mp: 93.3-94.3 °C. TLC: Rf ) 0.66 (chloroform/
methanol ) 95:5, v/v). MS: m/z 387 (M - H). 1H NMR
(CDCl3): δ 1.52 (s, 9H, t-Bu), 5.28 (s, 2H), 6.55 (s, 1H, NH),
7.10 (d, J ) 7.5 Hz, 1H), 7.30 (m, 2H), 7.40 (d, J ) 7.5 Hz,
2H), 7.58 (s, 1H), 8.38 (d, J ) 7.5 Hz, 2H).
Peptide Synthesis. Peptides 1, 5, and 6 were synthesized

manually on a 4-[[(2′,4′-dimethoxyphenyl)amino]methyl]-
phenoxy resin,28 employing the fluorenylmethoxycarbonyl
strategy. Fmoc-removal was with piperidine/DMA (1:4, v/v;
6 × 2 min), followed by washing with MeOH (3 × 1 min), NMP
(2 × 1 min), MeOH (3 × 1 min), and NMP (3 × 2 min). The
required Fmoc derivatives of asparagine, isoleucine, and
glutamic acid were incorporated using their 2,4,5-trichlorophe-
nyl esters (2 equiv) in the presence of HOBt (2 equiv) and
DIEA (0.75 equiv). Asparagine and glutamic acid side chains
were protected with the trityl and the tert-butyl group,
respectively. The incorporation of NR-Fmoc-Tyr(PO3H2)-OH
(3 equiv)27,29 was accomplished with BOP/HOBt (1:1; 3 equiv;
first coupling)30 and HATU (3 equiv; second coupling)31 in the
presence of DIEA (7 equiv). 3-[N-(tert-Butoxycarbonyl)amino]-
benzyl 4-nitrophenyl carbonate (3 equiv) was coupled to the
N-terminal residue of the peptide resin (peptide 5) in the
presence of an equimolar amount of DIEA in NMP during 17
h at room temperature. Benzyl chloroformate (3 equiv) was
coupled to the N-terminal residue of the peptide resin (peptide
6) in the presence of DIEA (6 equiv) in NMP during 17 h at
room temperature.
Peptides 2-4 were synthesized on a Milligen 9050 auto-

mated peptide synthesizer, starting with an Fmoc-PAL-PEG-

Figure 4. Model (stereoview) of the stacking interaction between the designed phosphopeptide (3-amino)Z N-terminal group
and the SH2 domain residue Arg RA2 (yellow). The hydrogen bond between the 3-amino substituent of the N-terminal goup and
the phosphate moiety of pTyr is represented as a dashed line.
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resin32 for establishing the C-terminal carboxamide, and using
chemical protocols based on the fluorenylmethoxycarbonyl
chemistry. The required Fmoc-amino acids (3 equiv) were
coupled using their 2,4,5-trichlorophenyl esters (single cou-
pling) with minimum reaction times of 30 min. The amino
acid side chains are protected as described above. Double
coupling with TPTU (3 equiv)33 was carried out for glutamic
acid (peptide 2). The incorporation of NR-Fmoc-Tyr(PO3H2)-
OH (3 equiv) was accomplished with BOP/HOBt (1:1; 3 equiv;
first coupling) and HATU (3 equiv; second coupling) in the
presence of DIEA (6 equiv). 2-Aminobenzoic acid (peptide 2)
was incorporated with BOP/HOBt as described above. 3-[N-
(tert-Butoxycarbonyl)amino]benzyl 4-nitrophenyl carbonate (3
equiv) was coupled manually to the N-terminal residue of the
peptide resin (peptide 5) in the presence of an equimolar
amount of DIEA in NMP during 17 h at room temperature
The complete peptide resins obtained after the last coupling

