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Signal transducer and activator of transcription 3 (Stat3) is a cytosolic transcription factor
that relates signals from the cell membrane directly to the nucleus where it, in complex with
other proteins, initiates the transcription of antiapoptotic and cell cycling genes, e.g., Bel-xy,
and cyclin D1. In normal cells Stat3 transduces signals from cytokines such as IL.-6 and growth
factors such as the epidermal growth factor. Stat3 is constitutively activated in a number of
human tumors. Antisense and dominant negative gene delivery result in apoptosis and reduced
cell growth, thus this protein is an attractive target for anticancer drug design. As part of our
research on the design of Src homology 2 (SH2) directed peptidomimetic inhibitors of Stat3, in
this paper we describe structure—activity relationship studies that provide information on the
nature of peptide—protein interactions of a high-affinity phosphopeptide inhibitor of Stat3
dimerization and DNA binding, Ac-Tyr(POsHg)-Leu-Pro-Gln-Thr-Val-NHs, peptide 1. There is
a hydrophobic surface on the SH2 domain that can accommodate lipophilic groups on the
N-terminus. Of the amino acids tested, leucine provided the highest affinity at pY+1 and its
main chain NH is involved with a hydrogen bond with Stat3, presumably Ser636. cis-3,4-
Methanoproline is optimal as a backbone constraint at pY+2. The side chain amide protons of
Gln are required for high-affinity interactions. The C-terminal dipeptide, Thr-Val, can be
replaced with groups ranging in size from methyl to benzyl. We synthesized a phosphopeptide
incorporating groups that provided increases in affinity at each position. Thus, hydrocinnamoyl-
Tyr(POsHs)-Leu-cis-3,4-methanoPro-GIn-NHBn, 50, was the highest affinity peptide, exhibiting

an ICs¢ of 125 nM versus 290 nM for peptide 1 in a fluorescence polarization assay.

Signal transducer and activator of transcription 3
(Stat3) is a member of the signal transducer and
activator of transcription (STAT) family of transcription
factors that relate signals from extracellular signaling
protein receptors on the plasma membrane directly to
the nucleus (reviewed in refs la—c). Stat3 was discov-
ered as a major component in the acute phase response
to inflammation? and a key mediator of interleukin 6
(IL-6) and epidermal growth factor signaling.? Like all
STATS, Stat3 is composed of an amino-terminal oligo-
merization domain, a coiled coil domain, a DNA binding
domain, a linker domain, an Src homology 2 (SH2)
domain, and a C-terminal transactivation domain. On
binding of IL-6 to its receptor, JAK kinases-2 (JAK-2)
phosphorylates the coreceptor gpl30 on several ty-
rosines.*5 Stat3, via its SH2 domain, binds to these
phosphotyrosine residues. It is then phosphorylated on
Tyr705, a conserved tyrosine just C-terminal to the SH2
domain, by JAK-2. Upon phosphorylation, termed ac-
tivation, Stat3 forms homodimers (and/or heterodimers
with Statl) via reciprocol interactions between the SH2
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domains and pTyr705. The dimers then translocate to
the nucleus and bind specific DNA sequences where
they, in cooperation with other transcription factors,
regulate gene expression.! Downstream targets of Stat3
include Bcl-x;, a member of the Bcl-2 family of anti-
apoptotic proteins, cell cycle regulators such as cyclin
D1 and p21WAFVCIP1 and other transcription factors
including c-myc and c-fos. In epidermal growth factor
(EGF) signaling, Stat3 has been reported to bind directly
to phosphotyrosine residues on the epidermal growth
factor receptor (EGFR) and to be activated by the kinase
activity of the receptor.® Further studies imply that Src
kinases first bind to EGFR via their SH2 domains and
recruit Stat3 via SH3 domain interactions with poly-
proline helices.”

