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1. INTRODUCTION

The Src homology 2 (SH2) domain is a noncatalytic module of approx 100
amino acids that is mainly involved in directing interactions with cellular sub-
strates (/,2). The SH2 domain recognizes short phosphotyrosine-containing
sequences in which specificity is conveyed by the residues immediately C-
terminal to the phosphotyrosine amino acid (3-5). The specific association of
an SH2 domain with a phosphotyrosine-containing sequence of another protein
precipitates a cascade of intracellular protein—protein interactions that result in
signal propagation (/,6,7). Antagonists of critical SH2-binding events can be
reasonably result in the inactivation of undesirable signal transduction networks
and can represent a targeted treatment of a broad range of human diseases (e.g.,
cancer, osteoporosis, disorders of the immune and cardiovascular systems) (§).

Highly potent antagonists of specific SH2 domains have been identified
largely by structure-based drug design efforts, but these compounds had several
undesirable features (9—12). In addition to the intrinsic problems associated with
the peptidic nature of some of these molecules (e.g., degradation, rapid elimina-
tion from plasma, high first-pass metabolism, and very low oral bioavailability),
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the phosphate group of phosphotyrosine, which is an essential element for bind-
ing to the SH2 domain, is metabolically unstable to phosphatases present in cells
and further limits the ability of these compounds to reach efficacious concentra-
tions inside the cell (13). Attempts to address these issues have appeared in the
literature for a variety of SH2 domains and, recently, significant advances have
been accomplished in the identification of antagonist of the SH2 domains of Src,
Lck, and Grb2 that showed activity in cell-based assays and animal models.

2. ANTAGONISTS OF THE PP60¢SRC SH2 DOMAIN

The nonreceptor tyrosine kinase pp60° ' contains a myristoylated N-terminal
domain, a catalytic kinase region, an SH2 domain, an SH3, and a short
C-terminal regulatory peptide sequence, often called the tail (/4-15).
Overexpression or hyperactivation of this protein has been implicated in the
development of human breast adenocarcinomas and colon carcinoma (16—17).
Furthermore, pp60°*, which is normally expressed at high levels in osteoclasts,
has also been implicated in regulating osteoclast-mediated resorption of bone
(18-19). The kinase domain of Src can activate intracellular signaling networks
by phosphorylating docking proteins that can then cause the relocation of SH2
domain-containing signaling proteins. The SH2 domain of Src has been postu-
lated to play an important role in regulating these intracellular signaling events
by acting as an adaptor that brings specific protein substrates into the signaling
complex (e.g., truncation of the SH2 domain in Src affects its transforming abil-
ities without affecting its kinase activity) (20). Compounds that modulate
pp60°s regulated signal transduction pathways by blocking its SH2 domain offer
potential value as antiproliferative agents or in the treatment of osteoporosis.

Extensive nuclear magnetic resonance (NMR) and X-ray crystallographic
studies of the Src SH2 protein complexed with peptides containing the
Tyr(PO,H,)-Glu-Glu-Ile motif (4-5) provided a detailed molecular map of the
binding pockets of this therapeutic target (2/-24). Examination of the three-
dimensional structures revealed the presence of two major binding pockets, one
interacting with phosphotyrosine and the other with the side chain of isoleucine
at the X, position. The two glutamic acid residues do not make a strong inter-
action with the protein and mainly serve to orient the phosphotyrosine and
isoleucine side chains at their respective binding pockets (21,25). This struc-
tural information has been instrumental in the design of potent and selective Src
SH2 antagonist and representative compounds have been selected to illustrate
the approaches used by different groups.

Using a dipeptide framework (26), compound 1' (Fig. 1) was designed
with the intent of replacing the three C-terminal residues in Ac-Tyr(PO,H,)-

'To normalize data from different experiments, results for individual antagonists
were presented in this paper as a ratio, IC(test) = IC (standard).
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Fig. 1. Antagonists of the Src SH2 domain.

