Journal of

Medicinal
Chemistry

© Copyright 1998 by the American Chemical Society

Volume 41, Number 11

May 21, 1998

Communications to the Editor

Potent Antagonists of the SH2 Domain of
Grb2: Optimization of the X;; Position of
3-Amino-Z-Tyr(PO3H.)-X+1-Asn-NH,

Carlos Garcia-Echeverria,*' Pascal Furet,!
Brigitte Gay," Heinz Fretz," Joseph Rahuel *
Joseph Schoepfer, and Giorgio Caravattit

Oncology Research and Core Technology Area,
Novartis Pharma Inc., CH-4002 Basel, Switzerland

Received December 22, 1997

A growing number of the elements identified in
intracellular signaling events that affect cell growth and
transformation are proteins that physically interact
with each other via domains or specifically recognized
amino acid sequences. These intracellular protein—
protein interactions are particularly attractive targets
in oncology due to their participation in controlling
mitogenic signal transduction pathways that are acti-
vated or deregulated in cancer cells.1=3 This is the case
for the protein—protein interactions involving the Src
homology 2 (SH2) domain of Grb24 in the Ras signal
transduction pathway.>~7 In mammalian cells, the
Grb2 adaptor protein links the tyrosine kinase receptors
activated by growth factors to Sos, a guanine nucleotide
exchange factor that, upon receptor binding and trans-
location of the Grb2—Sos complex to the plasma mem-
brane, converts the inactive Ras-GDP to active Ras-GTP.8
Activated Ras triggers the MAP kinase cascade that is
essential for cell growth and differentation.® The in-
teraction between the activated tyrosine kinase recep-
tors and Grb2 is mediated by the Src homology 2 domain
of the signaling protein. Agents that specifically disrupt
this protein—protein interaction could potentially shut
down the Ras pathway and present an intervention
point for blocking human malignancy.

Starting with the minimal recognition motif of the
SH2 domain of Grb2,2° we have initiated a medicinal
chemistry program to identify compounds that specifi-
cally disrupt the interaction between activated tyrosine
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kinase receptors and the Grb2—SH2 domain. We
recently reported the design of an N-terminal group that
can impart high affinity to the minimal tripeptide
sequence recognized by the Grb2—SH2 domain.!l In the
present communication, we report a further improve-
ment in the binding affinity of the 3-amino-Z-Tyr-
(PO3H2)-X1-Asn-NH> phosphopeptide by optimizing the
X41 position.12

Degenerate phosphotyrosyl peptide libraries have
shown that the sequence specificities of SH2 domains
for phosphotyrosyl peptides lay in the portion of the
peptide immediately carboxy-terminal of the phospho-
tyrosine residue.’3 For the SH2 domain of Grb2, the
consensus sequence is Tyr(POsH2)-X11-Asn-X 3 and the
residue that determines specificity is asparagine.1315
Synthetic!® and phage display libraryl’” approaches have
been used to identify optimal residues carboxy-terminal
to phosphotyrosine. Although these studies agree on
the exclusive selectivity for asparagine at the X,
position, differences between the two techniques were
observed for positions X;; and Xy3. For position Xy,
glutamine, glutamic acid, isoleucine, tyrosine, and va-
line were selected from synthetic peptide libraries,6
while a preference for glutamic acid and methionine
residues was identified by phage display.l” However,
selection of glutamic acid, glutamine, methionine, or
valine at the X4; position did not alter the binding
affinity of phosphotyrosyl peptides for the Grb2—SH2
domain.’” The above results seemed to indicate a low
stringency for this position.

The unique structural features of the ligand-bound
Grb2—SH218 were exploited to optimize the X, position
of 3-amino-Z-Tyr(POsH5)-X+1-Asn-NH,, a recently re-
ported potent antagonist of the Grb2—SH2 domain (X4
= llg).1!

