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A series of conformationally constrained peptides were designed and synthesized as the Src
SH2 domain ligands based on a tetrapeptide sequence pTyr-Glu-Glu-Ile (pYEEI). In general,
the constrained peptides such as compounds 6, 7, and 11 (IC50 ) 1.1-1.5 µM) showed higher
binding affinities to the Src SH2 domain relative to the corresponding linear peptides 8a, 9a,
and 13a, respectively (IC50 > 100 µM), and pYEEI (IC50 ) 6.5 µM), as evaluated by a fluorescence
polarization assay. Molecular modeling studies revealed that in constrained peptides, the
isoleucine side chain penetrates very deeply into the hydrophobic binding pocket (P + 3 site)
of the Src SH2 domain. These constrained peptides can serve as novel templates for the design
of small and nonpeptidic inhibitors of the Src SH2 domain.

Introduction

The pp60c-Src (Src) protein is a nonreceptor tyrosine
kinase that is characterized by an N-terminal unique
domain followed by two Src homology domains SH3 and
SH2, a kinase domain, and a short C-terminal regula-
tory peptide segment. Src has been implicated to play
a role in both breast cancer1 and osteoporosis,2,3 sug-
gesting that it might be an attractive therapeutic target.
SH2 domains consist of approximately 100 amino acids
and bind to phosphotyrosine-containing proteins, such
as middle T antigen, PDGF receptor, EGF receptor, and
focal adhesion kinase,1,4-7 in a sequence-dependent
manner.

Considerable efforts have been devoted to the devel-
opment of the Src SH2 domain inhibitors. Most of the
reported small-molecule inhibitors resulted from a
rational drug design approach based on a pTyr-Glu-Glu-
Ile (1, pYEEI, Figure 1) peptide template, which was
shown to be the optimal binding sequence for the Src
SH2 domains of the Src family of kinases.8 The crystal
structure of pYEEI in complex with the Src SH2 domain
reveals a very characteristic binding mode that can be
described as a two-pronged plug engaging a two-hole
socket. The Src SH2 domain has two major interaction
sites with pYEEI, i.e., the hydrophilic phosphotyrosine
binding pocket (P site) and the hydrophobic pocket
(P + 3 site). The phosphotyrosine residue of pYEEI is
buried in the deep positively charged pocket (P site).
The isoleucine (I) residue intrudes into the hydrophobic
pocket (P + 3 site). The EE motif lies across the flat
surface of the protein, has little interaction with the
protein framework, and plays a role of a linker deliver-
ing the two residues pY and I to respective binding

pockets.9-11 Indeed, a variety of heterocyclic systems
have been shown to be effective surrogates for the EE
motif.12-16

Cyclization strategy has been proved to be very useful
in developing diagnostically and therapeutically peptidic
and peptidomimetic agents.17-19 Since peptides gener-
ally adopt highly flexible conformations in solution, a
cyclization approach has been commonly used to reduce
the conformational freedom of these molecules. Confor-
mationally constrained structures are more selective in
their affinity toward specific receptors and more stable
toward proteases. In addition, cyclization often results
in higher receptor binding affinity possibly by reducing
unfavorable entropic effects.

Introducing conformational constraints into flexible
ligands has been used as a strategy for the design of
new ligands having higher binding affinity for SH2
domains.20,21 Several compounds, such as 2 and 3
(Figure 1), have emerged from these efforts and have
been shown to have in vivo activity.22,23 Since Arg158
of the Src SH2 domain interacts with the carbonyl group
of the N-acetylated tyrosine residue of pYEEI,9-11 the
modification of N-terminal group of pYEEI was not
considered for designing peptidomimetics in several of
these earlier efforts.22,23

We envisaged that cyclization of the γ-carboxylic acid
of the P + 1 Glu (the amino acid adjacent to pY) or P +
2 Glu (the amino acid adjacent to Ile) with the N-
terminal in pYEEI might produce constrained ligands
(4-7, 10, 11, Figure 2) with higher binding affinity for
the Src SH2 domain. These carboxylic acids are not
involved in major interactions with two major binding
pockets (P and P + 3 sites) of the Src SH2 domain as
shown in parent peptide 1.9,10 This general design
approach was used to synthesize more rigid ligands and
to generate additional favorable hydrogen bonding with
amino acids in the binding pocket of the Src SH2
domain. Constrained peptides (4-7, 10, 11) have lactam
carbonyl groups instead of one of the carboxylic acid
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groups of glutamic acid in pYEEI. In all constrained
peptides, one carboxylic acid remained unchanged to
minimize any radical structural modifications. No struc-
tural modifications were made in phosphotyrosine and
isoleucine residues; therefore, the conformations adopted
by constrained peptides correspond to the original

parent peptide, pYEEI, with respect to the binding to
two major binding pockets.

Chemistry
Figure 2 displays the chemical structures of the

synthesized constrained and the corresponding linear

Figure 1. Structures of pYEEI (pTyr-Glu-Glu-Ile) and two peptidomimetics as Src SH2 domain inhibitors.

Figure 2. Structures of the constrained peptide analogues of pYEEI and the corresponding linear peptides.

3132 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 12 Nam et al.



peptides. All final compounds were purified using HPLC
and characterized by spectroscopic methods (1H NMR,
HRMS). The peptides were assembled on solid phase
(Wang resin) using a standard Fmoc peptide protocol
with HBTU/NMM as coupling reagents.