Glu-Glu-Ile-Glu-OH with a fragment that would access the hydrophobic binding
pocket at the X_; position without compromising interactions within the phos-
photyrosine binding pocket (26,27). Following this approach, the C-terminal
heptanol (compound 2, IC,,(2)/ICy (standard = 3.6; Fig. 1) and octanol
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Fig. 2. Antagonists of the Src SH2 domain based on the use of heterocyclic scaffolds.

(compound 3, 1C,,(3)/IC [standard] = 2.2; Fig. 2) analog were synthesized to
form a hydrogen-bonding interaction with amino acid residues lining the X,
pocket. This interaction was confirmed by solving the X-ray structure of the Src
SH2 domain co-crystallized with compound 4 (IC,,(4)/IC [standard] = 6.4;
Fig. 1). Efforts to enhance binding affinity by increasing intramolecular associ-
ation and filling or shielding the phosphotyrosine binding site with a set of dif-
ferent N-terminal groups were unsuccessful.

A further step in the dipeptidation of a previously reported antagonist (com-
pound §, Fig. 1 IC 5, = 8.5 uM) (28) was obtained by removing the C-terminal
carboxamide. This moiety was previously thought to be involved in an
intramolecular hydrogen bond with the oxygen of the backbone carbonyl group
of phosphotyrosine. Compounds with binding affinities in the low micromolar
range were obtained by changing the rotational freedom and hydrophobicity of
the C-terminus (e.g., compound 6, Fig. 1; IC,, = 0.79 uM). Modeling studies
with these new ligands provided the basis for the design of nonpeptide Src
antagonists containing urea linkage (compound 7, Fig. 1; IC,, = 7.0 uM) (29)
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The X-ray crystal structure of compound 7 complexed with the Src SH2 domain
revealed a conformation and binding interactions quite different from the initial
predictions: (1) the orientation of the phenyl phosphate ring is nearly orthogo-
nal to that exhibited by phosphotyrosine-containing compounds in other X-ray
structures; (2) a cis-amide bond between glutamic acid and the C-terminal
groups; and (3) a lack of interaction between the side chain of Arg!'? and both
the N-terminal carboxyl moiety and the phosphate group of the ligand. These
factors can account for the low binding affinity observed for these urea-containing
compounds, but, more important, they illustrate some of the difficulties asso-
ciated with the prediction of ligand binding by computational methods. This
issue was also encountered in another de novo series of nonpeptide antagonists
(30). In this case, the X-ray structure of compound 8 (Fig. 1; IC,, = 6.6 uM)
with the Src SH2 domain revealed that the phenylphosphate group is capable
of a binding mode at the phosphotyrosine site substantially different from that
observed for the phosphotyrosine side chain in peptides bound to the Src SH2
domain.

In a modular approach to identify nonpeptidic Src SH2 antagonists, different
scaffolds have been utilized to mimic the Glu—Glu dipeptide. Structure—activity
relationship (SAR) studies with caprolactam/thioazepinone derivatives led to the
identification of potent Src SH2 inhibitors (compounds 9 and 10, IC,) = 9 nM
and IC;, = 87 nM, respectively; Fig. 1) (31,32). The X-ray structures of
some of these compounds complexed with the Src SH2 domain revealed that
these templates deliver their substituents into the phosphotyrosine and X,
pockets.

Optimization of 2,4- and 2,5-substituted thiazole, and 1,2,4-oxadiazole
derivatives resulted in Src SH2 inhibitors (e.g., compounds 11, IC,, = 26 uM,
12, IC,, =7 uM; 13, IC,; = 8 uM; and 14, IC,, = 16 uM; Fig. 2) that showed
binding affinities similar to the reference tetrapeptide (33,34). In a very similar
approach, tetrasubstituted imidazoles (e.g., compound 15, IC,, = 8.6 uM; Fig. 2)
were used to mimic the interactions made by the corresponding amino acid side
chains of the peptide antagonist, but these compounds showed weaker activity
than the reference peptide (35).

