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Abstract—Src homology-2 (SH2) domains are noncatalytic motifs containing approximately 100 amino acid residues that are
involved in intracellular signal transduction. The phosphotyrosine-containing tetrapeptide pTyr-Glu-Glu-Ile (pY EEI) binds to Src
SH2 domain with high affinity (K3=100 nM). The development of five classes of tetrapeptides as inhibitors for the Src SH2 domain
is described. Peptides were prepared via solid-phase peptide synthesis and tested for affinity to Src SH2 domain using a fluorescence
polarization based assay. All of the N-terminal substituted pYEEI derivatives (class II) presented binding affinity (ICso=of 2.7-8.6
uM) comparable to pYEEI (IC5o=6.5 uM) in this assay. C-Terminal substituted pYEEI derivatives (class III) showed a lower
binding affinity with ICsy values of 3441 uM. Amino-substituted phenylalanine derivatives (class IV) showed weak binding affi-
nities (ICsp=16-153 uM). Other substitutions on phenyl ring (class I) or the replacement of the phenyl ring with other cyclic groups
(class V) dramatically decreased the binding of tetrapeptides to Src SH2 (ICs5o> 100 uM). The ability of pYEEI and several of the
tetrapeptides to inhibit the growth of cancer cells were assessed in a cell-based proliferation assay in human embryonic kidney
(HEK) 293 tumor cells. The binding affinity of several of tested compounds against Src SH2 domain correlates with anti-
proliferative activity in 293T cells. None of the compounds showed any significant antifungal activity against Candida albicans
ATCC 14053 at the maximum tested concentration of 10 uM. Overall, these results provided the structure—activity relationships for

some FEEI and YEEI derivatives designed as Src SH2 domain inhibitors.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The Src tyrosine kinases are non-receptor tyrosine
kinases; a number of these have become key targets for
both basic research and anticancer drug discovery over
recent years. The pp60* (Src) is a member of Src family
kinases featuring several functional domains, including
N-terminal (NT), Src homology 3 (SH3), Src homology
2 (SH2), kinase (catalytic), and the C-terminal (CT)
noncatalytic domain.! Src is involved in intracellular
signal transduction.> Src has been implicated in the
development of osteoporosis and inflammation-medi-
ated bone loss.>* In addition, Src kinases have been
associated with several different cancers including colon®
and breast® cancers for which transformed phenotypes
have been correlated with Src mutations and/or over-
expression of Src tyrosine kinase activities.” Therefore,
Src exists as an important target for drug discovery.
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SH2 domains are modules of approximately 100 amino
acids that have evolved to recognize and bind specifi-
cally to tyrosyl-phosphorylated sequences located on
proteins in response to extracellular signals.'~'> The
SH2 domain controls the range of proteins interacting
with the Src family kinases. The Src SH2 domain has
been shown to interact with FAK, p130°%, p85, PI3K,
and p68*@” 13716 The phosphotyrosyl group binds in a
deep pocket where it is stabilized by a large number of
hydrogen bonds and electrostatic interactions. The
binding of SH2 domains to their targets propagates
downstream signaling by recruiting the SH2 domain-
containing protein to its proper signaling complex and/
or by altering its enzymatic activity. Inappropriate sig-
naling through tyrosine kinases has been linked to many
pathological conditions, providing an impetus to
understand the mechanism of SH2 domain recognition
and to design SH2 domain-binding inhibitors.!”
Ligands having the ability to disrupt cellular signal
transduction pathways by antagonizing SH2 domain-
dependent protein—protein interactions provide possible
therapeutic agents. The identification of antagonists
against SH2 domain—target interaction has been an
active area of research.!’2!
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The Src SH2 domain preferentially binds peptides with
the sequence phosphotyrosine—glutamic acid—glutamic
acid-isoleucine (pTyr-Glu-Glu-Ile, pYEEI) with high
affinity (K4=100 nM).!? Crystallographic studies>?—2*
between pYEEI tetrapeptide and Src SH2 domain have
revealed two crucial binding pockets that interact with
the ligand. The first binds the phosphotyrosine moiety
(P site) and the second accommodates the hydrophobic
side chain of an isoleucine residue (P + 3 site). The glu-
tamic acid residues in the P+1 and P+2 sites con-
tribute less significantly to the binding by forming ion
pairs with lysine and arginine side chains, respectively.
The positively charged pTyr binding pocket interacts
with phenyl phosphate pTyr residue and is formed by
part by Arg 12, Arg 32, and Lys 60.2272* Thus strong
ionic interactions between doubly negatively charged
phosphate and the two Arg residues are observed. The
hydrophobic alkyl side chain of Lys 60 interacts with
the phenyl ring.

