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Phosphorylated tyrosine residues of growth factor receptors that associate with intracellular
proteins containing src-homology 2 (SH2) domains are integral components in several signal
transduction pathways related to proliferative diseases such as cancer, atherosclerosis, and
restenosis. In particular, a phosphorylated pentapeptide [pTyr751-Val-Pro-Met754-Leu (pTyr )
phosphotyrosine)] derived from the primary sequence of platelet-derived growth factor-â (PDGF-
â) receptor blocks the association of the C-terminal SH2 domain of the p85 subunit of
phosphatidylinositol 3-kinase (PI 3-kinase) to PDGF-â receptor with an IC50 of 0.445 ( 0.047
µM. Further evaluation of the structure-activity relationships for pTyr751-Val-Pro-Met-Leu
resulted in the design of smaller peptidomimetics with enhanced affinity including Ac-pTyr-
Val-Ala-N(C6H13)2 (IC50 ) 0.076 ( 0.010 µM). In addition, the phosphotyrosine residue was
replaced with a difluorophosphonate derivative [4-phosphono(difluoromethyl)phenylalanine
(CF2Pmp)] which has been shown to be stable to cellular phosphatases. The extracellular
administration of either CF2Pmp-Val-Pro-Met-Leu or Ac-CF2Pmp-Val-Pro-Met-NH2 in a whole
cell assay resulted in specific inhibition of the PDGF-stimulated association from the C-terminal
SH2 domain of the p85 subunit of PI 3-kinase to the PDGF-â receptor in a dose-dependent
manner. These compounds were also effective in inhibiting GLUT4 translocation, c-fos
expression, and cell membrane ruffling in single-cell microinjection assay.

Introduction
The proliferation, differentiation, and survival of

normal cells are regulated by a variety of extracellular
signaling mitogens known as growth factors. These
polypeptidic growth factors include epidermal growth
factor (EGF), fibroblast growth factors (FGFs), and
platelet-derived growth factor (PDGF). Growth factors
have been implicated in numerous disease states in-
volving uncontrolled cellular proliferation and differ-
entiation, including cancer, atherosclerosis, and resteno-
sis.1-3 In clinical studies, restenosis [i.e., the angio-
graphic reocclusion of the arterial wall following per-
cutaneous transluminal coronary angioplasty (PTCA, or
better know as balloon angioplasty)] occurs in 20-45%
of patients within the first 3-6 months following
treatment.4-6 In this report, a unique approach to the
prevention of restenosis utilizing peptidomimetics de-
signed to block intracellular signaling pathways medi-
ating cellular proliferation and differentiation will be
described.

Both the FGFs and PDGF are potent vascular smooth
muscle cell (VSMC) mitogens and chemoattractants.7
The migration and proliferation of VSMCs are an initial
and critical step in the onset of restenosis following
balloon angioplasty. In fact, after balloon injury to rat

carotid arteries an upregulation of PDGF and FGF
receptor isoforms has been observed. In this model, the
infusion of PDGF following arterial damage resulted in
an increase of VSMC migration along with a corre-
sponding increase in thickening of the neointimal
layer.8,9 However, antibodies raised to PDGF signifi-
cantly inhibited this process.10

Upon the binding of PDGF to its extracellular recep-
tor, dimerization of the receptor occurs followed by
autophosphorylation of several tyrosines on intracellular
protein substrates and/or the receptor, itself. These
phosphorylated tyrosines act as high-affinity binding
sites for several cellular proteins involved in signal
transduction pathways which are linked to cellular
proliferation.2,11-13 One such protein is phosphatidyli-
nositol 3-kinase (PI 3-kinase). PI 3-kinase is 1 of more
than 20 cytosolic proteins involved in intracellular
signaling that contain src-homology (SH2) domains.
SH2 domains consist of approximately 100 amino acids
that are highly conserved across other such cytosolic
proteins and possess high-affinity binding sites for
specific phosphorylated tyrosines of growth factor
receptors.2,11-13 In particular, it has been shown that
a significant increase in DNA synthesis occurs in
NMuMG cells when PDGF receptors are specifically
associated with PI 3-kinase.14 Thus, the intracellular
blockade of the association of PDGF with PI 3-kinase
should have therapeutic implications for the modulation
of restenosis and other proliferative diseases mediated
by growth factor receptors.
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PI 3-kinase is a heterodimeric enzyme that contains
a noncatalytic 85-kDa (p85) subunit and a catalytic 110-
kDa (p110) subunit.15,16 The p85 subunit consists of one
SH3 and two SH2 domains (N- and C-terminal) that
bind specifically to phosphorylated tyrosines on acti-
vated growth factor receptors.17 Of the two SH2 do-
mains the C-terminal SH2 domain, like the full-length
p85, distinguishes between the wild-type and a mutant
PDGF receptor that lacks the PI 3-kinase binding site.
Thus, the C-terminal SH2 domain of the p85 subunit
of PI 3-kinase (p85 C-SH2) accounts for the high-affinity
binding of PI 3-kinase to PDGF-â receptor.18 This
report will concentrate on the inhibition of this interac-
tion.

As previously discussed, several cytosolic proteins
contain SH2 domains. Several high-affinity phospho-
rylated small peptides and peptidomimetic inhibitors
of src19-24 and, more recently, grb225 SH2 domains
have been discovered or designed through library ap-
proaches19,20 and systematic rational drug design
strategies.21-25 Previous successes in the systematic
rational design of high-affinity and selective peptides/
peptidomimetics for src21-24 prompted us to initiate a
similar approach for inhibition of the association of p85
C-SH2 with PDGF-â receptor.

In particular, it has been shown that PI 3-kinase
specifically associates with pTyr740 (pTyr ) phosphoty-
rosine) and pTyr751 of the PDGF-â receptor. In fact, it
has been shown that pentapeptides corresponding to
these phosphotyrosines [pTyr740-Met-Asp-Met-Ser (1)
and pTyr751-Val-Pro-Met-Leu (2)] were able to inhibit
90% of the in vitro association of PDGF-â receptor with
p85 C-SH2 at a concentration of 100 µM.14 In subse-
quent studies, it was determined that compound 2 has
an IC50 of 0.445 ( 0.04 µM for inhibiting this associa-
tion.26-28 [In our hands, pTyr740-Met-Asp-Met-Ser (com-
pound 1) possessed an IC50 of 0.522 ( 0.12 µM.
However, further structure-activity relationship (SAR)
studies utilizing rational drug design strategies were
performed on compound 2, since this compound was
conformationally constrained with a proline residue in
its primary sequence and additional structural data was
also available.26] Further analysis of compound 2
revealed that several modifications were well-tolerated
for the Val (pY + 1), Pro (pY + 2), and Leu (pY + 4)
residues. However, the pTyr (pY) and Met (pY + 3)
residues were intolerant of even minimal modification.26

The X-ray crystal structures of phosphorylated pep-
tides containing the pTyr-Glu-Glu-Ile motif bound to
both the src29 and lck30 SH2 domains have been
reported. Both of these structures were highly similar
and further emphasized the importance of the molecular
interactions of pTyr (pY) and Ile (pY + 3) for high-
affinity binding. In both cases, an arginine residue
was found at the base of the phosphotyrosine binding
pocket (pY) that formed a bidentate ion-pairing inter-
action with the phosphate group, and the isoleucine
was completely buried in a hydrophobic binding pocket
(pY + 3). The remaining residues were extended across
the surface of the protein and through a network of
hydrogen bonds that held the pY and pY + 3 residues
in their respective binding pockets. Essentially, the
mode of binding is best described as a two-pronged
model.

In addition, the X-ray crystal structures of phospho-
undecapeptides encompassing pTyr740 and pTyr751 of
PDGF-â receptor bound to the N-terminal SH2 domain
of p85 of PI 3-kinase (p85 N-SH2) have been reported.31

Both of these structures were highly similar to those
reported for phosphopeptides binding to the src29 and
lck30 SH2 domains, further supporting a two-pronged
binding model for phosphopeptides to SH2 domains.31

Recently, a crystal has been obtained for a phosphory-
lated pentapeptide bound to p85 C-SH2 of human PI
3-kinase which diffracted to 1.7 Å, although specific
structural data was not provided.32

The proton NMR structure of Ac-pTyr751-Val-Pro-Met-
Leu bound to p85 C-SH2 has been reported and further
highlights the molecular interactions observed in the
X-ray crystallographic studies.33 Basically, the pY and
pY + 3 pockets were seen to be occupied by the
phosphotyrosine and methionine of the above substrate,
respectively, with the remainder of the residues lying
across the surface of the protein. In addition, a hetero-
nuclear NMR study of the association of a synthetic 12-
amino acid, phosphopeptide that encompasses pTyr751

to p85 N-SH2 further supports the importance of these
interactions. This solution-phase NMR study revealed
that few conformational changes were observed in the
protein except for those residues that were directly
associated with the pY and pY + 3 binding pockets.34

Therefore, the X-ray crystallographic and homonuclear
and heteronuclear NMR results were consistent with a
two-pronged binding model for phosphopeptides to SH2
domains. Herein, we will discuss how these observa-
tions, together with homology molecular modeling, were
exploited in the design of peptidomimetic inhibitors of
the association of p85 C-SH2 with PI 3-kinase.