Recently, phosphate, phosphonate, or phosphonic acid derivatives, which
were prepared by parallel synthesis, were screened (BIAcore technology) to
identify potential phosphotyrosine mimetics that bind to the Src SH2 domain.
Napthyl, tetrahydroquinoline, and amido phosphonate derivatives with binding
affinities in the mM range were discovered (36). Parallel to this strategy, small
fragments with low binding affinity for Src SH2 were screened using crystal
soaking (37). Structure determination of more than 20 of these compounds
bound into the phosphotyrosine pocket of Src SH2 domain allowed a selection
of the best fragments to incorporate into antagonist platforms. Malonate-type
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Fig. 3. Antagonists of the Src SH2 domain containing phosphotyrosine mimetics.

inhibitors (compound 16, Fig. 3), which combine a previously published antag-
onist scaffold (31,32) and a phosphotyrosine mimetic identified by this X-ray
technique, showed potent in vitro activity (IC5, = 5 nM) and good stability in
rat and human plasma.

In addition to the preceding screening approaches, extensive synthetic efforts
have been devoted to the identification and preparation of phosphotyrosine
mimics with improved stability and cellular permeability (38—44). Replacement
of phosphotyrosine by some of these nonhydrolyzable analogs has advanced
the discovery of compounds for cellular and in vivo studies (40—42). Some of
these antagonist are briefly described in the following.

Compound 17 (AP22161, Fig. 3) binds in vitro with high affinity to the Src
SH2 domain (IC4, = 0.24 uM) and inhibits Src cellular activity (47). The formyl
group was introduced to form a hemithioacetal with the side chain of cysteine-
188 when the compound is bound to the protein (45—47). NMR experiments
and in vitro studies with wild-type Src and mutant cysteine-188 SH2 domains
demonstrated that compounds containing the 3-formyl-4-carboxy-substituted
phenylalanine building block target cysteine-188 and that this binding is
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reversible (41). Cysteine-188 is unique for the Src SH2 domain providing selec-
tivity against other members of the Src family of tyrosine kinases (e.g., IC5, =
29.4 uM and 421.9 uM for the SH2 domains of Yes and ZAP 70, respectively).
Compound 17 showed partial morphological reversion of the transformed phe-
notype of cSrcY527F cells at 100 uM and inhibited osteoclast-mediated resop-
tion of dentine with an IC, value of 42.9 uM. A better in vivo inhibitory
profile was obtained with compounds containing 3’,4’-diphosphonopheny-
lalanine. This phosphotyrosine mimetic exhibits bone-targeting properties
that confer osteoclast selectivity, hence reducing undesired effects in other
cell types. Compound 18 (AP22408, Fig. 3) inhibited Src SH2 binding with
an IC,, of 0.30 uM (42,48) and blocks rabbit osteoclast-mediated resorption
of dentine slices (IC,, = 1.6 uM). Furthermore, this compound showed a sta-
tistically significant (p = 0.0379) antiresorptive activity in an in vivo thy-
roparathyroidectomized model of parathyroid hormone-induced bone
resorption when administered intravenously (50 mg/kg, twice daily).
Although these type of derivatives allowed to validate Src as a therapeutic tar-
get for the treatment of osteoporosis in preclinical models, they did not
progress into clinical trials.