To synthesize compound 4, Fmoc-Glu(O-2-PhiPr)-OH
(N-R-Fmoc-L-glutamic acid γ-2-phenylisopropyl ester),
a quasi-orthogonally protected Glu derivative, was
assembled at the P + 1 position in the peptide sequence
to yield 16. The γ-2-phenylisopropyl (2-PhiPr) protecting
group in resin-bound peptide 16 was selectively removed
using TFA/DCM (1%) to give 17 (Scheme 1). Initial
cyclization of 17 using HBTU (2 × 1.5 h, 8 equiv each
time) failed to yield 4 after cleavage. However, increas-
ing the coupling time to 24 h followed by cleavage
furnished 4 in an overall yield of 15%. Prolongation of
the reaction time to 48 h did not improve the yield.
Instead, a significant amount of guanidinium side
product was formed as a result of the reaction between
HBTU and the N-terminal amino group, together with
YEEI formed as a result of the hydrolysis of the
phosphate group. The constrained peptide 4 was puri-
fied using HPLC and characterized by spectroscopic
methods.

A similar strategy was applied for the synthesis of 5,
with Fmoc-Glu(O-2-PhiPr)-OH assembled at the P + 2
position in the tetrapeptide sequence. However, cycliza-
tion of the N-terminal amino group with the γ-carboxylic

acid in the P + 2 Glu moiety by HBTU proved to be
less efficient; only a trace of the cyclic product was
observed, together with a large peak attributed to the
guanidinium side product, as examined by HPLC.
Further attempts to cyclize the P + 2 γ-carboxylic and
the N-terminal amino group by BOP-Cl or PyBOP failed
to give 5 in a significant yield. However, the use of
DPPA (10 equiv, 24 h) afforded 5 in ca. 11% yield after
cleavage from the resin (Scheme 3; see Materials and
Methods).

To further explore the effect of cyclization on the
binding affinity, two cyclic variants (6, 7) of the two
γ-glutamyl pYEEI analogues were also synthesized. To
synthesize 6, Fmoc-Glu-OAll, an orthogonally protected
Glu derivative, was assembled at the P + 1 position in
the tetrapeptide sequence to yield 18 (Scheme 2). The
â-carboxylic group in resin-bound peptide 18 was un-
masked with Pd(Ph3P)4 (2.5 equiv) in CHCl3/AcOH/
NMM (37:2:1) to give 19. Cyclization of 19 was carried
out efficiently using HBTU/NMM (2 × 1.5 h, 4 equiv
each time) as coupling reagent to afford 6 in a moderate
overall yield after cleavage (41%). A similar strategy was
applied for the synthesis of 7, with Fmoc-Glu-OAll
assembled at the P + 2 position in the peptide sequence.
However, cyclization between the γ-carboxylic and the
N-terminal amino groups did not proceed with either
HBTU or BOP reagent. The cyclic peptide 7 was
synthesized using DPPA (20 equiv, 2 × 24 h) as the

Scheme 1a

a Reagents: (a) (i) piperidine 20%/DMF; (ii) Fmoc-Glu(tBu)-OH, HBTU, NMM, DMF; (b) (i) piperidine 20%/DMF; (ii) Fmoc-Glu(O-2-
PhiPr)-OH, HBTU, NMM, DMF; (c) (i) piperidine 20%/DMF; (ii) Fmoc-Tyr(PO3H2)-OH, HBTU, NMM, DMF; (d) TFA/DCM/TIPS (1:95:4);
(e) piperidine 20%/DMF; (f) HBTU, NMM, DMF (24 h); (g) TFA/anisole/H2O (90:5:5).

Scheme 2a

a Reagents: (a) (i) piperidine 20%/DMF; (ii) Fmoc-Glu(tBu)-OH, HBTU, NMM, DMF; (b) (i) piperidine 20%/DMF; (ii) Fmoc-Glu-OAll,
HBTU, NMM, DMF; (c) (i) piperidine 20%/DMF; (ii) Fmoc-Tyr(PO3H2)-OH, HBTU, NMM, DMF; (d) Pd(PPh3)4, CHCl3/AcOH/NMM
(37:2:1); (e) piperidine 20%/DMF; (f) HBTU, NMM, DMF (2 × 1.5 h); (g) TFA/anisole/H2O (90:5:5).
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coupling reagent though in a low yield (ca. 7% based
on the resin after cleavage) (Scheme 4; see Materials
and Methods). This cyclization method did not result
in significant racemization (less than 5%). Two other
cyclic derivatives (10, 11) and corresponding linear
peptides, pTyr-â-Asp-Glu-Ile (12a) and pTyr-Glu-â-Asp-
Ile (13a), were also synthesized using Fmoc-Asp-O-All
instead of Fmoc-Glu-OAll in a similar strategy, though
in low yields (7-10%). The difficulty in cyclization of
short peptides has been reported18 to be due to a strong
π-character and preferential trans conformation of the
peptide bonds, which places the carboxylic and amine
termini in remote positions unfavorable for cyclization.
Several approaches employing photolabile auxiliaries in
ring contraction have been explored.24-28 It is expected
that application of these approaches may lead to higher
overall yields of the present conformationally con-
strained peptides.

The polarities of constrained peptides were compared
with the corresponding linear peptides using the LogKow
(KowWin) program, which estimates the log of the
octanol/water partition coefficient (log P) of organic
chemicals using an atom or fragment contribution
method. The data indicated that there were no signifi-
cant changes in the polarity of constrained peptides
compared to the corresponding linear compounds. For
example, the LogKow for pYEEI (-0.77) was compa-
rable to that of compound 5 (-0.82). Similarly, the
LogKow value for linear peptide 13a (-1.78) was
comparable to that of the corresponding constrained
peptide 11 (-1.31).