It has been shown that the inhibition of the associa-
tion of PDGF-â receptor with the p85 C-SH2 can be
achieved with synthetic phosphopeptides and that this
may provide a novel approach to the treatment of
restenosis; however, several concerns need to be ad-
dressed. These include the following: (a) the stability
of peptide/peptidomimetic compounds to exo- and/or
endopeptidases, (b) the stability of phosphorylated ty-
rosine-containing compounds to intracellular phos-
phatases, (c) the ability to deliver the drug candidate
to the point of injury, (d) the ability of peptides contain-
ing a highly charged phosphate group to be permeable
to the cellular membrane, and (e) the ability to specif-
ically inhibit the association of PDGF-â receptor with
PI 3-kinase given the number of cytosolic proteins
containing SH2 domains. The potential to address and
circumvent these concerns with the peptidomimetics
reported herein will be discussed and evaluated.

Results and Discussion
A phosphorylated pentapeptide corresponding to the

PDGF-â receptor sequence of pTyr751-Val-Pro-Met754-
Leu (compound 2) has been shown to inhibit the
association of PDGF-â receptor with p85 C-SH2 of PI
3-kinase in vitro.14 Specifically, an IC50 of 0.445 ( 0.047
µM has been determined for this pentapeptide for the
specific blockade of the association of the phosphorylated
PDGF-â receptor tyrosine kinase with [35S]GST p85
C-SH2 fusion protein (Table 1).26-28 In addition, com-
pound 2 has been shown to be selective for the p85
C-SH2 domain over that of src and abl (Table 1).
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Initial SAR studies were directed at determining the
minimal pharmacophore that would inhibit this associa-
tion. Thus, simple truncation of compound 2 by remov-
ing the C-terminal Leu resulted in a greater than 15-
fold loss of affinity (compound 3).26-28 Interestingly, it
was observed that individual or combined neutralization
of the amino and carboxy termini was shown to enhance
the affinity of compound 2. For example, N-terminal
acetylation (compound 4) resulted in a 4-fold enhance-
ment of affinity for p85 SH2, while C-terminal amida-
tion (compound 5) enhanced the affinity ∼1.5-fold with
respect to compound 2. Although these modifications
were not shown to be additive, N-terminal acetylation
and C-terminal amidation of the parent pentapeptide
resulted in a very potent analogue (compound 6) with
an IC50 of 0.16 µM.26-28 Interestingly, the neutraliza-
tion of the amino and carbox termini seems to be a
general theme for the design of highly potent inhibitors
of several SH2 domains, including src,19-24 grb2,25 and
p85.26-28

The SAR observed in this pentapeptide series was
directly translatable to the truncated tetrapeptide se-
ries, such that C-terminal amidation led to a 14-fold
enhancement in affinity (compound 7 versus compound
3). Likewise, N-terminal acetylation and C-terminal
amidation resulted in a further 2-fold enhancement of
affinity (compound 8, IC50 ) 0.264 ( 0.029 µM). Thus,
the minimal pharmacophore required for inhibiting the
association of PDGF-â receptor with p85 C-SH2 was
defined by Ac-pTyr-Val-Pro-Met-NH2.26-28

As previously discussed, the SAR,19,20,26-28 X-ray
crystallographic,29-32 and homonuclear33 and hetero-
nuclear NMR34 studies of phosphorylated peptides
encompassing Tyr751 thru Met754 of the PDGF-â receptor
sequence have implicated the importance of both resi-
dues for high-affinity association with p85 C-SH2 in a
two-pronged binding mode. In fact, the only substitu-
tion that is readily tolerated for methionine was nor-
leucine.26,27,35 In particular, this pseudoisosteric sub-
stitution resulted in only a 3-fold loss of affinity

(compound 9) with respect to the parent molecule
(compound 2).26,27,35

Since neither the proton NMR or X-ray crystal-
lographic structures were available at the time of this
study, homology-based molecular modeling was intiated
to prepare a theoretical model of p85 C-SH2 domain
(Figure 4). As observed for other related SH2 domain
structures,36 the model suggests that the ligand binding
surface of p85 C-SH2 is characterized by two distinct
pockets: the so-called pY and pY + 3 pockets. The pY
pocket is highly electropositive, comprised of two argi-
nine and two serine residues which coordinate with the
phosphate oxygens. One of these two arginines, located
on the surface of the pY pocket, is also available to
interact with an N-terminal group, such as an acetyl.
The model also suggested a wide, shallow hydrophobic
pY + 3 pocket into which both the pY + 1 and pY + 3
inhibitor residues bind. This characteristic correlates
with the reported preference of p85 C-SH2 for peptide
sequences of the type pTyr-Hyd-Xxx-Hyd,19 where Hyd
represents a hydrophobic residue and Xxx represents
any residue. The pY + 3 pocket is comprised of a
phenylalanine, two valines, a leucine, and a cysteine
residue. In addition, hydrophobic residues (proline,
phenylalanine, valine, and the aliphatic side chain of
glutamine) form a shallow channel on the surface of the
protein which extends the hydrophobic pY + 3 pocket
in a direction away from the pY pocket (Figure 4).

In retrospect, a comparison of this homology model
with the later published proton NMR solution structure
of p85 C-SH2 complexed to the peptide Ac-pTyr-Val-
Pro-Met-Leu33 does reveal some differences in the
protein backbone and side-chain orientations. However,
the key features of the model’s ligand binding region
used for the inhibitor design work described herein are
shared by the proton NMR structure: (1) the pY pocket
is comprised of the same electrostatically charged
residues, (2) the pY + 3 pocket is comprised of the same
hydrophobic residues and is approximately the same
size, (3) the distance between pY and pY + 3 pockets is

Table 1. Binding Affinities of Synthetic Compounds 1-23 (R1-pTyr-R2-R3-R4) to p85, src, and abl SH2 Domains

compd no. R1 R2 R3 R4 p85 C-SH2 ( SEMa (n)b srca abla

1 H Met Asp Met-Ser 0.522 ( 0.12 (2) ND ND
2 H Val Pro Met-Leu 0.445 ( 0.047 (16) 12.7 60%c

3 H Val Pro Met 6.85 ( 3.26 (2) ND ND
4 Ac Val Pro Met-Leu 0.18 5.9 ND
5 H Val Pro Met-Leu-NH2 0.40 ND ND
6 Ac Val Pro Met-Leu-NH2 0.16 ND ND
7 H Val Pro Met-NH2 0.485 ( 0.225 (3) ND ND
8 Ac Val Pro Met-NH2 0.264 ( 0.029 (14) ND ND
9 H Val Pro Nle-Leu 1.36 ( 0.22 (16) >10 ND

10 Ac Val Ala N-BuGly-NH2 2.5 ND ND
11 Ac Val Ala NHC5H11 16.1 ( 3.4 (3) ND ND
12 Ac Val D-Ala NHC5H11 4.56 ( 1.64 (3) ND ND
13 Ac Val D-Ala N(C5H11)2 3.32 ( 0.99 (4) 2.7 25.7
14 Ac Val Ala N(C5H11)2 0.22 1.4 ND
15 Ac Val D-Ala N(C4H9)2 5.7 12.5 7.4
16 Ac Val Ala N(C4H9)2 0.478 ( 0.129 (3) 5.7 ND
17 Ac Val D-Ala N(C6H13)2 2.5 3.5 6.0
18 Ac Val Ala N(C6H13)2 0.076 ( 0.010 (3) 1.0 5.0
19 Ac Val D-Ala N(C8H17)2 3.47 ( 0.48 (4) 6.1 95.9
20 Ac Val Ala NH(CH2)2C6H5 37.6 ( 8.6 (3) 8.6 46.2
21 Ac Val D-Ala NH(CH2)2C6H5 >100 17.8 72.0
22 Ac Val Ala NH(CH2)2C6H11 19.0 ( 1.2 (3) 5.0 26
23 Ac Val D-Ala NH(CH2)2C6H11 >100 18.4 ND

a IC50 values in micromolar concentrations ( standard error of the mean. ND, not determined. b n ) number of determinations if
greater than 1 determination. c Percent inhibition at a concentration of 100 µM.
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approximately the same (∼12 Å), and (4) a significant
hydrophobic channel does exist in the proton NMR
structure as predicted by the model, although this
channel as seen in the proton NMR structure is much
less solvent-exposed than in our model. This observa-
tion might help explain the increased potency of the
dialkyl inhibitors described below (Figure 4b). Thus,
overall, this homology model, although somewhat dif-
ferent from the later published experimental structure,
did predict the key features critical to successful inhibi-
tor design.