3. ANTAGONISTS OF THE LCK SH2 DOMAIN

The Src family tyrosine kinase p56!°* (Lck: lymphoid T-cell tyrosine kinase)
is predominantly expressed in T-lymphocytes and natural killers (49-51). p56'k
is absolutely required in the early phase of T-cell antigen receptor (TCR) acti-
vation and plays a critical role in T-cell-mediated immune responses (52). Like
all Src homologs, it comprises a unique amino-terminal region, followed by
Src-homology domains SH3 and SH2, and a tyrosine kinase domain (53). Lck
is localized to the plasma membrane through myristolytation and palmitylation,
and is associated through its unique amino-terminal segment with the cytoplas-
mic tails of the T-cell co-receptor glycoprotein CD4 or CD8 (54,55). Upon
kinase activation (56), p56'* phosphorylates specific tyrosine residues of the
&-chain of TCR within a motif termed immunoglobulin receptor family tyro-
sine-based activation motives (ITAMs). The phosphorylated residues recruit a
second cytoplasmic protein tyrosine kinase called ZAP-70 to promote T-cell
activation (57,58). The SH2 domain of Lck regulates the kinase activity of the
protein (59) and may mediate protein—protein interactions with ZAP-70 and/or
the & subunit of the T-cell receptor (60). Several lines of evidence have estab-
lished a critical role for p56'* in antigen-induced T-cell responses (61-63).
Consequently, there has been much effort in developing kinase inhibitors and
SH2 antagonists for p56'°® with a view for therapeutic use in a number of dis-
eases such as multiple sclerosis, asthma, inflammatory bowel disease, rheuma-
toid arthritis, and T-cell-based leukemias and lymphomas (64,65).
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The SH2 domain of Lck exhibits a marked preference for the sequence
Tyr(PO;H,)-Glu-Glu-Ile (5) and this motif served as the starting point for the
design of antagonist for this protein. This effort was guided by the early report
of an X-ray structure of Lck SH2 in complex with a phosphopeptide
(EPQpYEEIPYL) (66). Analysis of this structure revealed the presence of a
large hydrophobic pocket for the residue at the X ; position (isoleucine) and the
lack of grooves or pockets for the X, and X_, (glutamic acids) residues. The
interactions made by the side chains of phosphotyrosine and isoleucine are
complemented by a network of hydrogen bonds to the peptide backbone. As for
the design of Src SH2 antagonists, the identification of an uncharged replace-
ment for the doubly charged Glu—Glu sequence has been an additional chal-
lenge for this target. Even though relatively limited work has been reported to
date on antagonist of Lck SH2 domain, significant progress has been made over
the past few years.

SAR studies and computational chemistry were initially utilized to reduce
the overall charge of Ac-Tyr(PO;H,)-Glu-Glu-Ile-OH (K, = 0.1 uM) while
maintaining Lck SH2 inhibitory activity (67). The most potent compound was
obtained by replacing the C-terminal dipeptide Glu-Ile-OH with (S)-1-(4-iso-
propylphenlyl)ethylamine and the glutamic acid at the X, position with leucine
(compound 19, K, =0.2 uM; Fig. 4). This last modification was guided by early
SAR studies that indicated that a wide range of amino acids with uncharged
side chains were well tolerated at X, (68). In an attempt to identify a replace-
ment of the phosphotyrosine residue and using the skeleton of compound 20
(K, =0.18 uM; Fig. 4), a series of compounds that contain monocharged, non-
hydrolyzable phosphate groups were synthezised (e.g., difluoroacetic acid,
(R/S)-hydroxyacetic, sulfonic acid, oxamic acid) (69). The drop in activity
observed for these derivatives (75- to 920-fold decrease in potency relative to
compound 20) was partially compensated by incorporating lipophilic substituents,
particularly naphthylacetyl groups, at the N-terminus (e.g., compound 21, K ;= 5.0
UM; Fig. 4). Recently, this type of derivatives was elaborated to an Lck SH2
antagonist (compound 22, K, = 1 uM; Fig. 4) that shows relatively good cell
permeability (70). Compound 22 is the result of a design effort to rigidify the
backbone of the molecule (introduction of the pyridone ring), enforce a favor-
able conformation for binding (incorporation of a methyl group at the 4-posi-
tion of the pyridine ring), and increase cell permeability by enhancing
desolvation (dimethyl substitution adjacent to the carboxylate group). The pre-
ceding properties allowed the effect of Lck SH2 inhibition in a cellular setting,
to be demonstrated for the first time. Calcium mobilization is a very early event
in T-cell activation and an antagonist of Lck SH2 should inhibit receptor-medi-
ated increase in cytosolic calcium. Inhibition of intracellular calcium
concentration was observed (EDy, = 10 uM) when compound 22 was tested in
Jurkat T-cells activated with mouse antihuman CD3 antibody. Additional
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Fig. 4. Antagonists of the Lck SH2 domain.
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experiments show that this effect was enantiomer and TCR-signaling depend-
ent, confirming that this antagonist function via the intended mechanism.