The structure of the Grb2—SH2 domain complexed
with a 7-mer phosphotyrosyl peptidel® derived from the
BCR-abl protein was determined in our group by X-ray
crystallography at 2.1 A resolution.!® The folding of the
SH2 domain of Grb2 shows a general pattern consisting
of a central antiparallel S-sheet flanked by two a-helices,
but the ligand has a folded conformation, in contrast to
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Table 1. Structure—Activity Relationships of Phosphopeptides
with the General Sequence
3-Amino-Z-Tyr(PO3H2)-X+1-Asn-NH22

Entry X,q IC5 (nM)
1 H ¢ 65+5
/N\:)j\

[0)

2 /g 206 + 14
[0)

3 /g 1246
(0]

4 /g 23+1
0

5 /ﬁ 1+£0.2
(o)

6 /g 140+5

a Competitive binding assays with the recombinant SH2 domain
of Grb2 expressed as a glutathione S-transferase fusion protein
and the immbolized tyrosine-phosphorylated MPB-EGFR were
conducted as previously described.1126 Dose—response relation-
ships were constructed by nonlinear regression of the competion
curves with GraFit 3.0 (Erithacus Software Limited, London,
U.K.). The errors quoted correspond to the standard error in the
fits of the data.

all previously reported structures where the phospho-
tyrosyl peptide adopts an extended conformation.?’ The
Grb2—SH2 domain has a bulky tryptophan residue
(Trp-121) in position 1 of the EF loop. The side chain
of this amino acid closes the binding cleft C-terminal to
phosphotyrosine and forces the ligand to adopt a type |
pB-turn conformation (Figure 1). This conformation is
maintained by a hydrogen bond between the carbonyl
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group of phosphotyrosine and the backbone nitrogen of
the residue at the X3 position. Due to this type | g-turn
conformation, the residue at the X, position presents
a local right-handed 30 helical conformation. We
posited that improved potency could be obtained by
incorporating o,a-dialkylated amino acids at the Xy
position of phosphopeptide antagonists of the Grb2—
SH2 domain; a,a-disubstituted amino acids are known
to stabilize o and 319 helices in short peptide motifs,21-23
and the incorporation of such building blocks at the X,
position of 3-amino-Z-Tyr(POsH2)-X+1-Asn-NH; should
favor the adoption of a conformation close to the one
observed in the ligated form of the phosphopeptide.
Additional structural information was taken into con-
sideration for selection of the o,a-disubstituted linear
and cyclic amino acids. In the X-ray structure of the
ligand-bound Grb2—SH2, the side chain of valine at the
X41 position of the phosphopeptide ligand makes six van
der Waals contacts?* with PheSD5 and one van der
Waals interaction with GIngD3?5 (Figure 1). Therefore,
the o,o-disubstituted amino acid at the X; position
should not only induce a local right-handed 3,0 helical
conformation, but its side chain should also mimic the
above hydrophobic interactions. Table 1 shows some
selected examples of the SAR data obtained. Two
building blocks, 1-aminocyclopentanecarboxylic acid (4)
and 1-aminocyclohexanecarboxylic acid (5), showed
respectively a 3-fold and 65-fold increase in binding
affinity relative to 1, our reference compound. The
1-aminocyclopentanecarboxylic acid derivative (4) is less
active than its six-membered ring analogue (5), probably
because in the former the Cy atom of the ring,?” which
corresponds to one of the Cy atoms of the valine residue
in the X-ray structure of the ligand-bound Grb2—SH2
domain (Figure 1), is not well positioned and forms
weaker van der Waals interactions with PhefD5 and
GInpD3 (Figure 2). To further illustrate the importance
of the van der Waals contacts in keeping the binding
affinities in the low nanomolar range, we have included
in Table 1 the data obtained with a-aminoisobutyric acid
(2) and 1l-aminocyclopropanecarboxylic acid (3). Even
if these building blocks are able to induce the adoption

Figure 1. Conformation of the C-terminal part of the phosphopeptide ligand'® in the X-ray structure of the ligated Grb2—SH2
domain.*® The intramolecular hydrogen bond formed between the carbonyl group of phosphotyrosine and the backbone nitrogen

of the residue at the X3 position appears as a dashed line.