Utilizing this homology-based model for p85 C-
SH2, it was suggested that transposition of the side
chain of methionine and/or norleucine to the amide
nitrogen should be a well-tolerated modification while
still effectively utilizing the pY + 3 pocket. This
“peptoid”37 (N-alkylated glycine) was efficiently pre-
pared by a solid-phase approach. Initially, bromoacetic
acid was coupled to a Rink amide [4-(2′,4′-dimethox-
yphenyl-Fmoc-aminomethyl)phenoxyacetamido-
norleucylaminomethyl]resin,38,39 followed by nucleo-
philic displacement of the bromine with N-butylamine,
and normal solid-phase peptide synthetic strategies (see
the Experimental Section). The peptoid corresponding
to compound 2 [Ac-pTyr-Val-Pro-N-BuGly-NH2 (N-Bu-
Gly ) N-butylglycine)] was not prepared since this
peptoid would be prone to synthetic difficulties such as
diketopiperazine formation, premature resin cleavage,
and chain termination due to the proline residue
adjacent to the N-BuGly residue. It was previously
reported that pTyr-Val-Ala-Met-Leu possessed an IC50
of 2.7 µM,26 which was only approximately 5-fold less

potent than its corresponding proline-containing parent
peptide (compound 2). Therefore, the analogous peptoid
corresponding to this sequence was prepared (Ac-pTyr-
Val-Ala-N-BuGly-NH2). In addition, molecular model-
ing also suggested the Ala for Pro substitution, since
proline might not allow the necessary binding confor-
mation for the ligand. In fact, the peptoid (compound
10, Figure 1) possessed an IC50 of 2.5 µM. This IC50
was within a factor of 10 with respect to the parent
tetrapeptide (compound 8). Thus, it can be postulated
that the majority of affinity lost for compound 10 may

Figure 1. Design of the peptidomimetic dialkylamide series from the peptoid (compound 10) and the monoalkylamide (compound
12).

Figure 2. Structures of phosphotyrosine (pTyr), 4-phospho-
nomethylphenylalanine (Pmp), and 4-phosphono(difluorom-
ethyl)phenylalanine (CF2Pmp).

Figure 3. Immunoblot analysis showing the effects of com-
pounds 25 and 26 on the association of the 85-kDa subunit of
PI 3-kinase with immunoprecipitated PDGF-â receptors from
rat aortic smooth muscle cells. After a 24-h incubation of cells
with various concentrations of compound, PDGF-BB (30 ng/
mL) was added to cells to stimulate PDGF receptor phospho-
rylation and the subsequent association of PI 3-kinase. PDGF
receptors were immunoprecipitated with PDGF receptor poly-
clonal antibodies directed against the â-receptor isoform and
Western blotted with anti-rat PI 3-kinase polyclonal antibody.

4332 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 22 Eaton et al.



be the result of the alanine for proline substitution due
to the increased flexibility in the molecule and that, in
fact, the peptoid modification was very well-tolerated.

In an effort to design first-generation peptidomimet-
ics, it was observed that a C-terminal carboxylate was
detrimental to activity in the tetrapeptide series, while
norleucine was well-tolerated as a substitution for
methionine. Therefore, it was postulated and supported
by modeling that the C-terminal amino acid was re-
placed with an alkyl chain, such as N-pentylamine
(Table 1). This modification could be simply incorpo-
rated by the preparation of Ac-Tyr(Bzl)-Val-Ala on a
Sasrin resin [2-methoxy-4-alkoxybenzyl alcohol (a resin
highly susceptible to acidic cleavage conditions)],40,41

which was cleaved with 1.0% trifluoroacetic acid (TFA)
in dichloromethane (DCM) to yield the free carboxylate.
The remaining solution-phase synthesis of the target
compound consisted of coupling of the amine to the
C-terminal carboxylate, deprotection of the tyrosine,

phosphorylation, oxidation, deprotection of the phos-
phorylated tyrosine, and final purification. In principle,
this approach should have been effective. Unfortu-
nately, the coupling of N-pentylamine to Ac-Tyr(Bzl)-
Val-Ala in the presence of 1-(3-dimethylamiopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI) and N-hydroxy-
benzotriazole (HOBt) resulted in extensive racemization
(∼40-50%) of the C-terminal alanine. However, these
diastereoisomers were separable by reversed-phase
high-pressure liquid chromatography (RP-HPLC). The
major diastereoisomer corresponded to the L-enantiomer
of Ala. Ac-pTyr-Val-Ala-NHC5H11 (compound 11, Fig-
ure 1) showed approximately 65-fold less affinity (IC50
) 16.1 ( 3.4 µM) than the parent tetrapeptide. How-
ever, interestingly the D-Ala-containing analogue (com-
pound 12) exhibited an IC50 of 4.56 ( 1.64 µM. Once
again, this binding would be comparable to the parent
peptide if the 4-5-fold loss of affinity was a result of
the proline to alanine substitution. Despite this loss of

Figure 4. Comparison of the solid molecular surfaces for (a) the p85 C-SH2 homology-based model and (b) the published p85
C-SH2 NMR solution structure.33 Color coding for the surfaces represents electrostatic potential: red is negative, and blue is
positive. In both panels, peptide 14 is shown as a stick figure in the conformation docked into the homolgy model (a). The
electropositive pY pocket, hydrophobic pY + 3 pocket, and hydrophobic channel are identified for each molecular surface. Atoms
of the inhibitor are colored as red, oxygen; blue, nitrogen; yellow, phosphorus; white, carbon. This figure was prepared using the
program GRASP.71
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potency, this modification is significant in that it should
impart stability against exopeptidases, such as carbox-
ypeptidase, to the molecule.

The design of a second-generation peptidomimetic
series resulted from molecular modeling suggesting that
the pY + 3 substitution of the peptoid and the C-
terminus of the peptidomimetic (compounds 10 and 12,
Figure 1) could be combined into one molecule via a
dialkylamide. It was envisioned that this modification
would allow interaction with the pY + 3 pocket of p85
C-SH2 via one alkyl chain which is normally occupied
by methionine or norleucine, while the second alkyl
chain would have further interactions with the hydro-
phobic channel of the protein surface (Figure 4). [In
retrospect, the published NMR structure of p85 C-SH2
suggests that the second alkyl chain would indeed
interact with such a hydrophobic surface channel but
more extensively than would have been predicted by the
homology model since that channel is much less solvent-
exposed in the NMR structure (Figure 4b).33] Thus, Ac-
pTyr-Val-D-Ala-N(C5H11)2 (compound 13) was prepared
using the same synthetic strategy used to prepare
compounds 11 and 12. This compound had an IC50 of
3.32 ( 0.99 µM and was essentially equipotent to the
parent peptoid and peptidomimetic. However, as seen
for the preparation of compound 11, significant racem-
ization of the C-terminal alanine had occurred. Sur-
prisingly, upon separation by RP-HPLC and evaluation
of the L-amino acid-containing isomer (compound 14,
Figure 1), this analogue exhibited an IC50 of 0.22 µM
for inhibition of the association of the PDGF-â receptor
with p85 C-SH2.

It was very interesting and unexpected that the SAR
differed between the monoalkyl- and dialkylamides with
respect to the stereochemistry of the pY + 2 residue.
Previously, it has been shown that utilization of O-(7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HATU) as a coupling agent, in the
presence of 1H-hydroxy-7-azabenzotriazole (HOAt),
greatly reduced the amount of racemization of the
C-terminal amino acid.42,43 Even though, compounds
17 and 18 were initially prepared racemic and then
separated by RP-HPLC (method B in the Experimental
Section); they were also synthesized using the HATU/
HOAt coupling strategy to verify the stereochemical
assignments (method C in the Experimental Section).
Indeed, the independent preparation of compounds 17
and 18 by method C confirmed that the stereochemical
assignment of the C-terminal alanine was correct and
that a reverse in the SAR between the monoalkyl- and
dialkylamide series was observed.