Recently, a new class of structure-based Lck SH2 antagonists incorporating
9-aminopyridazinodiazepine as a Glu—Glu mimetic has met with success (71).
After confirming that the diazepine moiety was a suitable Glu—Glu replace-
ment, the X-ray structure of compound 23 (IC,; = 1.6 uM; Fig. 4) bound to Lck
SH2 was utilized to improve the potency of this type of derivatives by optimiz-
ing the interactions with the X_; pocket. The best result was obtained when the
C-terminal isoleucine methylamide was replaced with (1R,3R)-3-amino-indan-
1-carboxylic acid (compound 24, IC,, = 0.03 uM). This moiety was introduced
to favor a hydrogen bond between the C-terminal carboxylic acid and the side
chain of an arginine (Arg-67) on the rim of the X ; pocket.

Synthetic combinatorial libraries have also been exploited to identify Lck
SH2 antagonists (72). A focused library was prepared by coupling 900 car-
boxylic acids to the N-terminus of Tyr(PO,H,)-Glu-Glu-Ile (73). Despite previ-
ous observations on the lack of SH2 selectivity or affinity for modifications
introduced at the N-terminus of phosphotyrosine in most of the SH2 consensus
sequences (74), highly potent and selective phosphopeptides were identified by
screening this library. For example, compound 25 (Fig. 4) exhibits a nearly five
fold preference for the Lck SH2 domain vs that of Fyn (K k=35 nM vs K ¥
= 150 nM) and good general SH2 selectivity (e.g., K,X=4.9 uM, K P85=9.3
UM and K92 =11.3 uM). In a continuation of this strategy (72), two separate
libraries were constructed to identify a Glu—Glu surrogate (84-member library)
and a replacement of isoleucine (900-member library). This approach ulti-
mately afforded compounds 26 (IC,, = 1.4 uM, K, = 2.9 uM; Fig. 4) and 27
(ICy, = 2.4 uM; Fig. 4), which exhibit binding affinities for p56'c SH2 that are
comparable to the activity observed for Ac-Tyr(PO,;H,)-Glu-Glu-Ile-NH, (IC,,
=0.66 uM; K, = 1.3 uM).

As an alternative to conventional screening assays, an NMR-based screening
approach called SAR by NMR™ (75,76) was used to identify novel phospho-
tyrosine mimetics that bind to Lck SH2 (77). This NMR method allows build-
ing blocks that bind to a target protein with low affinity (mM to UM range) to
be reliably identified. A number of phosphonates, multiply charged aromatic
acids, and phthalamate analogs with binding affinities in the millimolar were
identified (e.g., compound 28, IC,, = 0.06 mM; Fig. 4), but no Lck SH2 antag-
onists containing these molecules have so far been disclosed.