Five classes of tetrapeptides (Fig. 1) were synthesized
and tested against Src SH2 domain. The purpose of this
study was to understand the structure—activity relation-
ships of these compounds in order to develop novel Src
SH2 inhibitors. Tetrapeptides were derived from (i)
substitution on the phenyl ring of YEEI or FEEI (class
I), (i1)) N- or C-terminal substitution of pYEEI (classes
IT and III), (iii) replacing the O-phosphate of tyrosine in
pYEEI with nonhydrolyzable groups such as N-sulfon-
diamides, phosphoramidates, and N-malonates (class
IV), or (iv) replacing the pTyr moiety with other aro-
matic or non-aromatic carboxylic acids (class V). A
fluorescence polarization (FP)-based competitive bind-
ing assay was used to determine the binding affinity of
the compounds for the Src SH2 domain.?’
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In class I, the substitution of groups affecting various
steric, electronic and hydrophobic features were exam-
ined by the replacement of pTyr in pYEEI with a num-
ber of substituted phenylalanine and tyrosine
derivatives. Classes IT and III represent pYEEI deriva-
tives having the N- or C-terminal substitution of short
and long chain groups such as aminoacyl or diamino-
alkyl groups. Keeping cell permeability considerations
in mind, it was of interest to know whether it would be
possible to use a purely hydrophobic side chain to create
new favorable contacts with the protein or the binding
affinity of pYEEI can be dramatically improved by
attaching the N- or C-terminus of pYEEI to short or
long chain alkyl groups. The possible hydrolysis of the
phosphate ester bond by phosphatases render pTyr-
containing compounds unsuitable for biological activity
and in vivo cell studies. Replacing pTyr in by phospha-
tase-resistant mimics without losing high binding affi-
nity for the Src-SH2 domain is therefore desirable. In
class 1V, the effect of the replacement of O-phosphate
group of tyrosine with phosphoramidates, a sulfondi-
amide, and an N-malonate was tested. The two negative
charges of pTyr at physiological pH can, in principle,
impair cell membrane penetration. In class V of com-
pounds, the tyrosine phosphate group is replaced with
other cyclic groups having carboxylic acid moiety.

2. Results and discussion
2.1. Chemistry
The syntheses of the peptides are shown in Figures 2-5.

Tetrapeptides 1-33 were synthesized by automated solid
phase peptide synthesis and purified by preparative
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Figure 1. General structures for five classes of synthesized compounds assayed for binding affinity to Src SH2 domain.
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Figure 2. The synthesis of N-terminal-substituted pY EEI derivatives: (i) Fmoc peptide chemistry: RCOOH [e.g., Fmoc-AA-OH, FmocNH(CH,)n-
COOH)], HBTU, NMM, piperidine, DMF; (ii) Fmoc peptide chemistry: HBTU, NMM, piperidine, DMF, BrCH,COOH; (iii) TFA, anisole, water.
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Figure 3. The synthesis of C-terminal-substituted pY EEI with short- and long-chain carboxylic acids: (i) Fmoc peptide chemistry: Fmoc-AA-OH,
HBTU, NMM, piperidine, DMF; (ii) Ac,0, piperidine; (iii) TFA, anisole, water.
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Figure 4. The synthesis of N-sulfonamide, phosphoramidates, and N-malonate derivatives of pYEEI (class IV): (i) piperidine, DMF, 5 min (2);
(if) dimethylsulfamoyl chloride (N-DMSCI), DIPEA, DCM, 3 h, rt; (iii) TFA, anisole, water; (iv) pyridine, POCl;, 3 h, rt; (v) pyridine, POCls,