To further optimize the activity of these amides, the
ideal length of the dialkyl chain was determined.
Shortening the chain by one carbon (dibutyl) with both
D- and L-alanine in the pY + 2 position (compounds 15
and 16) led to a modest loss in affinity in both cases
(∼1.5-2-fold) with respect to the parent dipentylamides.
However, increasing the length of the dialkyl chain by
one carbon (dihexyl) led to an enhancement of affinity
for both the D- and L-alanine cases (compounds 17 and
18). In fact, compound 18, is the most potent compound
reported to date for inhibiting the association p85 C-SH2
to PDGF-â receptor (IC50 of 0.076 ( 0.010 µM). Further
extension of the C-terminal dialkyl chain with diocty-

lamine resulted in a significant loss of affinity (com-
pound 19, IC50 ) 3.47 ( 0.48 µM). Thus, the dihexyl
chain is optimal for maximum affinity, presumably since
each side chain makes optimal contacts with the pY +
3 pocket and the surface channel (Figure 4).

(Interestingly, during the course of this study, it was
reported that C-terminal alkylamides are effective
substitutions in ligands that bind to src21-24 and grb225

SH2 domains. It was originally suggested in an X-ray
crystallography paper23 and confirmed in a later pub-
lication24 highlighting the SAR of a series of dipeptido-
mimetic inhibitors of the src SH2 domain that a
dipentylamide represented the optimal C-terminal group.
In this case, the dipentylamide was slightly better than
the dihexylamides and significantly better than the
diheptylamides. These results further point to the great
similarity between SH2 domains of different proteins
and the potential problems in developing compounds
selective for a specific SH2 domain.)

Further attempts to optimize the C-terminal amides
by the incorporation of phenethyl and cyclohexylethyl
resulted in compounds that were essentially inactive
(compounds 20-23) which is consistent with the p85
C-SH2 model. However, in both cases, the L-alanine-
containing analogues were still more potent than the
corresponding D-alanine-containing analogues. Thus,
the SAR observed for these compounds is consistent
with the dialkylamide series.

Selectivity of Synthetic Compounds for Various
SH2 Domains. To develop inhibitors of SH2 domains
that may have therapeutic utility for the treatment of
restenosis and proliferative diseases, it is critical to
design compounds that are selective for p85 C-SH2 over
other SH2 domains. In this regard, several of the
synthetic analogues were evaluated for their affinity to
inhibit the association of the SH2 domains of src and
abl. For inhibitors of src, it has been shown that an
acidic residue is preferred in the position pY + 1,19-24

while for the p85 C-SH2 domain a hydrophobic residue,
such as valine, is preferred in this position.14,19,20,26-28

In addition, the native peptide binding sequence for the
src SH2 domain contains an isoleucine residue in the
pY + 3 position,19-24 while ligands for the p85 C-SH2
domain contain a methionine residue.14,19,20,26-28

For compound 2, moderate selectivity for the p85
C-SH2 domain over both the src and abl SH2 domains
(> 28-fold) was observed. Compound 4 showed greater
selectivity for p85 C-SH2 of 33-fold versus the src SH2
domain. Interestingly, the pseudoisosteric replacement
of Nle for Met in compound 2 (compound 9) led to a
modest loss of affinity for p85 C-SH2, but this ligand
completely lacked affinity for src. Perhaps this is not
that surprising since src can accommodate branched
amino acids in the pY + 3 pocket.

In the peptidomimetic series, some of the selectivity
for src appeared to be diminished. However, compounds
containing an L-Ala residue in the pY + 2 position
maintained selectivity over those containing the D-Ala
residue. For example, compound 13 (D-Ala) showed
little difference in preference between p85 C-SH2 and
src, but in compound 14 (L-Ala) some selectivity was
observed (6-fold). Interestingly, compound 13 did ex-
hibit 8-fold selectivity versus abl. In addition, com-
pound 15 exhibited minimal selectivity for p85 C-SH2
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over src or abl, but compound 16 exhibited a 12-fold
selectivity versus src. Similarly, compound 17 was not
selective, while compound 18 was 13-fold selective
versus src and 65-fold selective versus abl. Interest-
ingly, compounds 20-23 were relatively weak inhibitors
of both p85 C-SH2 and abl but had enhanced activity
versus src.

Analogues Stabilized to Cellular Phosphatases.
To evaluate the potential therapeutic utility of this
series of phosphorylated peptides, it is critical to dem-
onstrate activity in a whole cell-based model. Unfor-
tunately, it has been shown that phosphorylated ty-
rosines are rapidly metabolized by intracellular phos-
phatases.44 Replacement of phosphotyrosine in com-
pound 2 with the corresponding methylenephosphonate
derivative (Pmp, Figure 2, compound 24) resulted in a
10-fold loss of affinity with respect to compound 2 (Table
2). This loss of affinity has routinely been seen with
this substitution in other inhibitors45-47 and is most
likely due to the different pKa2 values for the Pmp
residue (7.1) versus phosphotyrosine (5.7).44

However, it has been reported that the difluorophos-
phonate derivative (CF2Pmp, Figure 2) is an acceptable
substitution for tyrosine maintaining high-affinity while
imparting stability to intracellular phosphatases. In
particular, the CF2Pmp substitution for phosphotyrosine
has been successfully incorporated in inhibitors of the
src,36,44,45,48 grb2,44 and p8535,46 SH2 domains and
inhibitors of the protein tyrosine phosphatases PTP 1
and PTP 1B.47 In addition, CF2Pmp has a pKa2 value
that is much closer to that of phosphotyrosine.44 Sub-
stitution of the CF2Pmp into the pentapeptide (com-
pound 25 versus 2) and the tetrapeptide amide (com-
pound 26 versus 8) resulted in analogues that maintained
good affinity. The CF2Pmp residue was also incorpo-
rated into the peptidomimetic dialkylamide series. For
compounds 27 and 28, good affinity versus the parent
phosphopeptides (compounds 14 and 18, respectively)
was maintained with IC50’s of 0.372 ( 0.053 µM for the
dipentylamide (27) and 0.446 ( 0.037 µM for the
dihexylamide (28). In all cases, the phosphotyrosine-
containing peptides were more potent than the corre-
sponding CF2Pmp analogues.

Since analogues 25 and 26 possessed good affinity for
the inhibition of the association of PDGF-â receptor with
p85 C-SH2, these compounds were further evaluated in
a cellular assay. In this cellular assay, the test com-
pounds were incubated in the presence of rat aortic
smooth muscle cells for 5 min. At this point, the
medium was treated with rat PDGF-BB (â-homodimer)
for an additional 24 h to induce autophosphorylation of
the PDGF receptor and association of PI 3-kinase. The

medium was removed, the cells were lysed, and the
supernatant was incubated with anti-human PDGF-â
receptor monoclonal antibody which only recognized the
â-isoform of the PDGF receptor. Following electro-
phoresis, the separated proteins were immunoblotted
with anti-rat PI 3-kinase antiserum which recognizes
the 85 kDa subunit of PI 3-kinase. Thus, at this point
the only PI 3-kinase present must have been associated
with the PDGF-â receptor. As can be seen in Figure 3,
increasing concentrations of both compounds (25 and
26) were able to inhibit the association of PI 3-kinase
with PDGF-â receptor in a dose-dependent manner. The
IC50’s for these compounds are estimated to be 40 and
38 µM, respectively. Since this is an intracellular event,
compounds 25 and 26 must be permeable to the cellular
membrane and inhibiting a specific cellular response.
This observation is quite remarkable considering the
highly charged nature of the molecules.

These compounds were then further evaluated for
biological activity in a series of single-cell microinjection
assays. These assays allowed the direct evaluation of
the intracellular biological consequences of these com-
pounds, as well as providing an opportunity to test their
inherent stability in living cells. Thus, the effect of
microinjection for compounds 25 and 26 on four distinct
insulin-stimulated and PI 3-kinase-dependent biological
phenotypes which can be quantitatively evaluated was
measured.49-52 These assays were selected based upon
the previous observation that the optimum time for
measurement of the four endpoints varied from minutes
to hours after microinjection, allowing an assessment
of intracellular stability of the injected compounds.
Thus, the results of microinjection upon insulin-
stimulated membrane ruffling (3 min), c-fos expression
(60 min), GLUT4 translocation (2 h), and cell cycle
progression from G1 to S phase (14 h) was examined.