4. ANTAGONISTS OF THE SH2 DOMAIN OF Grb2

Growth factor receptor-bound protein 2 (Grb2) is an adapter protein com-
posed of two SH3 domains flanking a single SH2 domain (78,79). This protein
plays a key role in the Ras signal-transduction pathway by linking a variety of
tyrosine kinase receptors (e.g., EGFR, erbB-2, ¢c-MET), receptor-associated
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proteins (e.g. Syp, IRS-1), and oncogenic proteins (e.g. BCR-Abl) to the mito-
gen-activated protein (MAP) kinase cascade (80,81). In unstimulated cells,
Grb2 is located in the cytosol in complex with the guanine nucleotide exchange
factor for Ras, son of sevenless (Sos), through SH3-mediated protein—protein
interactions. Upon activation of receptor tyrosine kinases by growth factors, the
Grb2-Sos complex translocates to the plasma membrane, and converts the inac-
tive Ras-GDP to active Ras-GTP (82-86). Activated Ras triggers the MAP
kinase cascade that is essential for cell growth and differentiation. The interac-
tion between Grb2 and the activated kinases or the phosphorylated receptor-
associated proteins is mediated by the SH2 domain of the signaling protein that
recognizes specific phosphotyrosine sequences. Agents that specifically disrupt
the protein—protein interactions mediated by Grb2 SH2 could potentially shut
down the Ras signaling pathway and present an intervention point for the treat-
ment of hyperproliferative diseases (8,87-89).

Phosphotyrosyl peptide libraries have shown that the consensus sequence for
Grb2 SH2 is Tyr(PO,H,)-X, -Asn-X_; and the residue that determines speci-
ficity is asparagine (4,5,90-92). Numerous X-ray and NMR structures of the
Grb2 SH2 domain and complexed thereof with phosphotyrosyl peptides con-
taining the preceding consensus sequence or peptidomimetic inhibitors have
been determined (for representative examples, see refs. 93 and 94). The folding
of the ligand-bound SH2 domain of Grb2 shows a general pattern consisting of
a central antiparallel B-sheet flanked by two a-helices, and the phosphopeptide
ligand binds in a type I B-turn conformation centered around the X and X,
residues. The folded conformation of the ligand, the exclusive selectivity of
Grb2 SH2 for asparagine at the X_, position, and specific protein-ligand inter-
actions identified in structural studies have been extensively exploited in the
design and identification of potent and selective Grb2 SH2 antagonists (/2).
Representative examples have been selected to illustrate this structure-based
design approach.

Starting from the tripeptide Ac-Tyr-(PO;H,)-Ile-Asn-NH,, which is the min-
imal recognition motif retaining UM affinity for the Grb2 SH2 domain (ICy, =
8.64 uM), the N-terminal acetyl group was replaced with 3-aminobenzyloxy-
carbonyl to form a stacking interaction with the side chain of an arginine
residue (ArgatA2) and a hydrogen bond interaction with the phosphate group of
phosphotyrosine (95). This single replacement resulted in a 133-fold increase
in binding activity (ICy, = 0.065 uM), and was the first breakthrough in the
identification of potent antagonists of the Grb2-SH2 domain. A further
improvement in activity was obtained when isoleucine was replaced by 1-
aminocyclohexanecarboxylic acid (compound 29, IC,, = 1 nM; Fig. 5) (96).
This o,a-disubstituted cyclic a-amino acids was selected by molecular model-
ing to induce a local right-handed 3 ; helical conformation and to establish mul-
tiple van der Waals interactions with the amino acids forming the Grb2 SH2 X |
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Fig. 5. Antagonists of the Grb2 SH2 domain.

binding pocket. This molecular prediction was confirmed later by X-ray crys-
tallography (97). Incorporation of Ac,c had a positive impact not only in the
Grb2 SH2 binding affinity of the modified antagonist, but also in its specificity
profile against other SH2 domains. Thus, compound 29 shows 240- and 1500-
fold preferential binding to Grb2 SH2 over p85 N-terminal SH2 and Lck SH2,
respectively, and at least 1200-fold selectivity to Grb2 SH2 over Shp2 SH2 in
competitive binding phosphopeptide assays (96).

The core sequence of compound 29 has been extensively utilized as a
“molecular platform” to identify asparagine mimetics, increase the number of
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interactions with the protein, or introduce conformational constraints. An
overview of some of these modifications is covered in the following.