DCM, 12 h, rt; (vi) Br(CHCOOEL),, DIPEA, DMF.

reversed-phase high performance liquid chromato-
graphy (HPLC) and characterized by electrospray mass
spectrometry. N-Terminal-substituted tetrapeptides 9—
21 (class II) were synthesized using Fmoc-Ile-Wang-
resin utilizing a standard Fmoc solid-phase synthesis
protocol as shown in Figure 2. Two series of class II
compounds were synthesized. The first series of com-
pounds (N-bromoacetylated compounds; 9-15) were
synthesized by the coupling of the N-substituted phos-
phopeptides on solid phase with bromoacetic acid in the
presence of 2-(1 H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-

uronium  hexafluorophosphate  (HBTU)/N-methyl-
morpholine (NMM), followed by cleavage with
trifluoroacetic acid (TFA)/anisole/water (95:5:5). The
second series of class II compounds (16-21) were pre-
pared with simple cleavage of N-linked phosphopep-
tides from the resin.

Figure 3 shows the synthetic strategy for the com-
pounds in class III. The protected SH2-directed phos-
phopeptide pYEEI was synthesized on amino-
substituted trityl resin utilizing a standard Fmoc solid-
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phase synthesis protocol. The N-terminus was protected
with acetyl group in the presence of acetic anhydride.
The completeness of the segment condensations was
monitored by the Kaiser test. The phosphopeptides
were cleaved from the resin and deblocked with TFA/
water/anisole (95:5:5) and then purified by preparative
reversed-phase HPLC to yield 22-24.

Figure 4 shows the strategy for the synthesis of N-sub-
stituted analogues (class IV). N-Boc-protected p-amino-
phenylalanine  derivatized tetrapeptide A  was
synthesized according to standard Fmoc synthetic pro-
tocol using Boc-Phe(4-NHFmoc)-OH as the last amino
acid. Deprotection and substitutions on amino group
on solid phase with phosphorous oxychloride, dime-
thylsulfamoyl chloride, or diethyl bromomalonate, fol-
lowed by cleavage with TFA/anisole/water (95:5:5),
generated aminophosphates (phosphoramidates 26 and
27), sulfondiamide 28, or aminodicarboxylate (N-
malonate 29) derivatives, respectively.

2.2. Src SH2 binding affinity of tetrapeptide ligands

The binding affinities of the synthesized compounds,
expressed as I1Cs values (the concentration of the com-
pound that inhibits the binding of fluorescent probe to
the Src SH2 domain by 50%), are summarized in Tables

Table 1. Comparative Src SH2 binding affinities (ICsy values) for
class I compounds

O _OH
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1 C A .
—CHZ—@O—E—OH ¢ 6.3
OH
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|
5 —CH2—©—| Ac >100.0
6 —CH2—©—N02 Ac >100.0
7 —CHTO—F Ac >100.0
F
8 —cH z—GF Ac >100.0

1-4 using a FP competitive binding assay.>> Also inclu-
ded in Table 1 is the ICsy value of the reference pY EEI
analogue 1.