Results and Discussion

The binding affinities of the synthesized constrained
peptides against the Src SH2 domain were examined
and compared with the corresponding linear tetrapep-
tides using a fluorescence polarization competitive as-
say.29,30 The results expressed as IC50 values are shown
in Table 1. The Insight II molecular modeling program
was used to simulate the interactions of constrained
peptides with binding site amino acids. Cyclization of
the P + 1 γ-carboxylic and the N-terminal amino groups
proved to be beneficial for the binding affinity, with
compound 4 (IC50 ) 3.3 µM) being 2-fold more potent
than pYEEI (IC50 ) 6.5 µM) as a ligand for the Src SH2
domain. Arg158 of the Src SH2 domain interacts with
the carbonyl group of the N-acetylated tyrosine resi-

due.9-11 This interaction is lost in compound 4, which
lacks an N-acetylated group. Molecular modeling studies
using the minimized structure of compound 4 in the
binding pocket of the Src SH2 domain indicate the
formation of hydrogen bonding between the His204(NH)
backbone and the oxygen of the lactam carbonyl group
(see Figure 3a). This hydrogen bonding may be involved
in increasing the binding affinity of compound 4. The
potentiating effect of conformational constraint in this
peptide might be explained by allowing the phospho-
tyrosine to adopt a more optimal conformation to form
a more favored bond network within the phospho-
tyrosine binding pocket. In the case of pYEEI, the
minimized crystal structure of its complex with the Src
SH2 domain shows a separation of 16.35 and 16.84 Å
between the phosphorus atom of the P tyrosine residue
(pYEEI:B101H:P) and methyl (pYEEI:B104:CD) and
carbonyl (pYEEI:B104:C) groups of the P + 3 isoleucine,
respectively, which is considered an optimal range. This
feature can be seen in other potent inhibitors crystal-
lized with the Src kinases SH2 domain. The study of
these crystal structures (1ISO, 1FBZ, 11JR)20,23,31 re-
vealed that the separation of phosphorus atom and the
terminal carbon is in the range 16.43-16.89 Å, which
is close to that of pYEEI, indicating the importance of
separation between phosphotyrosine or phosphotyrosine
mimics and hydrophobic groups for interaction with P
and P + 3 sites, respectively. The distances between the
phosphorus atom of the phosphotyrosine residue and the
carbon atoms of the terminal methyl and carbonyl of
isoleucine in compound 4 were 15.60 and 16.95 Å,
respectively, which allows for appropriate interaction
of these functional groups with P and P + 3 binding
pockets (Figure 3b).

Compound 5 did not improve the binding affinity
significantly (IC50 ) 5.9 µM). Molecular modeling stud-
ies using the minimized structure of compound 5
showed the formation of favorable hydrogen bondings
between the lactam carbonyl group and the carboxylic
acid of glutamic acid (P + 1) [Glu-B102(OE2)] with
Arg158:HH22 and HisA204(NH), respectively. On the
other hand, cyclization reduced the hydrophobic inter-
action of the isoleucine side chain with the hydrophobic
pocket because of overall contraction of the peptide. The
isoleucine side chain of compound 5 forms extended
contacts with the pY + 3 pocket, although it does not
extend as deeply into the pY + 3 pocket as the Ile side
chain of pYEEI. In fact the isoleucine side chain is
positioned outside the hydrophobic binding pocket (Fig-
ure 4). The phosphotyrosine and isoleucine are brought
into proximity as they bind to the Src SH2 domain. The
distances between phosphorus atom of the phospho-
tyrosine residue and the carbon atom of isoleucine
carbonyl is 11.91 Å, which is significantly shorter than
the corresponding distances in pYEEI and compound
4.

The constrained diketopiperazine peptide analogue 6
exhibited a higher binding affinity (IC50 ) 1.2 µM) for
the Src SH2 domain than the constrained peptides, 4
and 5, and pYEEI. Similarly, compound 7, which has a
two-carbon linker separating the ring system and the
Ile moiety, showed 5-fold higher binding affinity
(IC50 ) 1.1 µM) than pYEEI. Interestingly, the corre-
sponding linear peptides 8a and 9a did not show any

Table 1. Binding Affinity of the Synthesized Compounds for
the Src SH2 Domain

compd binding affinitya compd binding affinitya

1 6.5 11 1.5
4 3.3 12a >100
5 5.9 12b 75.4
6 1.2 13a >100
7 1.1 13b 90.7
8a >100 14a 83.2
8b 69.5 14b 34.6
9a >100 15a 76.3
9b 80.7 15b 25.7
10 12.1

a IC50 (µM): concentration that inhibits the binding of the
fluorescent probe (fluoresceinated GpYEEI; see Materials and
Methods) to the Src SH2 domain by 50%. The reported IC50 values
are the mean of three separate determinations with a standard
deviation of less than (5%.
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significant binding at the maximum concentration of
100 µM. The interaction of compound 7 with the SH2
domain of Src is shown in Figure 5. The phosphate
group forms salt bridges to the side chains of Arg158
and Arg178. Deep hydrophobic interactions exist be-
tween the isoleucine side chains and the P + 3 site. The
molecular modeling studies indicated that for both
peptides 6 (16.60 Å) and 7 (16.10 Å) distances between
the phosphorus atom and the carbon atom of isoleucine
carbonyl were in the optimal range, allowing the proper
orientation of the constrained peptide for interaction
with the P and P + 3 binding pockets. Similarly the
distances between the phosphorus atom and the termi-
nal methyl group of isoleucine for peptides 6 (15.42 Å)
and 7 (16.16 Å) were in the optimal range. Constrained
peptide 6 showed a hydrogen bond between HisA204-
(NH) and one of the lactam carbonyl groups. Con-
strained peptide 7 showed a hydrogen bond between
HisA204(CO) and the lactam amino group (NH). An