Experiments with degenerate phosphopeptide libraries (4,5,91,92) and struc-
tural studies (94) have identified and confirmed the exclusive selectivity of Grb2
SH2 for asparagine at the X, position. Asparagine occupies the i + 2 position of
a type-I B-turn and its side chain forms hydrogen bond interactions with the
backbone carbonyl groups of Lys BD6 and Leu BE4, and the NH of Lys BD6.
Interactive molecular modeling showed that (15,2R)-cyclic B-amino acids with
different ring sizes were able to preserve the orientation of the carboxamide
group of asparagine without clashing with the side chain of Trp EF1 (97,98).
Replacement of asparagine by (1S,2R)-2-amino-cyclohex-3-ene carboxylic
acid (Achec) resulted in compound 30 (Fig. 5) which has a binding affinity
almost identical to that observed for compound 29 (IC;;= 1.6 nM vs IC,, =1
nM). The X-ray crystal structure of Grb2 SH2 bound to compound 30 revealed
the expected (15,2R) configuration for Achec and showed that this B-amino acid
perfectly mimics the intermolecular hydrogen bond interactions of the side
chain of asparagine (97).

Several reports have described the design of inhibitors containing C-terminal
substituted carboxamides (99, 100). These modifications were introduced in the
parent compound to create additional van der Waals contacts with an extended
hydrophobic region on the surface of Grb2 SH2 (/00). Noteworthy in this series
is the high potency achieved with the naphtyl (e.g., compounds 31 and 32,
IC,, =47 nM and 11 nM, respectively; Fig. 5) and 3-indol-1-yl-propyl (e.g.,
compound 33, IC,, = 0.3 nM; Fig. 5) derivatives. Macrocyclic variants of these
derivatives have also been reported (e.g., compound 34, IC;, = 0.02 uM)
(101,102). The conformational constraints imposed by the cyclization were
expected to increase binding affinity by favoring a B-bend conformation and
reducing entropy penalties. Recently, frans- and cis-cyclopropanes have also
been used to enforce locally extended and reversed turn peptide conformations
in Grb2 SH2 antagonists (/03).

Structure-based design efforts have also advanced nonpeptidic Grb2 SH2
antagonists. Following a minimal pharmacophore strategy, a rigid thiazole
spacer was used to link two moieties that mimic the main pharmacophores of
the natural ligand, the phenylphosphate of the phosphotyrosine residue, and the
B-carboxamide of asparagine. The Grb2—-SH2 binding affinity of the mimetic
(compound 35, IC,, =26 uM; Fig. 5) was found to be in the same range as that
measured for two reference phosphopeptides (Ac-Tyr(PO;H,)-Xxx-Asn-NH,,
ICy, = 67 uM, Xxx = Gly; ICy, = 4 uM, Xxx = Val) (104).

Until very recently, the investigation of intracellular signal transduction path-
ways triggered by the interaction of Grb2 SH2 with phosphoproteins was
compromised by the paucity of reported antagonists of Grb2 SH2 that are effec-
tive in cell-based assays. Phosphotyrosine mimetics (/2,101,105-108), prodrug
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Fig. 6. Representative examples of Grb2 SH2 antagonists active in cell-based assays.

systems (/09), and cell-permeable vectors (//0) have been used to improve the
cellular permeability and intracellular stability of Grb2 SH2 antagonist
(109,111-113). These approaches have allowed the identification of tool com-
pounds to validate the Grb2 target in cellular settings. Thus, compound 36
(Fig. 6) blocks EGFR- and Shc-Grb2 protein—protein interactions in human
mammary carcinoma MDA-MB-468 cell and inhibits the anchorage-independ-
ent growth of these cells (//2). Grb2 SH2 inhibition by compound 37 (Fig. 6),
a prodrug derivative of compound 36 with improved cell permeability, induced
expression of the cell cycle inhibitors p21WalVCipVCAPL and p27KiPl reverse trans-
formation (7//2), and inhibit hepatocyte growth factor— induced motility (/13).
All together these findings provide experimental evidence that targeting Grb2
SH2 is sufficient to block normal Ras function and mitogenesis, and to reverse
transformation in a cellular setting. Inhibition of Grb2 SH2 binding in MDA-
MB-453 cell-based systems has also been reported for analog of compound 36
containing several phosphotyrosine mimetics and N-terminal capping groups
(113,116). These derivatives achieved intracellular inhibition of Grb2 SH2 bind-
ing at micromolar to submicromolar concentrations (e.g., compound 38,
ICy,=0.5 uM; Fig. 6). Of particular note in this study is the usefulness of the
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Fig. 7. Dihydroxyquinoline derivatives that inhibit Grb2 SH2-b mediated protein—protein
interactions.