step were simultaneosly deprotected and cleaved by treatment
with TFA/H2O (95:5, v/v) for 3 h at room temperature. The
filtrate from the cleavage reaction was precipitated in diiso-
propyl ether/petroleum ether (1:1, v/v, 0 °C), and the precipi-
tate was collected by filtration. The crude peptides were
purified by medium-pressure liquid chromatography using a
C18-column (Merck LICHROPREP RP-18, 15-25 µm bead
diameter; detection at 215 nm) eluted with an acetonitrile-
water gradient containing 0.1% of TFA. Fractions shown by
HPLC to be >95% pure were pooled and lyophilized to provide
the title compounds as white powder TFA salts. Mass-spectral
analysis (MALDI-TOF) revealed a molecular mass within 0.1%
of the expected value (negative-ion mode): 615.9 (1, calcd
615.6, C24H36N6O11P1); 734.5 (2, calcd 734.7, C31H41N7O12P1);
528.8 (3, calcd 528.5, C21H31N5O9P1); 486.4 (4, calcd 486.5,
C19H29N5O8P1); 635.7 (5, calcd 635.6, C27H36N6O10P1); 620.8 (1,
calcd 620.6, C27H35N5O10P1). The purity of the peptide was
verified by reversed-phase analytical HPLC on a Nucleosil C18-
column (250 × 4 mm, 5 µm, 100 Å): (A) linear gradient over
10 min of MeCN/0.09% TFA and H2O/0.1% TFA from 5:95 to
65:35; (B) linear gradient over 10 min of MeCN/0.09% TFA
and H2O/0.1% TFA from 1:49 to 3:2; (C) linear gradient over
10 min of MeCN/0.09% TFA and H2O/0.1% TFA from 1:49 to
2:3, flow rate 2.0 mL/min, detection at 215 nm; single peak at
tR ) 4.20 min (1, A); tR ) 5.38 min (2, B); tR ) 5.62 min (3, C);
tR ) 3.99 min (4, C); tR ) 5.54 min (5, B); tR ) 7.37 min (6, B).
Identical results were obtained by capillary electrophoresis
(Beckmann, P/ACE System 5000): normal capillary 75 µm ×
50 cm, sodium phosphate 0.05 M (pH 9.3) and/or sodium
tetraborate 0.05 M (pH 9.3), 10 min at 25 kV, detection at 214
nm, T ) 23 °C.
Abbreviations. Abbreviations for amino acids and nomen-

clature of peptides structures follow the recommendations of
the IUPAC-IUB Commission on Biochemical Nomenclature
(Eur. J. Biochem. 1984, 138, 9). Other abbreviations are as
follows: Abz, anthranilic acid or anthranilamide; Fmoc, 9-fluo-
renylmethyloxycarbonyl; HATU, N-[[(dimethylamino)-1H-
1,2,3-triazolo[4,5-b]pyridin-1-yl]methylene]-N-methylmeth-
anaminium hexafluorophosphate N-oxide; Boc, tert-butyl-
oxycarbonyl; BOP, (1H-benzotriazol-1-yloxy)tris(dimethylami-
no)phosphonium hexafluorophospahte; DIEA, diisopropylethyl-
amine; DMA, N,N-dimethylacetamide; HOBt, 1-hydroxyben-
zotriazole; HPLC, high-performance liquid chromatography;
PAL, tris(alkoxy)benzylamide linker; PEG, poly(ethylene gly-
col); NMR, nuclear magnetic resonance; MALDI-TOF, matrix-
assisted laser-desorption ionization time-of-flight mass spec-
trometry; NMP, N-methylpyrrolidin-2-one; Rf, ratio of fronts
in thin layer chromatogrphy employing silica gel plates; TFA,
trifluoroacetic acid; THF, tetrahydrofuran; TLC, thin layer
chromatography; TPTU, 2-(2-oxo-1(2H)-pyridyl)-1,1,3,3-tet-
ramethyluronium tetrafluoroborate; pTyr, phosphotyrosine; tR,
retention time.
Cloning and Expression of Recombinant Proteins.