Table 2. Relative Affinities (ICso) of Phosphopeptide 5 for GST/Grb2, Lck, p85, and Shp2 SH2 Domains and SHC PTB Domain?

Grb2 SH2 Lck SH2 p85 SH2b Shp2 SH2 SHC PTB
sequences Biotin-XnpYINQXn Biotin-XnpYEEIXn Biotin-XnpYVPMXn Biotin-XnpYTAVXn Biotin-XnENPQpYXn
peptide 5 0.004 + 0.001 6.24 + 0.39 0.97 £ 0.03 >5 >5

aThe results are expressed as the concentration at which half-maximal competition was observed (ICso, uM). Competitive binding
phosphopeptide assays were conducted as previously described.3! The errors quoted correspond to the standard error in the fits of the

data. ® N-Terminal SH2 domain.
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Figure 2. Superimposed energy minimized models (MacroModel v.4.0%%) of compounds 4 and 5 showing the side chains of
1-aminocyclopentanecarboxylic acid (black) and 1-aminocyclohexanecarboxylic acid (gray) at the X, position of the above peptides.
The van der Waals interactions (3.4 A < d < 4 A) involving the C” atom of the cyclohexyl ring and the side chains of PhesD5 and

GInpD3 appear as dashed lines.

of a favorable conformation, they cannot establish the
hydrophobic interactions observed in the X-ray structure
of the ligand-bound Grb2—SH2 domain. The incorpora-
tion of 2-aminoindan-2-carboxylic acid (6) at the X1
position represents an attempt to create an additional
van der Waals interaction with PheSD5 or GIngD3,
depending on the conformation of the unsaturated ring.
Although modeling studies suggested that there is
enough space at the surface of the protein to accom-
modate the additional aromatic ring, no gain in activity
was observed (Table 1). On the contrary, 6 is signifi-
cantly less active than its parent compound 4 (Table
1). A hydrophobic collapse?® of the bulky amino acid at
the X,;; position with the N-terminal moiety of the
phosphopeptide, resulting in an unfavorable preorga-
nized conformation of the antagonist in its unligated
state, could explain the drop in binding activity observed
for 6.30

Phosphopeptide 5 is not only a very potent antagonist
of the Grb2—SH2 domain but also very selective for this
SH2 domain. Table 2 presents the data obtained in
competitive binding assays with phosphopeptide 5 and
different SH2 domains. The phosphopeptide shows a
243—-1560-fold preferential binding to Grb2—SH2 over
p85 N-terminal SH2 and Lck SH2, respectively, and at
least 1250-fold selectivity to Grb2—SH2 over Shp2 SH2
and SHC PTB.

In summary, the unique structural features of the
SH2 domain of Grb2 have been exploited to optimize
the X4 position of 3-amino-Z-Tyr(PO3zH5)-X1-Asn-NHoa.
Phosphopeptide 5 is, to the best of our knowledge, the
most potent antagonist so far reported for the SH2
domain of Grb2. Other examples of the use of structural
information to increase the binding affinity of antago-
nists of the Grb2—SH2 domain will be reported from
our group in due course.

Acknowledgment. We thank R. Wille, D. Arz, V.
von Arx, and C. Stamm for their technical assistance.

Supporting Information Available: Synthesis and ana-
lytical data for compounds 1—6 and a description of the
biological assays (6 pages). Ordering information is given on
any current masthead page.

References

(1) Saltiel, A. R.; Sawyer, T. K. Targeting Signal Transduction in
the Discovery of Antiproliferative Drugs. Chem. Biol. 1996, 3,
887—893.

(2) Gibbs, J. B.; Oliff, A. Pharmaceutical Research in Molecular
Oncology. Cell 1994, 79, 193—198.