2.3. Class I: substituted phenyl derivatives of YEEI and
FEEI (2-8)

The class I compounds (Table 1) have substituted phe-
nylalanine or tyrosine amino acid residues in place of
phosphotyrosine of pYEEI (1) to create additional
hydrogen bonding, hydrophobic, or electrostatic inter-
actions and to avoid the negatively charged phosphate
group of pTyr which is sensitive to phosphatases and
blocks cell permeability. Compounds 2-4 contain a
substituted tyrosine ring in the pTyr position of the
peptide. Compound 1 is the tetrapeptide substrate
sequence preferred by Src SH2 (IC59=6.5 uM) and was
used as a positive control. Compound 2, the corre-
sponding unphosphorylated analogue, was used as the
negative control. Compounds 3 and 4 are similar in pos-
sessing diiodo-substituted tyrosine phenyl rings. The N-
terminus of 3 is not acetylated, while both the N-terminus
and the tyrosine hydroxyl are acetylated in 4. In other
synthesized pY EEI analogues (5-8), the pTyr is replaced
by substituted phenylalanine derivatives (Table 1).

The hydrophobic nature of the iodine atom constitutes
the rationale for the synthesis of tetrapeptides 3-5.
However, the bulky iodine molecules in compounds 3-5
(IC59>100 uM) failed to compensate for the electro-
static interaction of the phosphate with positively-
charged amino acids, suggesting that the presence of the
iodine may have introduced excessive steric strain or
only weak hydrophobic interactions.

Tetrapeptide 6 is substituted with 4-nitrophenylalanine
in the pTyr position. The strong electron-withdrawing
characteristics of the nitro group, along with its partial
negative charge, were expected to partially mimic the
phosphate group. However, the binding affinity of this
compound (ICs5o>100 uM) suggests that the partial
negative charge of the p-nitro functionality in tetrapep-
tide 6 does not mimic the two negative charge of the
phosphate group. Furthermore, the nitro group may
not be situated properly within the binding pocket in
order to interact with two positively charged arginines
in the binding pocket of Src SH2 domain.

Fluorine is small and highly electronegative atom,
affording substantial hydrogen-bonding possibilities
within the SH2 substrate-recognition pocket. Com-
pounds 7 and 8 contain mono- and difluoro-substituted
phenylalanine in the pTyr position, respectively. The
possibilities of the formation of hydrogen-bonding by
the fluorine atoms with the amino acids within the P site
of Src SH2 domain may afford peptides potent towards
Src SH2. The fluorosubstituted tetrapeptides 7 and 8,
however, showed no significant binding affinity to the
SH2 domain of Src (ICs5¢> 100 uM), indicating that the
possible hydrogen-bonding of fluorine with amino acids
within the P site of Src SH2 domain cannot compensate
for the loss of electrostatic interactions observed with
the phosphate group.
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Table 2. Comparative Src SH2 binding affinities (ICsy values) for

classes II and III compounds
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Despite the potential for some of these entities to set
up bonding interactions within the binding pocket
of the SH2 protein, none of the compounds showed
significant binding when tested up to maximum 100
UM concentration. Therefore, the strategy to compen-
sate the loss of negative charge by creating new inter-
actions using substituents on aromatic group was not
successful.

The data confirms the major contribution of the phos-
phate group for the high binding affinity of pYEEI to
Src SH2 domain. The pTyr binding pocket of the Src
SH2 domain contains four positively charged residues
(Arg 12, Arg 32, His 58, and Lys 60). The most critical
of these residues is Arg 32 which forms two H-bonds
with the phosphate oxygens of the pTyr side chain. Arg
12 interacts with the phosphate group and the carbonyl
group of the N-acetylated tyrosine residue.!”-?2-2* Tetra-
peptides 2-8 lack the phosphate functionality and there-
fore the SH2 domain failed to recognize these compounds
as ligands (ICsy> 100 uM) since the interactions of Arg
32 and Arg 12 with the phosphate are crucial for SH2
ligand recognition.

2.4. Classes II and III: N- and C-terminal substituted
PYEEI derivatives (9-24)

The classes IT and III compounds are pYEEI derivatives
with the pYEEI scaffold being substituted at the N- or
C-terminus, respectively, with short or long chains of
varying lengths. Evaluating of the N- and C-terminal
substituted pYEEI allows examining the effect of the
substituted chain length on the binding affinity, as well
as to study of the flexibility and ligand-accomodating
properties of the SH2 domain binding pocket. Table 2

Table 3. Comparative Src SH2 binding affinities (ICso values) for
class IV compounds
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presents results from the competitive binding assay with
these compounds.