Glutathione S-transferase (GST) fusion proteins of Grb2 (GST/
Grb2-SH2) were from Santa Cruz Biotech. The pMAL-c2
expression vector (New England Biolabs) was used to express
the C-terminal domain of the epidermal growth factor receptor
intracellular domain (residues 976-1210) as a maltose-binding
fusion protein (MBP-EGFR) in Escherichia Coli. Two oligode-

oxy ribonucleotides were prepared on an automated Applied
Biosystems Model 392 DNA synthesizer, using phosphora-
midite chemistry: (A) 5′ -tatagaattccagcgctaccttgctattcagggg-
3′; (B) 5′ -TATAAAGCTTTCATGCTCCAATAAATTCACTGC-
TTTG-3′. (A) + (B) were used as PCR primers to amplify
segments of the human EGFR cDNA sequence corresponding
to nucleotides 3112-3816. The PCR fragment was cleaved
with EcoRI and HindIII from Boehringer Mannheim before it
was ligated with EcoRI + HindIII-cleaved pMal-C2 DNA. The
ligation was used to transform E. coli SURE competent cells
(Stratagene) and transformants were selected at 37 °C on LB
agar plates supplemented with 100 g/mL ampicillin. Plasmid
DNA was isolated from individual ampicillin-resistant colonies
and analyzed by restriction endonuclease digestion to identify
the desired recombinants. Expression of the MBP-EGFR
fusion protein was performed essentially according to New
England Biolabs protocols.
EGFR Assay. The assay has already been described

elsewhere.11 Briefly, phosphorylated MBP-EGFR immobilized
on a solid phase (polystyrene microtiter plates, NUNC MAX-
YSORB) was incubated with a GST/Grb2-SH2 fusion protein
capable of binding to it, in the presence of a phosphopeptide
or buffer. Bound SH2 was detected with polyclonal rabbit anti-
GST antibody. Following washing, horse raddish peroxidase-
conjugated mouse anti-rabbit antibody was added. Peroxydase
activity is monitored at 655 nm on a plate reader by adding
100 L/well of a solution of tetramethylbenzidine as substrate.
Data Analysis. Peptide inhibitors effects were calculated

as a percentage of the reduction in absorbance in the presence
of each peptide inhibitor concentration compared to absorbance
obtained with GST/SH2 in the absence of peptide inhibitor.
Dose-response relationships were constructed by nonlinear
regression of the competition curves with Grafit (Erithacus
Software, London, U.K.). Fifty percent inhibitory (IC50) con-
centrations were calculated from the regression lines.
Molecular Modeling. The following methods as imple-

mented in MacroModel v.4.034 were used: (i) energy minimiza-
tion with the AMBER35 force field (dielectric constant of 4r
for the electrostatics), (ii) conformational search with the
Monte Carlo/energy minimization procedure36 (advanced pro-
tocol), (iii) calculation and display of electrostatic potential on
the molecular van der Waals surface37 employing MNDO38

(Mulliken population analysis) atomic charges computed with
the program MOPAC v.6.0.39

In the Figure 2 model, Abz was constructed in the confor-
mation presenting an intramolecular hydrogen bond between
the 2-amino substituent and the carbonyl group as observed
in the X-ray crystal structures of small organic molecules
containing this moiety (Cambridge crystallographic database40
codes JEGSOD and JIXCIC). In the Monte Carlo search and
minimizations, only the water molecules seen to mediate
hydrogen bonds between the ligand and the Lck-SH2 domain
in the X-ray structure were kept. The ligand, these water
molecules as well as the protein residues within a distance of
5 Å of the initial position of the ligand were allowed to move
freely upon energy minimization, while those at a distance
between 5 and 8 Å were constrained by application of a
parabolic force constant of 50 kJ/Å. Residues beyond 8 Å were
ignored. The Monte Carlo search consisted of 5000 steps
where the main chain angle of pTyr and all the torsion angles
of Abz and the pTyr-1 amino acid were taken as variables.
The conformation of the (3-amino)Z N-terminal group in the
model of Figure 4 was calculated to be of low energy as
confirmed by its occurrence in the X-ray crystal structure of a
Z-protected peptide molecule (Cambridge crystallographic
database40 code SIDWIL).
Figures 1, 2, and 4 were prepared in Insight II (MSI

corporation, San Diego, CA).
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