interesting feature for peptide 7 is the formation of
hydrogen bonding between the carboxylic acid of glutam-
ic acid (GluB102:OE1) and the phenolic hydroxyl group
of Tyr205 (TyrA205:OH) (Figure 5). The formation of
this hydrogen bonding might allow the phosphate group
of phosphotyrosine to have a stronger interaction with
positively charged amino acids in the P site. A compari-
son of compounds 6 and 7 with the pYEEI peptide shows
that both compounds display the same binding mode.
Compared to the isoleucine side chain in the pYEEI
peptide, the isoleucine side chain in compound 6 fits
better in the hydrophobic pocket. In the corresponding
peptides 8a and 9a (IC50 > 100 µM), the separation
between the phosphorus atom of phosphotyrosine and
the carbonyl group of isoleucine was shorter (8a, 14.34
Å) or longer (9a, 18.35 Å) than the optimal range.
Similar results were obtained for distances between the
phosphorus atom of phosphotyrosine and the terminal
methyl group of isoleucine for 8a (13.63 Å) and 9a (18.86

Figure 3. (a) Major interactions of constrained peptide 4 with amino acids of the Src SH2 domain. Compound 4 and side chains
of amino acids of the Src SH2 domain are represented by ball-and-stick vectors and sticks, respectively. The carbon skeleton of
compound 4 is green, hydrogens are white, oxygen atoms are red, nitrogens are blue, and the phosphorus atom is cyan. The key
amino acids residues within the pTyr-binding pocket of the Src SH2 protein are labeled. The binding pocket amino acids (sticks,
white) form hydrogen bonds with different functional groups of peptide. (b) Molecular surface rendering of the compound 4-Src
SH2 domain. Compound 4 is represented by ball-and-stick vectors and interacts with P and P + 3 sites of the Src SH2 domain,
respectively. The protein is represented on the basis of the hydrophobicity characteristics of the different sites with red for the
highest hydrophobic amino acids. The figure is drawn using the Accelrys visualization system.
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Å). Peptides 8a and 9a are not acetylated; therefore,
there was no such interaction of the carbonyl of the
acetyl group with Arg158 of the Src SH2 domain as
observed in Ac-pYEEI. The corresponding acetylated
compounds (8b, IC50 ) 69.5 µM) and (9b, IC50 ) 80.7
µM) did not improve the binding affinity significantly,
indicating that the cyclization in constrained peptides
6 and 7 was the major factor in improving binding
affinity to the Src SH2 domain.

Similarly, the binding affinity of the constrained
peptides 10 (IC50 ) 12.1 µM) and 11 (IC50 ) 1.5 µM)
were at least 10- and 100-fold higher than that of
nonacetylated 12a and 13a (IC50 > 100 µM), respec-
tively. Linear N-acetylated derivatives of compounds
12b (IC50 ) 75.4 µM) and 13b (IC50 ) 90.7 µM) were
more active than nonacetylated compounds 12a and
13a, but acetylation was not enough to explain the much

higher binding affinity of the corresponding constrained
peptides 10 and 11. Molecular modeling studies re-
vealed that the lactam carbonyl or amino groups form
hydrogen bonds with the side chain of His204. One of
the lactam carbonyl groups in peptide 10 formed a
hydrogen bond with the HisA204:NH group. One of the
lactam amino groups (NH) in peptide 11 forms a
hydrogen bond with the carbonyl of HisA204:O. As
observed for constrained peptide 7, the carboxylic acid
of glutamic acid (Glu-B102:OE1) in compound 11 forms
an unexpected hydrogen bond with the phenolic hy-
droxyl group of tyrosine (TyrA205:OH). These interac-
tions stabilize the favorable backbone conformation of
the constrained peptides for other residues such as
phosphotyrosine and isoleucine to interact effectively
with the protein and also lock the side chain conforma-
tion of these resides with a favorable entropic contribu-

Figure 4. Predicted binding mode of compound 5 (ball-and-stick model) with Src SH2 (surface). The carbon skeleton of compound
5 is green, hydrogens are white, oxygen atoms are red, nitrogens are blue, and the phosphorus atom is cyan. The protein is
represented on the basis of the hydrophobicity characteristics of the different sites with red for the highest hydrophobic amino
acids. The figure is drawn using the Accelrys visualization system.

Figure 5. Major interactions of constrained peptide 7 with amino acids of the Src SH2 domain. Compound 7 and the side chains
of amino acids of the Src SH2 domain are represented by ball-and-stick vectors and sticks, respectively. The key amino acids
residues within the pTyr-binding pocket of Src SH2 protein are labeled. The binding pocket amino acids (sticks, white) form
hydrogen bonds with different functional groups of peptide. The carbon skeleton of compound 7 is green, hydrogens are white,
oxygen atoms are red, nitrogens are blue, and the phosphorus atom is cyan.
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tion. In the corresponding linear peptides 12a and 13a
(IC50 > 100 µM), the separation between the phosphorus
atom of phosphotyrosine and the carbon atom of iso-
leucine carbonyl (12a, 15.59 Å; 13a, 15.52 Å) was
shorter than that of pYEEI (16.84 Å). Similarly the
distance between the phosphorus atom of phospho-
tyrosine and terminal methyl group of tyrosine in 12a
(14.79 Å) was shorter than that of pYEEI (16.35 Å). This
suggests that the distance between the phosphate and
the side chain group of isoleucine is an essential feature
for high-affinity inhibitor binding and only limited
deviations for this distance are tolerated. Several im-
portant hydrogen bonds are lost in the linear noncon-
strained peptides. In addition, the side-chain-flexible
glutamic acid is less favored than the rigid ring,
considering the entropic penalty in the process of

binding. Similarly, the corresponding acetylated com-
pounds 12b and 13b did not improve the binding
affinity significantly. Binding affinities for four other
linear control peptides (14a, 14b, 15a, 15b; IC50 ) 25.7-
83.2 µM) were not comparable to all synthesized con-
strained peptides (4-7, 10, 11; IC50 ) 1.1-12.1 µM).