Incorporation of the preferred tetrapeptide sequence
should yield activity towards SH2 domain. N-Substitu-
tion may restrict or prevent pTyr from interacting with
arginine and lysine side chains located within the P site
of Src SH2 domain binding pocket. However, results of
the assay with the class II show a general trend indicat-
ing that increasing the chain length of N-substituents
does not decrease the affinity towards SH2. All of the N-
substituted compounds (9-21) in class II bind to Src
SH2 domain with ICs, values in the low micromolar
range (ICso=2.7-8.6 uM). Long or short chain sub-
stitution on N-terminus of tetrapeptide pYEEI with
aliphatic aminoacyls did not cause any significant loss in
binding affinity to Src SH2 domain (ICsq for pYEEI is
6.5 uM). Therefore, N-terminal substitution does not
significantly restrict the binding of phosphopeptides
with Src SH2 domain. The results suggest the P site is
capable of accommodating short and long hydrocarbon
chains. The bromoacetylated N-substituted derivatives
of pYEEI (9-15) can be used for reaction with adeno-
sine 5'-O-(3-thiotriphosphate) (ATPyS) for the develop-
ment of bisubstrate analogues of Src tyrosine kinases
targeting the ATP- and SH2-binding sites.

The class III compounds (22-24) contain the pYEEI
scaffold with substitution of short and long carbon
chains on the isoleucine residue. C-Terminal substitu-
tion affords compounds that showed lower affinity
towards Src SH2 domain. Compounds were found to
bind Src SH2 with ICsq values of 33.7-41.0 uM. A sub-

Table 4. Comparative Src SH2 binding affinities (ICsy values) for
class V compounds

O _OH
oo
X. N OH
N < ON
H 0/( Ho &
HO "o
Compd X ICso (uM)
30 0 O 147.6
HO |O| g
° o
O,N
31 W‘J@)kg 206.6
HO
o o)
HO
o
0 o)
33 HoWE 170.2
N—N\

stituent adjacent to isoleucine presents excessive bulk
and therefore cannot be completely accommodated near
the hydrophobic P+ 3 site. In general, N-terminal sub-
stitution is acceptable for ligand binding, but C-terminal
substitution will decrease the binding affinity.

The results from the binding affinity studies of com-
pounds from classes I-11II agree with the earlier crystallo-
graphic studies,?”2* indicating that charge—charge and
hydrophobic interactions of phosphotyrosine and iso-
leucine residues, respectively, with SH2 are critical for
binding.

2.5. Class IV: phosphoramidate, N-malonate and sulfon-
diamide tetrapeptides (26-29)

In the search for pTyr mimetic peptides which are stable
to phosphatases and may offer the potential for cell
membrane penetration, the phosphotyrosine in pYEEI
was replaced with N-substituted p-aminophenylalanines,
resulting in class IV tetrapeptides (26-29). Tetrapeptide
25 with unsubstituted amino group was synthesized as
the control. None of the compounds were acetylated on
the N-terminus. Table 3 presents results from the com-
petitive binding assay with these compounds.

Phosphoramidate tetrapeptides 26 and 27 which were
synthesized to obtain stability towards phosphatases,
exhibited weaker Src SH2 binding affinity (ICs, values
of 16.0 and 82.1 uM, respectively) compared to pYEEI
(ICs¢ value of 6.5 uM), possibly due to the improper
position of the oxygens of aminophosphate for interac-
tion with positively-charged arginine in the binding
pocket of Src SH2 domain or different negative charge
distribution by a more electronegative element oxygen
in O-phosphate to less electronegative nitrogen in ami-
nophosphate. This phenomenon is more evident for di-
phosphate derivative 27, in which the three negatively-
charged oxygens are probably out of range, not prop-
erly aligned to interact with positively-charged amino
acids within P site of Src SH2 domain, or have dis-
rupted charge—charge interactions. Sulfondiamide tet-
rapeptide 28 did not show any binding affinity at 100
UM since the recognition of ligands by the Src SH2
domain critically depends on strong polar interactions
by the highly charged groups, which are absent in com-
pound 28, with positively charged amino acids within
the P site of the binding pocket.