Experiments to evaluate the effects of compounds 25
and 26 upon lamellipodia formation (membrane ruffling)
are illustrated in Figure 5A,C. Stimulation of the cells
with insulin resulted in a rearrangement of the actin
network from stress fibers in resting cells to membrane-
associated ruffling structures (shown as concentrated
areas of rhodamine staining in Figure 5A). Ruffles were
found in less than 2% of cells which were not stimulated
with insulin and in 94% of stimulated cells (Figure 5C).
Microinjection of either compound 25 or compound 26
resulted in the complete inhibition of stress fiber rear-
rangement. This phenotype was also seen in cells
adjacent to cells which were microinjected with either
compound, presumably due to membrane permeability
(Figure 5, top right).

The effect of each compound was then evaluated upon
the expression of the immediate early gene, c-fos.
Detection of c-fos expression by immunofluorescence
staining is optimal at 60 min following insulin stimula-
tion.51 Again, microinjection of either compound 25 or
26 completely inhibited the nuclear detection of c-fos
expression (Figure 5C). This inhibitory phenotype was
also seen in NIH 3T3 cells after stimulation with
fibroblast growth factor (FGF; data not shown).

These compounds were also tested for their effect
upon insulin-stimulated translocation of the GLUT4
glucose transport protein in 3T3-L1 adipocytes. The
movement of the GLUT4 protein from intracellular

Table 2. Binding Affinities of Synthetic Compounds
Stabilized to Cellular Phosphatases

compd
no. structure

p85 C-SH2
( SEMa (n)b

2 pTyr-Val-Pro-Met-Leu 0.445 ( 0.047 (16)
8 Ac-pTyr-Val-Pro-Met-NH2 0.264 ( 0.029 (14)

24 Pmp-Val-Pro-Met-Leu 8.7 (1)
25 CF2Pmp-Val-Pro-Met-Leu 0.945 ( 0.212 (4)
26 Ac-CF2Pmp-Val-Pro-Met-NH2 1.45 ( 0.26 (9)
27 Ac-CF2Pmp-Val-Ala-N(C5H11)2 0.372 ( 0.053 (8)
28 Ac-CF2Pmp-Val-Ala-N(C6H13)2 0.446 ( 0.037 (4)

a IC50 values in micromolar concentrations ( standard error of
the mean. b n ) number of determinations.
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stores in the Golgi apparatus to the plasma membrane
as detected by immunofluorescence staining has been
used as a single-cell assay for the PI 3-kinase-dependent

metabolic effects of insulin in adipocytes.51,53 The
GLUT4 protein is found at the plasma membrane in
approximately 5% of cells in the resting state and

Figure 5. Single-cell microinjection assays. A. Immunofluorescence photomicrographs showing cells injected with compound 25
(top row) or preimmune carrier IgG alone (bottom row). Shown are pictures demonstrating injected cells (green staining) and the
same field of cells stained with rhodamine-conjugated phalloidin to show distribution of actin network (red). Arrows are to assist
in identification of corresponding cells in each photograph. 63× photographs (left) demonstrate the inhibition of actin rearrangement
from stress fibers to membrane-associated lamellipodia following insulin stimulation and injection of compound 25. 20× photographs
(right) demonstrate that this inhibition of membrane ruffling is also detected in adjacent uninjected cells due to the membrane
permeability of the compound. B. Photomicrographs showing typical results of DNA synthesis assay. Injected cells possess green
fluorescein-stained cytoplasm in contrast to red nuclear staining found in cells which have incorporated BrdU into newly synthesized
DNA. Recombinant GST-p85 SH2 domain and anti-p85 IgG are shown as controls. C. Combined results of all four single-cell
assays used. Results are expressed as the percentage of cells demonstrating the specific immunofluorescence endpoint ( standard
error.
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translocates in response to physiological insulin con-
centrations within 2 h in almost 70% of treated cells
(Figure 5C). Microinjection of either compound 25 or
26 completely inhibited this insulin-stimulated pheno-
type.

Finally, both compounds were tested in an assay
which requires 14 h of incubation following microinjec-
tion to complete. In these experiments, quiescent
fibroblasts were injected with each compound, or with
GST-p85 SH2 or anti-p85 IgG as controls, and then
stimulated with insulin. The cells were labeled with
3-bromo-5′-deoxyuridine (BrdU) to measure progression
through G1 phase of the cell cycle to DNA synthesis. In
this case, microinjection of either compound was without
any inhibitory effect, despite the complete inhibition
seen in cells injected with either of the control proteins.
This negative result may be due to the relatively long
(14-h) incubation time in these experiments following
injection of the compounds. Thus, this lack of inhibition
may be a reflection of intracellular instability, but in
light of the membrane permeable nature of the com-
pounds it is likely to be a reflection of the loss of
concentration in injected cells over the course of the
incubation.

The more potent analogues (27 and 28) were also
evaluated for their ability to block the association of
PDGF-â receptor with p85 C-SH2 in rat aortic smooth
muscle cells via extracellular administration (as de-
scribed above). Unfortunately, these compounds re-
sulted in cell detachment and death at the concentra-
tions tested (>25 µM) for reasons that are unknown and
were not further investigated. Interestingly, it has been
reported that dialkylamides coupled to amino acids
possessed good antimicrobial activities but did not
induce hemolysis of red blood cells (i.e., were not
cytotoxic against a eucaryotic cell line).54 In addition,
it has been reported that peptides rich in R,R-dialky-
lated amino acids display potent antibacterial activity.55

Perhaps, the cytotoxicity of compounds 27 and 28 is
related to the highly hydrophobic nature of these
molecules.

Conclusions

A phosphorylated pentapeptide (pTyr-Val-Pro-Met-
Leu, compound 2) from the kinase insert region of
PDGF-â receptor inhibits the complexation of PDGF
â-receptor with the C-terminal SH2 domain of PI
3-kinase with an IC50 of 0.445 ( 0.04µM. Structural
modifications via classical medicinal chemistry ap-
proaches resulted in a tetrapeptide (Ac-pTyr-Val-Pro-
Met-NH2, compound 8) with enhanced activity (IC50 )
0.264 ( 0.029 µM). Dialkylamides substituted for the
C-terminal methionine residue were shown to enhance
affinity. In fact, the dihexylamide represents the most
potent analogue reported to date with an IC50 of 0.076
( 0.010 µM (compound 18). In addition, compound 18
was shown to possess good selectivity for p85 C-SH2
over src and abl SH2 domains. Analogues stabilized
against intracellular phosphatases were also prepared
by the incorporation of the CF2Pmp moiety for pTyr
(compounds 25 and 26). These compounds maintained
good affinity with IC50’s of 0.945 ( 0.212 and 1.45 (
0.26 µM for p85 C-SH2, respectively. Compounds 25
and 26 were able to block the association of PDGF-â

receptor with the C-terminal SH2 domain of p85 PI
3-kinase when administered extracellularly to rat aortic
smooth muscle cells with IC50’s of 40 and 38 µM,
respectively. In addition, these compounds were shown
to have specific cellular effects upon microinjection. The
potency of these analogues was further enhanced in the
dialkylamide series. For example, compounds 27 and
28 possessed IC50’s of 0.372 ( 0.053 and 0.446 ( 0.037
µM, respectively, but unfortunately these compounds
proved to be cytotoxic in the whole cell assay.

The concerns raised in our introduction regarding the
utility of peptides/phosphopeptides and/or phosphopep-
tidomimetics for the treatment of restenosis can, at least
in part, be addressed via design of the appropriate
analogue. In particular, the N-terminal acetylation and
C-terminal amidation impart stability to exopeptidases.
The CF2Pmp substitution for pTyr incorporates stability
to intracellular phosphatases while maintaining good
affinity. In addition, results from the whole cellular
experiments with compounds 25 and 26 demonstrate
that a specific intracellular event can be modulated via
extracellular administration of a therapeutic agent even
if highly charged. However, the concern of drug delivery
has yet to be addressed. It is envisioned that the
resulting drug could be delivered directly to the point
of injury (i.e., lesion resulting from PTCA) via the
catheter during the balloon angioplasty procedure.

Experimental Section
Materials and Methods. The orthogonally protected NR-

t-Boc and NR-Fmoc amino acids and the resins Wang (HMP,
p-benzyloxybenzyl alcohol),56 Rink amide,38,39 and Sasrin40,41

were purchased from either Bachem Bioscience, Advanced
Chemtech, or Peninsula Laboratories, Inc. The unnatural
amino acids NR-Fmoc-diethyl-4-phosphonomethylphenylala-
nine [NR-Fmoc-Pmp(OEt)2] and NR-t-Boc-diethyl-4-phosphono-
(difluoromethyl)phenylalanine [NR-t-Boc-CF2Pmp(OEt)2] were
prepared by previously reported methods.57 All amino acids
were of the L-configuration unless otherwise indicated.