The isoleucine side chains in constrained peptides,
such as 4, 6, 10, and 11, reach fairly deeply in the P +
3 site pocket (Figure 6), while those in other corre-
sponding linear compounds, such as 9 and 13, are not
able to penetrate very deeply into the pocket (Figure
7). The charged phosphate group is able to interact with
Arg158 and Arg178 in different ways. In some peptides
(6, 8) two terminal oxygen atoms only form salt bridges
to both arginines. However, in most peptides (4, 5,
9-12), two terminal and one ester oxygen or three

Figure 6. Comparison of the structural complexes of the Src SH2 domain with different constrained peptides (pYEEI, green;
compound 4, yellow; compound 6, red; compound 11, blue) based on molecular modeling. The peptides are rendered in ball-and-
stick styles. They are the lowest energy conformers predicted for constrained peptides.

Figure 7. Comparison of the structural complexes of the Src SH2 domain with different linear peptides (pYEEI, green; compound
9, blue; compound 13, red) based on molecular modeling. The peptides are rendered in ball-and-stick styles. They are the lowest
energy conformer predicted for constrained peptides.
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terminal oxygens of the phosphate group form hydrogen
bonds with Lys206, Arg178, and Arg158, forcing the
phenyl ring in a different conformation. In addition to
salt bridges with Arg158 and Arg178, the charged
phosphate groups in compounds 7, 9-11, and 13 form
additional hydrogen bonds with aromatic amino group
of His204. It remains to be seen whether different modes
of interaction of the phosphate group of phosphotyrosine
with positively charged amino acids in the P site of the
Src SH2 domain have any direct influence on the
binding affinity of these analogues.

In summary, the synthesis and evaluation of con-
strained peptides such as the Src SH2 domain ligands
based on the tetrapeptide pYEEI sequence were under-
taken to explore their mode of interaction with the
binding pocket amino acids. This study revealed a
number of important and interesting features regarding
the design of conformationally constrained peptide
mimics. The presence of the constrained ring had a
dramatic effect on the binding of the inhibitors described
in this report, enhancing the affinity significantly over
the acyclic analogues. In the case of corresponding linear
peptides, the separation between the phosphorus atom
of phosphotyrosine and the carbonyl group and the
terminal methyl of isoleucine is either shorter or longer,
preventing interaction of the isoleucine side chains deep
in the P + 3 site and the optimal interaction of
phosphate group with positively charged amino acids
in the P site of the Src SH2 domain. The distances
between the phosphorus atom of phosphotyrosine and
the terminal methyl group of isoleucine for constrained
peptides (6, 7, 11; 15.42-16.18 Å) were comparable to
that of pYEEI (16.35 Å). These constrained peptides
may offer novel templates for further design of the Src
SH2 domain inhibitors and in turn provide a conceptual
approach toward the design of SH2 domain directed
peptidomimetics. A wide variety of substituents mim-
icking Ile and phosphotyrosine functional groups have
been reported.32-34 Incorporation of these structural
features into the cyclic templates reported here may
produce a novel class of small, nonpeptidic inhibitors
of the Src SH2 domain. It remains to be seen whether
the introduction of these conformational constraints will
reduce the conformational entropy penalty upon recep-
tor binding, resulting in a net gain in the free energy of
binding. Clearly, further structural and thermodynamic
studies would be required for more detailed analyses.

Materials and Methods
1. Expression and Purification of Src SH2 Domain.

One 300 mL culture of E. coli (strain TGI) containing pGEX-
2T in YT broth with 100 µg/mL ampicillin was prepared and
allowed to incubate with shaking at 37 °C overnight (Innova
2000 Platform Shaker, New Brunswick Scientific, 200 rpm).
A fresh 300 mL YT broth containing 100 µg/mL ampicillin was
mixed with the overnight culture, induced with 0.2 mM
isopropylthiogalactoside (IPTG), and incubated at room tem-
perature with shaking for 5 h. The cells were harvested by
centrifugation at 5000g for 5 min. The supernatant was
discarded, and the cell pellet was resuspended in 5 mL of 1X
PBS buffer (0.1% â-mercaptoethanol). The cell lysis was
carried out via sonication (three separate 10 s bursts, with
30 s incubations on ice between each burst). The lysate was
centrifuged at 15000g for 20 min, and the supernatant was
added to a 4 µM slurry of glutathione-S-transferase (GST) in
1X PBS buffer (0.1% â-mercaptoethanol). The protein was
released from the GST affinity column by the addition of 5

mL of reduced GST (0.1% â-mercaptoethanol) and detected by
5X Bradford reagent. The concentration of protein was deter-
mined by reading optical density employing a Pharmacia
Biotech Ultrospec 2000 UV/vis spectrophotometer using bovine
serum albumin (BSA, 1.0 mg/mL) as a standard.