N-Malonyl substitution may offer an alternative
approach to cell delivery due to stability of carboxylic
acid groups to phosphatases. The carboxylate-based
tetrapeptide 29 was designed to afford structural alter-
natives to phosphorous-containing pTyr mimetics.
Retention of two carboxyl groups was deemed neces-
sary in order to provide a dianionic ‘phosphate phar-
macophore’ that could interact with two critical
arginines within the pTyr binding pocket. The reduced
binding potency of N-malonate (ICso=37.1 uM) could
potentially indicate that interactions of the two carbox-
yls with two arginines within the pTyr binding pocket
do not optimally approximate that provided by the
phosphorous-containing parent structure pYEEI (1).
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Tetrapeptides 25-27 lack an acetyl group on N-terminus
that may explain their weaker binding affinity. The
interaction of the carbonyl group of N-acetyl in acetyl-
ated pYEEI with the side chain of Arg 12, which is
absent in tetrapeptides 25-27, contributes significantly
to the binding.??>—24

2.6. Class V: carboxylated derivatives of XEEI (30-33)

The class V compounds are a small number of tetra-
peptides XEEI, where X is a carboxylated aromatic,
heteroaromatic, or cyclic group. Results of the binding
assay with these compounds are presented in Table 4.

Two key features of the chelidonic acid compound (30)
— the carboxyl and carbonyl groups — both failed to
render the molecule as a ligand for Src SH2
(ICs5o=147.6 uM). Compound 31, with the 5-nitroiso-
phthalic acid functionality, contains both carboxyl and
nitro groups. The negative charges associated with this
peptide do not mimic the phosphate group, resulting in
low activity as measured by the FP assay (ICs, =207
pM). Compound 32 also contains a carboxyl group
capable of charge—charge interactions, but failed to
compete with the fluorescent probe (ICsq>200 uM).
This could be, in part, due to incorporation of cyclo-
hexyl group into the molecule, which might restrict the
possible interaction of arginines in the binding pocket of
SH2 domain with the carboxyl moiety. Furthermore,
the hydrophobic interaction between the side chain of
Lys 60 and aromatic phenyl is lost in 32. Compound 33
where the pTyr is replaced by the 3,5-pyrazole dicar-
boxyl moiety (IC5q=170.2 uM), showed no significant
improvement in the binding affinity towards the SH2
domain. These results indicate the importance of phos-
phate and aromatic phenyl groups in binding with
positively charged amino acids in the binding pocket of
Src SH2 domain. Carboxylic acid and nitro groups
failed to produce sufficient electrostatic interactions
with positively-charged amino acids in Src SH2 domain.

2.7. Cell proliferation assay

The ability of pYEEI and several of the compounds to
inhibit the growth of cancer cells were assessed in a cell-
based proliferation assay in human embryonic kidney
(HEK) 293 tumor cells (Fig. 5). The antiproliferative
activities detected were correlated with kinase binding

1.2

1
0.8
0.6
0.4
0.2
"
W ® e s oB o op s

Compound
W10uM E50 pM 0200 pM

OD Ratio (Treatment/Control)

wn w
— -

1 (pYEEI)

Figure 5. Cell proliferation assay for tetrapeptides and pYEEI in
human embryonic kidney (HEK) 293 tumor cells.