Trifluoroacetic acid (TFA) was purchased from Halocarbon.
N,N′-Dicyclohexylcarbodiimide (DCC), diisopropylethylamine
(DIEA), and HOBt were purchased from Applied Biosystems
Inc. (ABI). N,N-Dimethylformamide (DMF), dichloromethane
(DCM), N-methylpyrrolidone (NMP), and methanol (MeOH)
were purchased from Burdick & Jackson (reagent grade or
better). Acetonitrile (AcCN) and water (HPLC grade) were
purchased from Mallinckrondt and EM Science, respectively.
Trimethylsilyl trifluoromethanesulfonate (TMSOTf), dimethyl
sulfide (DMS), ethanedithiol (EDT), phenol, thioanisole, m-
cresol, bromoacetic acid, diisopropylcarbodiimide (DIC), 1H-
tetrazole, di-tert-butyl diethylphosphoramidite, N-methylmor-
pholine (NMM), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI), and tert-butyl hydroperoxide were
purchased from Aldrich Chemical Co., Inc. O-(7-Azabenzot-
riazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU) and 1H-hydroxy-7-azabenzotriazole (HOAt) were
purchased from PerSeptive Biosystems.

The peptides were prepared on an ABI model 431A auto-
mated peptide synthesizer using software version 1.00 for
Fmoc synthesis. RP-HPLC was performed on a Waters HPLC
system from Millipore Corp. equipped with a model 600E
system controller, a model 600 solvent delivery system, a model
490 variable wavelength detector at 214 and 280 nm, and a
model 717 plus autosampler. Vydac analytical and prepara-
tive C18 RP-HPLC columns were purchased from Resolution
Systems. Preparative RP-HPLC was performed using a C18
preparative scale Vydac column (218TP1022, 2.2 × 25.0 cm,
10-20-µm particle size) eluting with a linear gradient of 0.1%
aqueous TFA with increasing concentrations of AcCN at 15
mL/min. Analytical RP-HPLC analyses were performed on a
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Vydac column (218TP54, 0.46 × 25.0 cm, 5-µm particle size).
The conditions for analytical RP-HPLC were as follows: 100:0
to 34:66 0.1% aqueous TFA-0.1% TFA in AcCN, linear
gradient over 22 min at 1.5 mL/min (λ ) 214 and 280 nm).

Electrospray mass spectra (ESMS) were determined with
a Fisons VG Trio 2000 quadrupole mass spectrometer using a
1.0% 50:50 water-methanol in acetic acid solution. Fast atom
bombardment mass spectra (FABMS) were obtained on a VG
analytical 7070E/HF mass spectrometer in a matrix of either
thioglycerol or 3-nitrobenzyl alcohol using xenon as the target
gas.

Synthetic Chemistry. Method A: The peptides (com-
pounds 1-10) were synthesized by solid-phase peptide syn-
thetic techniques on an ABI 431A automated peptide synthe-
sizer on a 0.25-mmol scale. The C-terminal carboxylates were
prepared on a Wang resin,56 while the C-terminal carboxam-
ides were assembled on a Rink amide38,39 resin using an NR-
Fmoc protection strategy.58,59 Individual NR-Fmoc amino acids
were coupled as their preformed symmetrical anhydrides with
DCC in NMP. At each step the NR-Fmoc group was removed
with 20% piperidine in NMP. Acetylation of the N-terminus
was performed on the resin with 50% acetic anhydride in DCM.
The peptides were cleaved from the resin using TFA-water-
phenol-thioanisole-ethanedithiol (82.5:5.0:5.0:5.0:2.5).60 The
crude peptides were then solubilized in AcCN/water and
lyophilized. The resulting crude peptide was purified by RP-
HPLC.

Method B: For the peptidomimetic tripeptides (compounds
11-16), the tripeptide Ac-Tyr(Bzl)-Val-Ala was prepared on
a Sasrin resin40,41 (5.0 mmol of free alcohol total) in a manual
shaker employing the same solid-phase peptide synthesis
techniques as above. After resin cleavage with 1% TFA in
DCM and lyophilization the appropriate amine (5.0 equiv) was
coupled using EDCI (5 equiv), HOBt (5.0 equiv), and NMM
(5.0 equiv) in tetrahydrofuran (THF; 6 h). Debenzylation of
tyrosine was achieved with hydrogen under pressure (50-55
psi) with 20% Pd/C in methanol. The tripeptides were then
phosphitylated with 2.63 g (37.5 mmol) of 1H-tetrazole and
3.12 g (12.5 mmol) of di-tert-butyl diethylphosphoramidite.61

The peptide resin was then oxidized with 0.68 mL (5.0 mmol)
of 70% aqueous tert-butyl hydroperoxide. The compounds were
cleaved with 95% TFA/5% water, concentrated under reduced
pressure, resuspended in water (∼100 mL), and lyophilized.
The resulting crude diastereomeric peptidomimetics were
purified and separated by RP-HPLC.

Method C: For the peptidomimetic tripeptides (compounds
17-23), the tripeptide Ac-Tyr(Bzl)-Val-Ala or Ac-Tyr(Bzl)-Val-
D-Ala was prepared on a Sasrin resin40,41 (5.0 mmol of free
alcohol total) in a manual shaker employing the same solid-
phase peptide synthesis techniques as above on a 5.0-mmol
scale. After resin cleavage with 1% TFA in DCM and lyo-
philization, the appropriate amine (5.0 equiv) was coupled
using HATU (5.0 equiv), HOAt (5.0 equiv), and NMM (5.0
equiv) in THF (6 h). Debenzylation of tyrosine was achieved
with hydrogen under pressure (50-55 psi) with 20% Pd/C in
methanol. The tripeptides were then phosphitylated with 2.63
g (37.5 mmol) of 1H-tetrazole and 3.12 g (12.5 mmol) of di-
tert-butyl diethylphosphoramidite.61 The compound was then
oxidized with 0.68 mL (5.0 mmol) of 70% aqueous tert-butyl
hydroperoxide. The compounds were cleaved with 95% TFA/
5% water, concentrated under reduced pressure, resuspended
in water (∼100 mL), and lyophilized. The resulting crude
diastereomeric peptidomimetics were purified and separated
by RP-HPLC.

Method D: The peptides (compounds 24-26) were syn-
thesized as in method A with the exception that TFA-
TMSOTf-DMS-EDT-m-cresol (65:19:15:0.8:0.2) was utilized
for the resin cleavage and deprotection.62

Method E: The peptidomimetic tripeptides (compounds 27
and 28) were synthesized as in method C with the exception
that TFA-TMSOTf-DMS-EDT-m-cresol (65:19:15:0.8:0.2)
was utilized for the resin cleavage and deprotection.

Peptide Purification. The crude peptides/peptidomimet-
ics were dissolved in a mixture of aqueous 0.1% TFA and AcCN

and then purified by preparative RP-HPLC as described above.
Fractions determined to be pure by analytical RP-HPLC were
combined, concentrated under reduced pressure, and lyophi-
lized.

Peptide Purity and Characterization. The purified
peptides/peptidomimetics were assessed for purity by analyti-
cal RP-HPLC and characterized by ESMS or FABMS.

Preparation of pTyr-Met-Asp-Met-Ser (1). The peptide
synthesis, cleavage of the resin, and deprotection were per-
formed as described in the aforementioned general procedure
(method A) to afford 35 mg of the title compound: HPLC tR )
10.0 min (>99%); FABMS (m/z)+ calcd 725.74, found 726.2 (M
+ 1).

Preparation of pTyr-Val-Pro-Met-Leu (2). The peptide
synthesis, cleavage of the resin, and deprotection were per-
formed as described in the aforementioned general procedure
(method A) to afford 87 mg of the title compound: HPLC tR )
14.0 min (>99%); ESMS (m/z)+ calcd 701.78, found 702.2 (M).

Preparation of pTyr-Val-Pro-Met (3). The peptide syn-
thesis, cleavage of the resin, and deprotection were performed
as described in the aforementioned general procedure (method
A) to afford 6 mg of the title compound: HPLC tR ) 13.2 min
(>99%); ESMS (m/z)+ calcd 588.20, found 590.0 (M).

Preparation of Ac-pTyr-Val-Pro-Met-Leu (4). The pep-
tide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method A) to afford 37 mg of the title compound: HPLC
tR ) 17.7 min (>98%); ESMS (m/z)+ calcd 743.82, found 744.0
(M).

Preparation of pTyr-Val-Pro-Met-Leu-NH2 (5). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method A) to afford 99 mg of the title compound: HPLC
tR ) 15.8 min (>98%); ESMS (m/z)+ calcd 700.80, found 700.5
(M).