(3) Levitzki, A. Signal Transduction Therapy. A Novel Approach to
Disease Management. Eur. J. Biochem. 1994, 226, 1-13.

(4) For reviews on Grb2, see: (a) Chardin, P.; Cussac, D.; Maignan
S.; Ducruix, A. The Grb2 Adaptor. FEBS Lett. 1995, 369, 47—
51. (b) Downward, J. The Grb2/Sem-5 Adaptor Protein. FEBS
Lett. 1994, 338, 113—117.

Smithgall, T. E. SH2 and SH3 Domains: Potential Targets for

Anti-Cancer Drug Design. J. Pharmacol. Toxicol. Methods 1995,

34, 125—-132.

(6) Lowenstein, E. J.; Daly, R. J.; Batzer, W. L.; Margolis, B.;
Lammers, R.; Ullrich, A.; Skolnik, E. Y.; Bar-Sagi, D.; Schlessing-
er, J. The SH2 and SH3 Domain-Containing Protein Grb2 Links
Receptor Tyrosine Kinases to Ras Signaling. Cell 1992, 70, 431—
442.

(7) Rojas, M.; Yao, S. Y.; Lin, Y. Z. Controlling Epidermal Growth
Factor (EGF)-stimulated Ras Activation in Intacts Cells by a
Cell-Permeable Peptide Mimicking Phosphorylated EGF Recep-
tor. J. Biol. Chem. 1996, 271, 27456—27461.

(8) (a) Borrello, M. G.; Pelicci, G.; Arighi, E.; De Filipis, L.; Greco,
A.; Bongarzone, |.; Rizzetti, M. G.; Pelicci, P. G.; Pierotti, M.
The Oncogenic Versions of the Ret and Trk Tyrosine Kinases
Bind SHC and Grb2 Adaptor Proteins. Oncogene 1994, 9, 1661—
1668. (b) Rozakis-Adcock, M.; Fernely, R.; Wade, J.; Pawson, T.;
Bowtell, D. The SH2 and SH3 Domains of Mammalian Grb2
Couple the EGR Receptor to the Ras Activator mSos1. Nature
1993, 363, 82—85. (c) McCormick, F. How Receptors Turn Ras
on. Nature 1993, 363, 15—16 and references therein.

(9) Marx, J. Forging a Path to the Nucleus. Science 1993, 260,
1588—1590 and references therein.

(10) Peptide studies in our group have established that the minimal
sequence retaining micromolar affinity for the Grb2—SH2
domain is the tripeptide Tyr(PO3H,)-Xxx-Asn (Garcia-Echever-
ria, C.; et al. Novartis Pharma Inc., Oncology Research Depart-
ment, unpublished results).

(11) Furet, P.; Gay, B.; Garcia-Echeverria, C.; Rahuel, J.; Fretz, H;
Schoepfer, J.; Caravatti. G. Discovery of 3-Amino-benzyloxycar-
bonyl as N-terminal Group Conferring High Affinity to the
Minimal Phosphopeptide Sequence Recognized by the Grb2—
SH2 Domain. J. Med. Chem. 1997, 40, 3551—3556.

(12) Ligand residues are numbered relative to the position of phos-
photyrosine which is denoted 0. Positive numbers are used for
amino acids at the C terminus of phosphotyrosine.

(13) Songyang, Z.; Shoelson, S. E.; McGlade, J.; Olivier, P.; Pawson,
T.; Bustelo, X. R.; Barbacid, M.; sabe, H.; Hanafusa, H.; Yi, T;
Ren, R.; Baltimore, D.; Ratnofsky, S.; Feldman, R. A.; Cantley,
L. C. Specific Motifs Recognized by the SH2 Fomain of Csk,
3BP2, fps/fes, Grb-2, HCP, SHC, Syk, and Vav. Mol. Cell. Biol.
1994, 14, 2777—-2785.