affinity studies. Compounds 5, 6, and 8 which did not
show any significant binding affinity to Src SH2
domain, were not inhibitory on cell proliferation. Com-
pounds 9, 10, 12-16 showed antiproliferative activities
at the 50-200 uM range. pYEEI (1), used as the control,
significantly inhibited the tumor cell proliferation at 50
uM. No conclusion can be made that the antiproliferative
activity of these compounds are due to the inhibition of
Src SH2 domain of PTKs and more experiments are nee-
ded to understand the mechanism of the antiproliferative
activities of these compounds. The lowered activity of
pYEEI derivatives compared to pYEEI could be due
to higher lipophilicity of these compounds and their
integration into the cell membrane of cancer cells.

The two negative charges of pTyr at physiological pH
can in principle impair cell membrane penetration. In
spite of having negatively charged phosphate which may
have hindered the penetration of these compounds (1, 9,
10, 12-16) into cells and susceptibility to cleavage by
phosphatases in the cell culture, the antiproliferative
activities of these compounds were significant compared
to compounds with no phosphate group (5, 6, 8).

2.8. Antifungal activity

The antifungal activities of several compounds were
examined against Candida albicans. None of compounds
showed any significant antifungal activity against C.
albicans ATCC 14053 at the maximum concentration of
10 uM. The observed lack of activity is probably due to
the lack of penetration into fungal cell as result of
existing cell wall and membrane that can make a more
stringent than normal barrier for such compounds.

3. Conclusion

The participation of tyrosine kinases in both normal
and aberrant signal transduction pathways renders
them attractive targets for drug discovery efforts. The
specificity of SH2 domains for phosphotyrosine-con-
taining motifs provides a foundation for rational design
of PTK inhibitors. This research focused on the synth-
esis and analysis of phosphotyrosyl mimicking peptides
by exploring hydrophobicity, electronegativity, and
charge-charge interactions. Long and short chain sub-
stitution on N-terminus of pYEEI with aliphatic alkyl
derivatives did not cause any significant loss in binding
affinity to Src SH2 domain. Therefore, the Src SH2
domain can tolerate substantial steric bulkiness in the
N-terminus of pYEEI. These studies allow a richer
understanding of the ligand selectivity of the Src SH2
domain and should enhance our knowledge for the
design of peptidomimetic tyrosine kinase inhibitors.

4. Experimental

4.1. Chemistry

4.1.1. Peptide Synthesis. In general, all peptides (1-33)
were synthesized by the solid-phase peptide synthesis
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strategy on a PS3 automated peptide synthesizer
(Rainin Instrument Co., Inc.) employing N-(9-fluor-
enyl)methoxycarbonyl (Fmoc) based chemistry. HBTU
and NMM (0.4 M) in N,N-dimethylformamide (DMF)
were used as coupling and activating reagents, respec-
tively. Fmoc-Ile Wang resin, amino substituted trityl
resin, and Fmoc-protected amino acids were obtained
from NovaBiochem Company. N-terminal acetylation
was accomplished using acetic anhydride. Fmoc depro-
tection at each step was carried out using 20% piper-
idine/DMF. A mixture of TFA (90%), anisole (5%),
water (5%) was used for side-chain deprotection of
amino acids and cleavage of the synthesized peptides
from the resin. Crude peptide were precipitated by
addition of cold diethyl ether (Et,O) and purified by
preparative HPLC on a Phenomenex® Prodigy 10u
ODS reversed-phase column. Separation of peptides
was achieved by eluting the crude peptide at 4.0 mL/min
using a gradient of 0-100% acetonitrile (ACN; 0.1%
TFA) and water (0.1% TFA) over 85 min to yield
highly pure compounds (97-99%), which were lyophi-
lized. The purity of final products was confirmed by
analytical HPLC on a Shimadzu® 3 p C-18 column at
0.5 mL/min using the same gradient system. The che-
mical structures of compounds were confirmed using
high resolution PE Biosystems API 2000 electrospray
mass spectrometer and amino acid analysis.