Preparation of Ac-pTyr-Val-Pro-Met-Leu-NH2 (6). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method A) to afford 18 mg of the title compound: HPLC
tR ) 17.1 min (>98%); ESMS (m/z)+ calcd 742.86, found 742.4
(M).

Preparation of pTyr-Val-Pro-Met-NH2 (7). The peptide
synthesis, cleavage of the resin, and deprotection were per-
formed as described in the aforementioned general procedure
(method A) to afford 43 mg of the title compound: HPLC tR )
10.4 min (>99%); ESMS (m/z)+ calcd 587.64, found 589.1 (M).

Preparation of Ac-pTyr-Val-Pro-Met-NH2 (8). The pep-
tide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method A) to afford 35 mg of the title compound: HPLC
tR ) 11.5 min (>99%); ESMS (m/z)+ calcd 629.64, found 630.3
(M).

Preparation of pTyr-Val-Pro-Nle-NH2 (9). The peptide
synthesis, cleavage of the resin, and deprotection were per-
formed as described in the aforementioned general procedure
(method A) to afford 8 mg of the title compound: HPLC tR )
18.6 min (>97%); ESMS (m/z)+ calcd 683.75, found 684.6 (M).

Preparation of Ac-pTyr-Val-Ala-N-BuGly-NH2 (10).
Initially, 0.42 g (3.0 mmol) of bromoacetic acid was coupled to
a Rink amide38,39 resin (0.25 mmol of free amine total) with
0.52 mL (3.3 mmol) of diisopropylcarbodiimide for 30 min in
a manual shaker,37 the resin was washed with DMSO (2×),
and N-butylamine (0.99 mL, 10.0 mmol) was added and
allowed to mix for 2.5 h. The remaining peptide synthesis,
cleavage of the resin, and deprotection were performed as
described in the aforementioned general procedure (method
A) to afford 34 mg of the title compound: HPLC tR ) 11.9 min
(>99%); ESMS (m/z)- calcd 585.60, found 584.5 (M).

Preparation of Ac-pTyr-Val-Ala-NHC5H11 (11). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 4 mg of the title compound: HPLC
tR ) 13.6 min (>99%); ESMS (m/z)- calcd 542.57, found 541.4
(M).
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Preparation of Ac-pTyr-Val-D-Ala-NHC5H11 (12). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 2 mg of the title compound: HPLC
tR ) 14.0 min (>99%); ESMS (m/z)- calcd 542.57, found 541.4
(M).

Preparation of Ac-pTyr-Val-D-Ala-N(C5H11)2 (13). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 17 mg of the title compound: HPLC
tR ) 13.4 min (>99%); ESMS (m/z)- calcd 612.71, found 611.5
(M).

Preparation of Ac-pTyr-Val-Ala-N(C5H11)2 (14). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 6 mg of the title compound: HPLC
tR ) 13.1 min (>96%); ESMS (m/z)- calcd 612.71, found 611.6
(M).

Preparation of Ac-pTyr-Val-D-Ala-N(C4H9)2 (15). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 22 mg of the title compound: HPLC
tR ) 10.7 min (>97%); ESMS (m/z)- calcd 584.66, found 583.6
(M).

Preparation of Ac-pTyr-Val-Ala-N(C4H9)2 (16). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method B) to afford 17 mg of the title compound: HPLC
tR ) 10.3 min (>93%); ESMS (m/z)- calcd 584.66, found 583.6
(M).

Preparation of Ac-pTyr-Val-D-Ala-N(C6H13)2 (17). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (methods B and C) to afford 32 mg of the title compound
via method C: HPLC tR ) 15.8 min (>99%); ESMS (m/z)- calcd
640.76, found 639.6 (M).

Preparation of Ac-pTyr-Val-Ala-N(C6H13)2 (18). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (methods B and C) to afford 11 mg of the title compound
via method C: HPLC tR ) 15.7 min (>99%); ESMS (m/z)- calcd
640.76, found 639.3 (M).

Preparation of Ac-pTyr-Val-Ala-N(C8H17)2 (19). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method C) to afford 68 mg of the title compound: HPLC
tR ) 15.5 min (>99%); ESMS (m/z)- calcd 696.87, found 696.4
(M).

Preparation of Ac-pTyr-Val-D-Ala-NH(CH2)2-C6H5 (20).
The peptide synthesis, cleavage of the resin, and deprotection
were performed as described in the aforementioned general
procedure (method C) to afford 21 mg of the title compound:
HPLC tR ) 10.7 min (>99%); ESMS (m/z)- calcd 576.59, found
575.5 (M).

Preparation of Ac-pTyr-Val-Ala-NH(CH2)2-C6H5 (21).
The peptide synthesis, cleavage of the resin, and deprotection
were performed as described in the aforementioned general
procedure (method C) to afford 23 mg of the title compound:
HPLC tR ) 14.2 min (>99%); ESMS (m/z)- calcd 576.59, found
575.3 (M).

Preparation of Ac-pTyr-Val-D-Ala-NH(CH2)2-C6H11 (22).
The peptide synthesis, cleavage of the resin, and deprotection
were performed as described in the aforementioned general
procedure (method C) to afford 12 mg of the title compound:
HPLC tR ) 9.4 min (>99%); ESMS (m/z)- calcd 582.64, found
581.6 (M).

Preparation of Ac-pTyr-Val-Ala-NH(CH2)2-C6H11 (23).
The peptide synthesis, cleavage of the resin, and deprotection
were performed as described in the aforementioned general
procedure (method C) to afford 9 mg of the title compound:
HPLC tR ) 9.8 min (>99%); ESMS (m/z)- calcd 582.64, found
581.4 (M).

Preparation of Pmp-Val-Pro-Met-Leu (24). The peptide
synthesis, cleavage of the resin, and deprotection were per-

formed as described in the aforementioned general procedure
(method D) to afford 9 mg of the title compound: HPLC tR )
17.6 min (>98%); ESMS (m/z)- calcd 699.81, found 699.3 (M).

Preparation of CF2Pmp-Val-Pro-Met-Leu (25). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method D) to afford 57 mg of the title compound: HPLC
tR ) 14.2 min (>99%); ESMS (m/z)- calcd 735.79, found 735.3
(M).

Preparation of CF2Pmp-Val-Pro-Met-NH2 (26). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method D) to afford 44 mg of the title compound: HPLC
tR ) 11.0 min (>99%); ESMS (m/z)- calcd 622.65, found 622.3
(M).

Preparation of Ac-CF2Pmp-Val-Ala-N(C5H11)2 (27). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method E) to afford 5 mg of the title compound: HPLC
tR ) 16.4 min (>99%); ESMS (m/z)- calcd 646.72, found 645.4
(M).

Preparation of Ac-CF2Pmp-Val-Ala-N(C6H13)2 (28). The
peptide synthesis, cleavage of the resin, and deprotection were
performed as described in the aforementioned general proce-
dure (method E) to afford 16 mg of the title compound: HPLC
tR ) 19.9 min (>85%); ESMS (m/z)- calcd 674.77, found 673.6
(M).

Molecular Modeling. The homology modeling was per-
formed using SYBYL software package (version 6.0)63 and a
Silicon Graphics workstation. Due to the overall similarity
of the sequences and loop sizes of syp N-terminal SH2 domain
and p85 C-SH2, the 2.05 Å X-ray structure of syp N-terminal
SH2 domain bound to the high-affinity PDGF receptor se-
quence of Val-Leu-pTyr-Thr-Ala-Val-Gln-Pro64 was used as a
basis coordinate set in designing a three-dimensional homology
model of p85 C-SH2. The sequence alignment used was that
published by Lee et al.64 Subsequently, the NMR structures
of p85 N-SH265 and PLCγ-SH2 domains66 were used to model
short portions of the p85 C-SH2 sequence that showed greater
local similarity. (Note: at the time that this work was
performed, the NMR structure of p85 SH2 had not been
reported.33) The starting model for the parent molecule
(compound 2) was based upon the structure of the high-affinity
PDGF receptor sequence of Val-Leu-pTyr-Thr-Ala-Val-Gln-Pro
starting from residue 740 bound to syp N-terminal SH2
domain64 and was modified to the various peptide structures
which were each manually docked into the p85 C-SH2 domain
model and minimized. In particular, the aliphatic groups at
the p + 3 site were modeled (1) into the pY + 3 pocket based
on the +3 Val conformation in the syp-bound PDGF sequence
and (2) into the nearby hydrophobic channel based on the
conformation of the +3/+4 PDGF backbone sequence. Mini-
mizations of the inhibitor models and protein model were
carried out using the Tripos force field.63

Expression and Purification of the C-Terminal SH2
Domain of the p85 Subunit of PI 3-Kinase-GST Fusion
Protein (GST p85 C-SH2). The pGEX plasmid expressing
the GST p85 C-SH2 fusion protein was used in these studies.
Both the expression and purification of the fusion protein were
performed as previously described.67 To prepare the [35S]GST
p85 C-SH2 fusion protein, a 75-mL overnight culture of
Escherichia coli expressing the GST p85 fusion protein was
added to 1.0 L of LB broth containing 100 µg/mL ampicillin.
The cultures were incubated at 37 °C until reaching a density
of A600 ) 1.0. Isopropyl thio-â-D-galactoside (1 mM) was added;
15 min later, 10 mCi of trans-35S-label was added and cultures
were incubated for an additional 3 h at 37 °C. The cells were
then lysed by sonication and fusion proteins purified by affinity
chromatography using glutathione-agarose (CL-4B) beads.