2. Src SH2 Domain Binding Assay. All peptides were
tested as competitors against the fluorescent probe for binding
affinity to the Src SH2 domain using a fluorescent polarization
(FP) competitive binding assay as described below. FP was
measured at 25 °C in a disposable glass tube (volume, 600 µL)
using a Perkin Elmer LS 55 luminescence spectrometer
equipped with an FP apparatus. The excitation and emission
wavelengths were set at 485 and 535 nm, respectively. For
the competition assay, final concentrations of 750 nM SH2,
80 nM fluorescent probe, phosphate buffer (20 mM, pH 7.3,
100 mM NaCl, 2 mM DTT, 0.1% BSA), water, and various
concentrations (0-10 mM) of each competitor peptide were
used. The assay was designed so that the concentration of
competing peptide in any tube was doubled relative to that of
the previous tube. The order of addition to each 600 µL glass
tube was (i) buffer, (ii) water, (iii) fluorescent probe, (iv) SH2
domain, and (v) competitor peptide. A blank control (with the
Src SH2 domain but without a peptide) and a background
control (without both the Src SH2 domain and the peptide)
were used. The inhibition percentage (IP) of fluorescent probe
binding to the Src SH2 domain by the sample was calculated
by the following equation:

where FPblk is the fluorescent polarization value of the blank
control. FPs is the fluorescent polarization value of the sample
(peptide), and FPbgd is the fluorescent polarization value of the
background control. The inhibition percentages of the various
concentrations of the assayed peptides were plotted, and the
IC50 value (a concentration that inhibits the binding of the
fluorescent probe to the Src SH2 domain by 50%) was
calculated using the CurveExpert 6.0 software. The reported
IC50 values are the mean of three separate determinations with
a standard deviation of less than (5%.

3. Molecular Modeling. Simulations were performed with
the Accelrys Insight II 2000/Discover 97 modeling package,
with the cff91 forcefield. Models were constructed on the basis
of the X-ray crystal structure of the Ac-pYEEI peptide bound
to the Src-SH2 domain from the Protein Data Bank (1SHD).
The positions of the backbone atoms and of the side chain
atoms were identical with those of Ac-pYEEI. The remaining
residues of constrained peptides were subsequently added to
or built on this minimized model. During minimization all
atoms were held fixed except for the peptide and binding site
residues within 5 Å of the peptide. For refinement, the peptide/
receptor complex first underwent 50 steps of steepest descent
and 150 steps of conjugate gradient minimization. Next, the
complex was equilibrated briefly with 10 molecular dynamics
runs of 200 steps each at 300 K. Velocities were reassigned to
a random Boltzmann distribution for each run. The final
structure was then minimized with 300 steps with the
conjugate gradient algorithm.

4. General Synthesis and Purification of Peptides. In
general, all peptides were synthesized by the solid-phase
peptide synthesis strategy on a PS3 automated peptide
synthesizer (Rainin Instrument Co., Inc.) employing N-(9-
fluorenyl)methoxycarbonyl (Fmoc) based chemistry on 0.1
mmol of Fmoc-Ile-Wang resin (loading capacity, 0.56 mmol/
g). 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU)/1-hydroxybenzotriazole (HOBt) (0.4
mmol) and NMM (0.4 M) in N,N-dimethylformamide (DMF)
were used as coupling and activating reagents, respectively.
Fmoc-Ile-Wang resin (0.1 mmol, 179 mg, 0.56 mmol/g), cou-
pling reagents (0.4 mmol), and Fmoc-amino acid building
blocks (0.4 mmol), including Fmoc-Tyr(PO3H2)-OH, Fmoc-Glu-
(tBu)-OH, Fmoc-Glu(PhiPr)-OH, and Fmoc-Glu-OAll, were
purchased from Novabiochem. Fmoc deprotection at each step

(1 -
FPblk -FPs

FPblk - FPbgd
) × 100
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was carried out using 20% piperidine/DMF. A mixture of TFA/
anisole/water (95:2.5:2.5) was used for side chain deprotection
of amino acids and cleavage of the synthesized peptides from
the resin. Crude peptides were precipitated by addition of cold
diethyl ether (Et2O) and purified by HPLC (Shimadzu LC-8A
preparative liquid chromatograph; Shimadzu fraction collector
10A) on a Phenomenex Prodigy 10 µm ODS reversed-phase
column. Peptides were separated by eluting the crude peptide
at 4.0 mL/min using a gradient of 0-100% acetonitrile (0.1%
TFA) and water (0.1% TFA) over 85 min and were lyophilized.
The purity of final products (>95%) was confirmed by analyti-
cal HPLC on a Shimadzu 3 µm C-18 column at 0.5 mL/min
using the same gradient system. The chemical structures of
compounds were confirmed by a high-resolution PE Biosystems
Mariner API time of flight mass spectrometer and NMR. 1H
NMR and 13C NMR spectra were recorded at 400 MHz on a
Bruker 400 spectrometer with tetramethylsilane as an internal
standard using CD3OD as a solvent. Chemical shifts are
reported in parts per millions (ppm). Details of cyclization
procedures and spectroscopic data of representative compounds
are presented below.

4.1. [pTyr-Glu]-Glu-Ile (Peptide 4): 2-(4-Carboxy-2-
{[3,8-dioxo-2-(4-phosphonooxybenzyl)[1,4]diazocane-5-
carbonyl]amino}butyrylamino)-3-methylpentanoic Acid.
The resin-bound peptide 16 (0.1 mmol) (Scheme 1) was
suspended in TFA/TIPS/DCM (1:5:94, 10 mL), mixed for 1 h,
and filtered. This step was repeated, and the resin was
collected by filtration and washed successively with TEA/DMF
(1%, 50 mL), MeOH (50 mL), and DCM (50 mL). The N-Fmoc
group was deprotected with 20% piperidine/DMF (2 × 5 min,
5 mL each time). After the mixture was washed with HCl/
DMF (1%, 50 mL), MeOH (50 mL), and DCM (50 mL), the resin
was collected by filtration and dried under vacuum overnight
to give 17. Cyclization of the resin-bound peptide 17 was
carried out with a mixture of HBTU (300 mg, 0.8 mmol) and
NMM (200 µL, 0.8 mmol) in dry DMF (5 mL) for 24 h, followed
by cleavage of the peptide from the resin and HPLC purifica-
tion as described above to yield compound 4 in an overall yield
of 15%. 1H NMR (400 MHz, CD3OD) δ: 7.37 (2H, d, J ) 8.2
Hz), 7.25 (2H, d, J ) 8.2 Hz), 4.95-4.84 (1H, m), 4.58-4.42
(3H, m), 3.37 (2H, d, J ) 7.7 Hz ), 2.90-2.78 (1H, m), 2.52-
2.32 (4H, m), 2.21-2.07 (2H, m), 2.05-1.90 (2H, m), 1.55-
1.42 (2H, m), 1.35-1.21 (3H, m), 0.98 (3H, d, J ) 6.72 Hz).
13C NMR (400 MHz, CD3OD) δ: 181.1, 179.6, 177.1, 175.8,
174.3, 174.1, 132.5, 117.6, 61.8, 61.4, 55.6, 55.4, 41.2, 33.7, 30.5,
30.3, 28.3, 26.4, 24.4, 15.3, 12.9. HR-MS (ESI-TOF, M + H)
m/z calculated for C25H36N4O12P 615.1989, found 615.1536.