(14) Songyang, Z.; Shoelson, S. E.; Chaudhuri, M.; Gish, G.; Pawson,
T.; Haser, W. G; King, F.; Roberts, T.; Ratnofsky, S.; Lechleider,
R. J.; Neel, B. G.; Birge, R. B.; Fajardo, J. E.; Chou, M. M.;
Hanafusa, H.; Schaffhausen, B.; Cantley, L. C. SH2 Domains
Recognize Specific Phosphopeptide Sequences. Cell 1993, 72,
767—778.

(15) Cussac, D.; Frech, M.; Chardin, P. Binding of the Grb2 SH2
Domain to Phosphotyrosine Motifs does not Change the Affinity
of its SH3 domains for Sos Proline-Rich Motifs. EMBO J. 1994,
13, 4011—-4021.

(16) Muller, K.; Gombert, F. O.; Manning, U.; Grossmuller, F.; Graff,
P.; Zaegel, H.; Zuber, J. F.; Freuler, F.; Tschopp, C.; Baumann,
G. Rapid Identification of Phosphopeptide Ligands for SH2
Domains. J. Mol. Biol. 1996, 28, 16500—16505.

(17) Gram, H.; Schmitz, R.; Zuber, J. F.; Baumann, G. Identification
of Phosphopeptide Ligands for the Src-homology 2 (SH2) Domain
of Grb2 by Phage Display. Eur. J. Biochem. 1997, 246, 633—
637.

(5

=



1744 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 11

(18)

(19)
(20)

Rahuel, J.; Gay, B.; Erdmann, D.; Strauss, A.; Garcia-Echeverria,
C.; Furet, P.; Caravatti, G.; Fretz, H.; Schoepfer, J.; Grutter, M.
G. Structural Basis for Specificty of Grb2—SH2 Revealed by a
Novel Ligand Binding Mode. Nat. Struct. Biol. 1996, 3, 586—
589.

The phosphotyrosyl peptide corresponds to the sequence 174—
180 of BCR-abl, H.-Lys-Pro-Phe-Tyr(PO3sHy)-Val-Asn-Val-NH,.
A substantial number of X-ray crystallographic and NMR
structures of ligated SH2 domains have been reported in the
literature in the past years; see for example: (a) Mikol, V.;
Baumann, G.; Keller, T. H.; Manning, U.; Zurini, M. G. M. The
Crystal Structures of the SH2 Domain of p56'*« Complexed with
Two Phosphonopeptides Suggest a Gated Peptide Binding Site.
J. Mol. Biol. 1995, 246, 344—355. (b) Hatada, M. H.; Lu, X,;
Laird, E. R.; Green, J.; Morgenstern, J. P.; Lou, M.; Marr, C. S.;
Phillips, T. B.; Ram, M. K.; Theriault, K.; Zoller, M. J.; Karas,
J. L. Molecular Basis for Interaction of the Protein Tyrosine
Kinase ZAP-70 with the T-cell Receptor. Nature 1995, 377, 32—
38. (¢) Zhou, M.-M.; Meadows, R. P.; Logan, T. M.; Yoon, H. S;
Wade, W. S.; Ravichandran, K. S.; Burakoff, S. J.; Fesik, S. W.
Solution Structure of the Shc SH2 Domain Complexed with a
Tyrosine-Phosphorylated Peptide from the T-cell Receptor. Proc.
Natl. Acad. Sci. U.S.A. 1995, 92, 7784—7788. (d) Narula, S. S;
Yuan, R. W.; Adams, S. E.; Green, O. M., Green, J.; Philips, T.
B.; Zydowsky, L. D.; Botfield, M. C.; Hatada, M.; Laird, E. R.;
Zoller, M. J.; Karas, J. L.; Dalgarno, D. C. Solution Structure of
the C-terminal SH2 Domain of the Human Tyrosine Kinase Syk
Complexed with a Phosphotyrosine Pentapeptide. Curr. Biol.
1995, 3, 1061—1073. (e) Xu, R. X.; Word, J. M.; Davis, D. G.;
Rink, M. J.; Willard, D. H.; Gampe, R. T. Jr. Solution Structure
of the Human pp60¢~s¢ SH2 Domain Complexed with a Phos-
phorylated Tyrosine Pentapeptide. Biochemistry 1995, 34, 2107—
2121. (f) Waksman, G.; Shoelson, S. E., Pant, N.; Cowburn, D.;
Kuriyan, J. Binding of a High Affinity Phosphotyrosyl Peptide
to the Src SH2 Domain: Crystal Structures of the Complexed
and Peptide-Free Forms. Cell 1993, 72, 779—790. (g) Waskman,
G.; Kominos, D.; Robertson, S, C.; Pant, N.; Baltimore, D.; Birge,
R. B.; Cowburn, D.; Hanafusa, H.; Mayer, B. J.; Overduin, M.;
Resh, M. D.; Rios, C. B.; Silverman, L.; Kuriyan, J. Crystal
Structure of the Phosphotyrosine Recognition Domain SH2 of
v-src Complexed with Tyrosine-Phosphorylated Peptides. Nature
1992, 358, 646—653.