N-terminal oxalyl group to enhance the binding potency of both phosphorous and
non-phosphorous-containing phosphotyrosine mimetics. Molecular modeling
dynamics simulations of compound 38 in the phosphotyrosine-binding pocket of
the Grb2 SH2 domain identified new interactions between the positively charged
arginine-67 residue and elements of the N*-oxalyl group. These interactions can
account for the positive binding effect observed for the oxalyl-containing phos-
photyrosine mimetics. The potential binding enhancements afforded by the oxa-
lyl group have been further explored using other acidic N*-terminal substituents
(116). N*-oxalyl can be replaced by N®-malonyl without affecting the ex-cellular
Grb2 binding inhibition activity of the antagonist. Consistent with this result,
compound 39 was equipotent to compound 38 in inhibiting MDA-MB-453 cell
growth. Recently, antimitogenic activity (ICy,= 8 uM) has also been reported for
a Grb2 SH2 antagonist containing a new phosphotyrosyl mimetic (/05).
Compound 40 (Fig. 6) exhibits potent in vitro Grb2 SH2 inhibitory activity
(ICy, =8 nM) and is able to inhibit intracellular association of Grb2 protein with
phosphorylated p185°™B-2 at concentrations equivalent to its antimitogenic
activity. Similar results have also been obtained with derivatives of compound
34 (101).

In addition to the previous synthetic compounds, several natural products
and derivatives thereof have also been described to interfere with the
protein—protein interactions mediated by Grb2. A series of naturally occurring
bis(indolyl)dihydroxyquinolines have been shown to inhibit the binding of
Grb2 to the tyrosine-phosphorylated form of the EGFR tyrosine kinase
(e.g., compound 41, Asterriquinone E, IC,, = 2.9 uM; Fig. 7) (117). Promising
inhibitory properties have also been observed with a synthetic analog of the
above natural product (e.g., compound 42, IC,, = 1.2 uM; Fig. 7) (118). Other
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natural products (e.g., actinomycin D, C, and VII, lutein, 8-O-metylslerotiori-
namine, sclerotiorin, and isochromophilone iv) have also been reported to
inhibit the Shc/Grb2 protein—protein interaction in a dose-dependent manner
(119-124). Although the published results suggest that the preceding natural
products could be nonphosphorylated Grb2 antagonists, so far no evidence has
been given to confirm that these compounds interact with the pockets that exist
on the phosphotyrosine-binding surface of Grb2 SH2.

5. CONCLUSIONS

Although some of the SH2 antagonists reviewed and discussed herein have
been valuable tool compounds for improving our understanding of several
intracellular signaling pathways, the identification of potential therapeutic
agents for the treatment of diseases associated with Src, Lck, or Grb2 molecu-
lar interactions has met with limited success. Structure-based design
approaches have been used to reduce the size, charge, and peptide character of
SH2 antagonists while increasing their potency, selectivity, and ability to pene-
trate and reach the intracellular target. These medicinal chemistry efforts have
led to true mechanism-based agents that have validated the concept of SH2
domain inhibition in cellular settings and animal models, but, unfortunately,
none of these antagonists has so far entered clinical trials.
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