4.2. [pTyr-Glu-Glu]-Ile (Peptide 5): 2-{[5-(2-Carboxy-
ethyl)-3,6,11-trioxo-2-(4-phosphonooxybenzyl)-1,4,7-tri-
azacycloundecane-8-carbonyl]amino}-3-methylpentano-
ic Acid. This compound was synthesized in a similar manner

as described for peptide 4 with Fmoc-Glu(2-PhiPr)-OH as-
sembled at the P + 2 position in the peptide sequence (Scheme
3). Cyclization of 21 was achieved with DPPA (diphenylphos-
phoryl azide, 10 equiv, 24 h). The peptide 5 (11% yield) was
obtained after cleavage from the resin and purification using
the HPLC method as described above in the general section.
1H NMR (400 MHz, CD3OD) δ: 7.17 (2H, d, J ) 6.8 Hz), 7.05
(2H, d, J ) 8.2 Hz), 4.91 (1H, t, J ) 7.5 Hz), 4.45-4.38 (3H,
m), 3.40 (2H, d, J ) 7.5 Hz ), 2.84-2.70 (1H, m), 2.40-2.23
(4H, m), 2.10-1.98 (2H, m), 1.95-1.75 (2H, m), 1.52-1.48
(2H, m), 1.22-1.07 (3H, m), 0.88 (3H, t, J ) 7.5 Hz). HR-MS
(ESI-TOF, M + H) m/z calculated for C25H36N4O12P 615.1989,
found 615.3013.

4.3. [pTyr-γ-Glu]-Glu-Ile (Peptide 6): 2-(4-Carboxy-2-
{3-[3,6-dioxo-5-(4-phosphonooxybenzyl)piperazin-2-yl]-
propionylamino}butyrylamino)-3-methylpentanoic Acid).
The resin-bound peptide 18 (0.1 mmol) was suspended in a
mixture of CHCl3/AcOH/NMM (5 mL, 37:2:1), and Pd(Ph3P)4

(360 mg, 0.25 mmol) was added in one portion under dry
nitrogen. The flask was wrapped in aluminum foil, and the
resin was gently mixed for 2.5 h at room temperature. The
resin was filtered and washed successively with TEA/DMF
(1%, 50 mL), DMF (50 mL), MeOH (50 mL), and DCM (50 mL).
The Fmoc group was then removed with 20% piperidine in
DMF (2 × 5 min, 5 mL each time) to yield 19. Cyclization of
the resin-bound peptide 19 was achieved with the addition of
two batches of HBTU/NMM (2 × 1.5 h, 4 equiv each time).
Peptide 6 was cleaved from the resin and purified as described
above in the general section in a moderate overall yield after
cleavage (41%). 1H NMR (400 MHz, CD3OD) δ: 7.09 (2H, d,
J ) 7.7 Hz), 7.00 (2H, d, J ) 7.7 Hz), 4.85 (1H, t, J ) 7.2 Hz),
4.55-4.39 (3H, m), 3.34 (2H, d, J ) 7.2 Hz), 2.88-2.75 (1H,
m), 2.40 (2H, m), 2.37 (2H, m), 2.23 (2H, m), 2.09 (2H, m),
1.35 (2H, m), 1.12 (3H, d, J ) 6.7 Hz), 0.98 (3H, t, J ) 7.1
Hz). HR-MS (ESI-TOF, M + H) m/z calculated for C25H36N4O12P
615.1989, found 615.3121.

4.4. [pTyr-Glu-γ-Glu]-Ile (Peptide 7): 2-{3-[8-(2-Car-
boxyethyl)-3,6,9-trioxo-5-(4-phosphonooxybenzyl)[1,4,7]-
triazonan-2-yl]propionylamino}-3-methylpentanoic Acid.
This compound was synthesized in a similar manner as
described for peptide 6 with Fmoc-Glu-OAll assembled at the
P + 2 position in the peptide sequence (Scheme 4). Cyclization
of 23 was achieved with DPPA (20 equiv, 2 × 24 h). The
peptide was cleaved from the resin and purified as described
above in the general section in a low yield (ca. 7% based on
the resin after cleavage). 1H NMR (400 MHz, CD3OD) δ: 7.24
(2H, d, J ) 7.3 Hz), 7.17 (2H, d, J ) 7.3 Hz), 4.62 (1H, m),
4.55-4.48 (3H, m), 3.38 (3H, m), 2.62 (1H, m), 2.45-2.37 (4H,
m), 2.21-2.09 (4H, m), 1.44-1.39 (2H, m), 1.37-1.28 (3H, m),
0.96 (3H, d, J ) 7.5 Hz). HR-MS (ESI-TOF, M + H) m/z
calculated for C25H36N4O12 P 615.1989, found 615.1922.