The fluorescent probe consists of 5-carboxyfluorescein
coupled to a pentapeptide (fluorescein-Gly-pTyr-Glu-
Glu-Ile-NH,). The synthesis, purification, and char-
acterization of the probe were carried out according to
previously reported procedures.>>»2¢

4.1.2. Expression and purification of Src SH2 domain.
The Src SH2 domain was expressed and purified as
described previously.?>?7 The protein used was a glu-
tathione-S-transferase (GST) fusion protein. The Src
SH2 domain was released from the GST affinity column
by the addition of 5 mM reduced glutathione (0.1% pB-
mercaptoethanol) and detected by 5x Bradford reagent.
The concentration of protein was determined by reading
optical density employing a Pharmacia Biotech Ultros-
pec 2000 UV/VIS spectrophotometer using bovine
serum albumin (BSA, 1.0 mg/mL) as a standard.

4.1.3. Src SH2 domain binding assay. The binding affi-
nities of these ligands for the Src SH2 domain were
measured using a competitive FP assay as previously
described.?> The excitation and emission wavelengths
were set at 485 and 535 nm, respectively. The reported
1Csq values are the mean of three separate determina-
tions with a standard deviation of less than +20%. The
concentration of probe and SH2 domain was kept con-
stant (80 and 750 nM, respectively) while the concen-
tration of peptide was varied.

4.1.4. Cell proliferation assay. The cytotoxicity of the
test compounds was evaluated based on their effect on
cell proliferation. Cells (293T) were seeded in 96-well
plates (5000/well) and cultured for 24 h. The cells were
then treated with a tetrapeptide at various concentra-
tions (10-200 uM) or the same amount of the vehicle.

The treated cells were incubated for additional 12 h and
the proliferation rates were determined with a CellTiter
kit as described by the manufacturer (Promega). To
precisely determine the effect of tetrapeptide on cell
proliferation, control plates were seeded and cultured
similarly but the absorbance (/=570 nm) was deter-
mined at the time right before tetrapeptides were added
to the experimental plates. The experiments were per-
formed in quadruplicate and the absorbance from the
control plates was subtracted. Data are expressed as a
percentage of cells treated with vehicle and presented as
means £ SD.

4.2. Antifungal assay

4.2.1. Microorganism. C. albicans ATCC 14053 was
obtained from American Type Culture Collection,
Manassas, VA, USA. Stock cultures were kept on
Sabouraud dextrose agar (SDA; Becton-Dickinson and
Co., Sparks, MD, USA). Subcultures were prepared on
SDA at 35-37°C. Suspension cultures were prepared by
inoculation of single colonies in 7 mL of normal saline
solution. Prior to preparation of susceptibility assays,
yeast cells were resuspended in normal saline to make a
transmittance of 73-75% at 530 nm that provide
equivalent concentration of 10° cells/mL to produce a
similar transmittance at 530 nm compared to the con-
trol tube. RPMI (RPMI 1640; ICN Biomedicals, Aur-
ora, OH, USA) adjusted to pH 6.9 was used as the
medium.

4.2.2. Susceptibility testing. Stock solutions (15.8 and
17.5 mg/mL, respectively) were in DMSO and stored at
0°C temperature; the dilutions were prepared in RPMI
medium. The final maximum concentration of DMSO
in the assays was 2.5% (v/v). Test compounds were dis-
solved in DMSO (0.563 mg/mL) and working dilutions
were made in RPMI or SDB media. DMSO was not
inhibitory to the organisms tested. Microdilutions for
control experiments with C. albicans was the modified
method according to the previously described proce-
dures.?®2° Dilutions were prepared in 0.1 mL of RPMI;
the inocula were 10* C. albicans cells. The tubes were
incubated for 2448 h at 36+ 1 °C, and turbidity was read
visually. MICs were calculated in comparison to growth
control as the lowest concentration that shows inhibition
(MIC) for amphotericin B and the test compounds.
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