1y

(22)

(23)

(24)

(25)

(26)

@7

(28)

(29

(30)

(kY

Communications to the Editor

Marshall, G. R.; Hodgkin, E. E.; Langs, D. A.; Smith, G. D;
Zabrocki, J.; Leplawy, M. T. Factors Governing Helical Prefer-
ence of Peptides Containing Multiple o,o-dialkyl Amino Acids.
Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 487—491.

Benedetti, E.; di Blasio, B.; Pavone, V.; Pedone, C.; Santini, A.;
Crisma, M.; Valle, G.; Toniolo, C. Structural Versatility of
Peptides from C**-dialkylated Glycines: Linear Acsc Homooli-
gopeptides. Biopolymers 1989, 28, 175—184.

Toniolo, C.; Bonora, G. M.; Bavoso, A.; Benedetti, E.; di Blasio,
B.; Pavone, V.; Pedone, C. Preferred Conformations of Peptides
Containing a,a-disubstituted a-amino Acids. Biopolymers 1983,
22, 205—-215.

PhefD5 makes three van der Waals contacts with Cj-Val, two
van der Waals contacts with Cy2-Val, and one van der Waals
contact with Cyl-Val.

GInpD3 makes one van der Waals contact with Cy1-Vval.

Gay, B.; Furet, P.; Garcia-Echeverria, C.; Rahuel, J.; Chéne, P;
Fretz, H.; Schoepfer, J.; Caravatti, G. Dual Specificity of Src
Homology 2 Domains for Phosphotyrosine Peptide Ligands.
Biochemistry 1997, 36, 5712—5718.

There are two possible conformations for the cyclopentane. The
same applies to the cyclohexane.

Mohamadi, F.; Richards, N. G.; Guida, W. C:; Liskamp, R.;
Lipton, M.; Caufield, C.; Hendrickson, T.; Still, W. C. Macro-
model—An Integrated Software System for Modeling Organic
and Bioorganic Molecules Using Molecular Mechanics. J. Com-
put. Chem. 1990, 11, 440—467.

Wiley, R. A,; Rich, D. H. Peptidomimetics Derived from Natural
Products. Med. Res. Rev. 1993, 13, 327—384.

This hypothesis is based on the structure—activity data obtained
for the corresponding acetyl analogues; 2-aminoindan-2-car-
boxylic acid showed a 5-fold increase in binding affinity relative
to the 1-aminocyclopentanecarboxylic acid containing phospho-
peptide (ICso = 1.6 uM versus 7.9 uM).

Garcia-Echeverria, C.; Stamm, C.; Wille, R.; Arz, D.; Gay, B.
Biotinylated Phosphotyrosine Containing Peptides: A Valuable
Tool for Studies on Phosphopeptide Interactions with SH2 and
PTB Domains. Lett. Pept. Sci. 1997, 4, 49—-53.

JM970856N