Scheme 3a

a Reagents: (a) (i) piperidine 20%/DMF; (ii) Fmoc-Glu(O-2-PhiPr)-OH, HBTU, NMM, DMF; (b) (i) piperidine 20%/DMF; (ii) Fmoc-
Glu(tBu)-OH, HBTU, NMM, DMF; (c) (i) piperidine 20%/DMF; (ii) Fmoc-Tyr(PO3H2)-OH, HBTU, NMM, DMF; (d) TFA/DCM/TIPS
(1:95:4); (e) piperidine 20%/DMF; (f) DPPA (10 equiv, 24 h); (g) TFA/anisole/H2O (90:5:5).
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4.5. [pTyr-â-Asp]-Glu-Ile (Peptide 10): 2-(4-Carboxy-
2-{2-[3,6-dioxo-5-(4-phosphonooxybenzyl)piperazin-2-yl]-
acetylamino}butyrylamino)-3-methylpentanoic Acid. This
compound was synthesized in a similar manner (7%) as for 6
with Fmoc-Asp-OAll used instead of Fmoc-Glu-OAll. 1H NMR
(400 MHz, CD3OD) δ: 7.02 (2H, d, J ) 8.2 Hz), 6.70 (2H, d,
J ) 8.2 Hz), 4.70 (1H, t, J ) 6.8 Hz), 4.40 (2H, m), 3.40 (2H,
m), 2.70 (1H, m), 2.55 (2H, m), 2.40 (2H, m), 2.22 (2H, m),
1.40 (2H, m), 1.15 (3H, m), 0.90 (3H, m). HR-MS (ESI-TOF,
M + H) m/z calculated for C24H34N4O12P 601.1833, found
601.3111.

4.6. [pTyr-Glu-â-Asp]-Ile (Peptide 11): 2-{2-[8-(2-Car-
boxyethyl)-3,6,9-trioxo-5-(4-phosphonooxybenzyl)[1,4,7]-
triazonan-2-yl]acetylamino}-3-methylpentanoic Acid. This
compound was synthesized in a similar manner (10%) as for
7 with Fmoc-Asp-OAll used instead of Fmoc-Glu-OAll. 1H NMR
(400 MHz, CD3OD) δ: 7.11 (2H, d, J ) 8.8 Hz), 7.00 (2H, d,
J ) 8.8 Hz), 4.78 (1H, t, J ) 7.2 Hz), 4.51-4.45 (2H, m), 3.42
(2H, m), 2.74-2.70 (1H, m), 2.51-2.42 (2H, m), 2.40-2.36 (2H,
m), 2.29 (2H, m), 2.15 (2H, m), 1.41 (2H, m), 1.18 (3H, m),
0.96 (3H, m). HR-MS (ESI-TOF, M + H) m/z calculated for
C24H34N4O12P 601.1833, found 601.1231.

5. Synthesis of Fluorescent Probe. The fluorescent probe
was synthesized by coupling of 5-carboxyfluorescein succin-
imidyl ester with a pentapeptide (Gly-pTyr-Glu-Glu-Ile) con-
taining the phosphotyrosine motif recognized by the Src SH2
domain and a glycine linker. Synthesis of 5-carboxyfluorescein
succinimidyl ester and its coupling reaction with GpYEEI were
carried out according to a previously reported procedure29,30

with some modifications as described below.
5.1. 5-Carboxyfluorescein Succinimidyl Ester. To a

solution of 5-carboxyfluorescein (150 mg, 0.40 mmol, Sigma)
in anhydrous DMF (1.5 mL) was added 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (EDAC; 93.6 mg,
0.49 mmol, Acros Organics) followed by N-hydroxysuccinimide
(HOSu; 57.4 mg, 0.50 mmol, Acros Organics). The reaction
flask was covered with foil, and the solution was stirred under
nitrogen for 4.5 h. After 4.5 h, additional EDAC (15.6 mg, 0.08
mmol) was added and the reaction mixture was stirred under
nitrogen overnight. The reaction mixture was rinsed into a
separatory funnel with a minimal amount of DMF and diluted
with acetone (6.0 mL). K-phosphate buffer (0.1 M, pH 6, 7.5
mL) was added. The mixture was extracted with Et2O/ethyl
acetate (EtOAc) (2:1, 9.0 mL). The organic layer was separated,
and the aqueous layer was extracted two times with Et2O/
EtOAc (2:1, 7.5 mL). The combined organic extracts were
washed with water (3 × 6.0 mL) and brine (1 × 7.5 mL), dried
over Na2SO4, and filtered. The organic solvents were removed
in vacuo. A residue was dissolved in 2.0 mL of acetonitrile and
purified by preparative HPLC as described above. The spec-
troscopic data were identical with those reported in litera-
ture.30

5.2. Fluorescent Probe (5-Carboxyfluorescein-Gly-
pTyr-Glu-Glu-Ile). The GpYEEI peptidyl resin and N,N-
diisopropylethylamine (DIPEA; 850 µL, 6 equiv, Aldrich
Chemical Company) were added to a solution of 5-carboxy-
fluorescein succinimidyl ester (250 mg, 0.53 mmol) in anhy-
drous DMF (5.0 mL). The mixture was stirred for 48 h at room
temperature. The resin was filtered, washed with DMF (100
mL), and cleaved using a solution of TFA/water/triisopropyl
silane (5.0 mL:0.5 mL:0.5 mL) for 2.5 h. The filtrate was
collected, concentrated, precipitated from cold ether, and the
crude product was purified by preparative reverse-phase
HPLC as described above and analyzed by LC/MS and amino
acid analysis. The analytical data were identical with those
reported in literature.29
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