Preparation of the Intracellular Tyrosine Kinase
Domain of the PDGF-â Receptor. Lysates from SF9 insect
cells expressing the PDGF-â receptor tyrosine kinase (PDGFR-
TK) were incubated with M2 affinity beads, and the complexes
were washed several times with Tris buffer containing pro-
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tease inhibitors and sodium orthovanadate. Complexes were
centrifuged and resuspended in HEPES buffer containing 1
mM ATP, 10 mM MnCl2, and 5 mM MgCl2 to stimulate
phosphorylation of the PDGFR-TK.

GST p85 C-SH2-PDGFR-TK Binding Assay. Binding
of [35S]GST p85 C-SH2 fusion proteins to the phosphorylated
PDGFR-TK was assayed in 20 mM HEPES buffer containing
10 µg/mL each of the protease inhibitors, phenylmethanesulfo-
nyl fluoride (PMSF), pepstatin, leupeptin, and aprotinin with
0.5 mM EDTA and 0.1% NP-40. The binding assays were
performed in 96-well Millipore filter plates in a final volume
of 250 µL of HEPES buffer containing 135 µL of phosphory-
lated PDGFR-TK beads complex (1 µg of receptor/well), 10 µL
of [35S]GST p85 C-SH2 fusion protein (30 000 cpm/well), and
5 µL of peptide inhibitor as indicated. Samples were incubated
at 25 °C for 20 min with continuous rocking. Binding was
terminated by filtration through the filter plates using a
Millipore multiscreen filtration manifold. Filter plates were
washed four times with 150 µL of HEPES buffer followed by
the addition of 30 µL of Hi-load scintillant. The radioactivity
that was retained on the filters was counted in a Wallac 1450
Microbeta counter. Total binding was defined as [35S]GST p85
C-SH2 fusion protein bound to the PDGFR-TK bead complex
retained on the filter plates. Specific binding was defined as
total binding minus nonspecific binding. IC50 values were
calculated by weighted nonlinear regression curve fitting.

GST-src and -abl SH2 Domain Binding Assays.
These assays were performed as previously described.21,22

PDGF Receptor/PI 3-Kinase Cell Association Assay.
Rat aortic smooth muscle cells were grown to confluency in
100-mm dishes. Growth medium was removed and replaced
with serum-free medium, and cells were incubated at 37 °C
for an additional 24 h. Test compounds were then added
directly to the medium and cells incubated for an additional
24 h. At this point, rat PDGF-BB (â-homodimer) was added
at a final concentration of 30 ng/mL for 5 min at 37 °C to
stimulate autophosphorylation of the PDGF-â receptor and
association of PI 3-kinase to the phosphorylated receptors.
Following growth factor treatment, the medium was removed,
and cells were washed with cold phosphate-buffered saline and
immediately lysed with 1 mL of lysis buffer [50 mM HEPES
(pH 7.5), 150 mM NaCl, 10% glycerol, 1.0% Triton-X 100, 1
mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM sodium ortho-
vanadate, 30 mM p-nitrophenyl phosphate, 10 mM sodium
pyrophosphate, 1 mM PMSF, 10 µg/mL aprotinin, and 10 µg/
mL leupeptin]. Lysates were centrifuged at 10000g for 10 min.
Supernatants were incubated for 2 h with 10 µL of anti-human
PDGF receptor polyclonal antibody (1:1000) which recognizes
the PDGF receptor â-isoform. Following the incubation,
protein-A-sepharose beads were added for 2 h with continuous
mixing and immune complexes bound to the beads washed four
times with 1 mL of lysis wash buffer. Immune complexes were
solubilized in 30 µL of Laemmli sample buffer and electro-
phoresed in 4-20% SDS-polyacrylamide gels. Following
electrophoresis, separated proteins were transferred to nitro-
cellulose and immunoblotted with anti-rat PI 3-kinase anti-
serum which recognizes the 85-kDa subunit of PI 3-kinase.
Following incubation with [125I]protein-A, p85 protein levels
were detected by phosphorimage analysis and protein bands
quantitated via densitometry. IC50 values were generated
from the densitometric data.

Microinjection Experiments. The procedures used for
the microinjection of purified antibodies and fusion proteins
has been previously described.49 Insulin-responsive rat 1
fibroblasts were maintained68 and stimulated where indicated
with 100 ng/mL insulin. 3T3-L1 adipocytes were cultured and
differentiated using established methods and injected.53 Cells
were plated on 12-mm glass coverslips and were rendered
quiescent by incubation in serum-free medium for 24-36 h.
Cells were microinjected with either compound 25 or 26 (50
µM), recombinant GST-p85 SH2 domain fusion protein (12
mg/mL), or a polyclonal affinity-purified anti-p85 IgG (3.5 mg/
mL) (a gift from Lou Cantley). Preimmune IgG of the
appropriate species was added to all samples to give a final

concentration of 5 mg/mL to allow the unambiguous identifica-
tion of microinjected cells. Each experiment was conducted a
minimum of three separate times, with at least 250 cells
injected on each occasion. After injection, cells were stimu-
lated and stained for immunofluorescence microscopy as
described below. Results were analyzed on a Zeiss Axiophot
epifluorescence microscope, and digital photography was ac-
complished with a Photometrix CCD camera.

Single-Cell Immunofluorescence Assays. 1. DNA Syn-
thesis. Two hours following injection, BrdU was added to the
medium, and the cells were incubated at 37 °C for 16 h.69 Cells
were then fixed in 3.7% formaldehyde and stained with a
monoclonal anti-BrdU antibody (Accurate Scientific). Incor-
poration of BrdU into newly synthesized DNA (an indication
of progression of the cells into S phase) was detected by
simultaneous staining with rhodamine anti-rat IgG and
fluorescein anti-rabbit IgG.70 This staining method results in
red nuclear staining in cells which have incorporated BrdU
and green cytoplasmic staining in cells which were microin-
jected.

2. GLUT4 Translocation. One hour after injection,
differentiated 3T3-L1 cells were treated with or without 10
ng/mL insulin for 2 h and then fixed, permeabilized, and
stained50 using affinity-purified rabbit polyclonal antibody
F349 (a gift from Mike Mueckler) raised against GLUT4.
Detection of GLUT4 distribution in the cells was detected with
fluorescein anti-rabbit IgG, and injected cells were identified
by staining with rhodamine anti-sheep IgG. This single-cell
assay for insulin-stimulated glucose uptake was then quan-
titated by assessment of the translocation of the GLUT4
transporter from its intracellular stores in the trans Golgi
apparatus to the plasma membrane.53

3. c-fos Expression. One hour after injection, cells were
stimulated with 100 ng/mL insulin where indicated and fixed
in 3.7% formaldehyde after 60 min of stimulation.51 Nuclear
c-fos expression was detected in single cells by staining with
polyclonal anti-fos-specific rabbit IgG (Oncogene Science),51

followed by rhodamine anti-rabbit IgG and fluorescein anti-
sheep IgG to detect injected cells. Results were quantitated
by assessment of nuclear rhodamine staining.

4. Membrane Ruffling. Thirty minutes after injection,
cells were stimulated with 100 ng/mL insulin where indicated
for 3 min and then fixed and stained.52 Ruffling was detected
by staining with rhodamine-conjugated phalloidin, and in-
jected cells were detected with fluorescein anti-rabbit IgG.
Lamellipodia (membrane ruffles) were quantitated by visual-
ization of actin rearrangement from organized stress fibers in
unstimulated cells to concentrated areas of actin-containing
ruffles at the plasma membrane.
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