Stat3 has been shown to be constitutively activated
in cancers of the head and neck,® breast,? brain,l0
prostate,!! lung,'? leukemia,!® multiple myeloma,* lym-
phoma,!® pancreas,'® and others.!” Inhibition of Stat3
activity by the introduction of antisense oligonucleotides
or dominant negative constructs has been shown to
induce apoptosis and reduce cell growth and soft agar
colony formation in several tumor cell lines exhibiting
constitutively active Stat3.14!® In those cells driven by
EGF signaling, introduction of small-molecule EGFR
inhibitors reduced Stat3 acivation and resulted in cell
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Chart 1. Structure of Peptide 1,
Ac-Tyr(POsHy)-Leu-Pro-GIn-Thr-Val-NH,
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death.’® A small-molecule inhibitor of the Src kinase
also inhibits Stat3 activation, induces apoptosis, and
inhibits cell growth in a breast cancer cell line.?° Thus
Stat3 is an attractive target for cancer drug design.l”
To develop inhibitors capable of inhibiting Stat3
activity, we are targeting the SH2 domain with a
phosphopeptide-based peptidomimetic approach.?! Such
compounds are expected to block the binding of Stat3
to cytokine or growth factor receptors and thereby
prevent phosphorylation, dimerization, and nuclear
translocation. For dimerized Stat3, SH2-directed inhibi-
tors would also inhibit dimerization and DNA binding,
thereby reducing the expression of antiapoptosis and cell
cycling genes. SH2 domains are specific for phospho-
tyrosine-containing amino acid sequences with specific-
ity for individual proteins residing C-terminal to this
residue.?223 Phosphopeptides based on the sequence
surrounding phosphotyrosine-705 of Stat3,2¢-26
EGFR,26:27 and gp13026 were shown to inhibit dimer-
ization and DNA binding in electrophoretic mobility
shift assays (EMSA). To find a lead peptide, we screened
a series of phosphopeptides derived from the amino acid
sequences of receptor docking sites of Stat3 for their
ability to inhibit dimer formation and DNA binding
using EMSA 26 Sequences from Stat3, gp130, EGFR, IL-
10R, and GM-CSF were tested. Of this group, Ac-
Tyr(POsHg)-Leu-Pro-Gln-Thr-Val-NH;, (1, Chart 1) was
found to be the most potent inhibitor (IC50 = 150 nM)
and was selected as the lead compound. Peptide 1 is
composed of residues 904—909 of gp130, the cocompo-
nent of the IL-6 receptor, and possesses the consensus
sequence for Stat3 binding, Tyr(POsHg)-Xxx-Xxx-Gln
reported by Stahl at al.* and Gerhartz et al.? Truncation
and alanine scanning experiments showed that the
C-terminal valine was not necessary for binding, leucine
at pY+1 contributed to affinity, proline was necessary
for high-affinity activity, and glutamine was essential
for binding.?6 Similar to other SH2 domains, 28 Stat3
ligands bind in a (pY)—(pY+3) “two-pronged” motif.
SH2 domain inhibitor development efforts against
Src, Grb2, and others have relied on X-ray crystal-
lographic or NMR-derived structures to provide under-
standing of peptide—protein interactions and to guide
the conversion of peptide into non-peptide. The crystal
structure of the dimer of Stat3 bound to DNA? reveals
the interactions between the phosphopeptide segment
Tyr(PO3sHsy)705-Leu-Lys-Thr-Lys-Phe of one protein mol-
ecule and the SH2 domain of the other (Figure 1). The
phosphate is in contact with the side chains of Lys591
(0A2), Arg609 (BB5), Ser611 (3B7), and Ser613 (BC2)
and the main chain NH of Glu612 (BC1) in a manner
nearly identical with that of phosphopeptide complexes
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Figure 1. Structure of the phosphopeptide, residues 702—
711 (green), of Stat3 bound to the SH2 domain of the opposing
protein in the Stat38 dimer/DNA complex.?® Phospho-
tyrosine705 interacts with the side chains of Lys591, Arg609,
Ser611, and Ser613 and the main chain NH of Glu612 (yellow).
The hydrogen bond between the oNH of Leu706 and the
backbone C=0 of Ser636 on the opposing protein is depicted
as a dotted line. Coordinates were kindly provided by C.
Mueller.?’ They can be obtained from the Protein Data Bank,
entry 1BG1. Figure was generated using PyMol.*8

of Src,28:30ab Grh2 30¢ [ck,30d p85 PISK,30%f Statl,3! and
others. A hydrogen bond exists between the aNH of
Leu706 and the C=0 of Ser636 (fD2) on the opposing
protein. Similar interactions are noted between the
pY+1 residue of phosphopeptide ligands and the D4
residue of other SH2 domains. (The architecture of Stat3
is somewhat different from the other signaling proteins,
hence the variation in the designation of the D2 and
pD4 residues.) Thus, the pY and pY+1 residues in the
Stat3 dimer bind similarly to analogous residues in
other SH2 domains. However, the X-ray structure does
not provide a direct model of the interaction of the Pro-
GIn-Thr-Val residues of peptide 1 and Stat3. Therefore,
SAR studies were undertaken to further understand the
contributions to affinity of backbone and side chain
groups of our lead peptide.??

Chemistry

Phosphopeptides were synthesized using either manual
or automated solid-phase methods using the Fmoc
protection scheme and carbodiimide/HOBt or PyBOP/
HOBt/DIPEA coupling techniques. Unless otherwise
noted, phosphotyrosine was introduced as the unpro-
tected phosphate?®? using PyBOP/HOBt/DIPEA coupling
conditions. The amino termini were capped with excess
acetic anhydride and EtsN. Peptides were cleaved with
TFA/TIS/H20, 95:2.5:2.5,2¢ and purified by reverse-
phase HPLC before assay.

Methylation of the Side Chain Amide of Gln. The
synthesis of Ac-Tyr(POsHs)-Leu-Pro-Glu(NR1Rg)-Thr-
NH, (27, 28) is depicted in Scheme 1. Ac-Tyr(PO-
[NMeg]2)-Leu-Pro-Glu(OAIl)-Thr(tBu) (51) was synthe-
sized on Rink amide resin using automated protocols.
The allyl group on the side chain of glutamic acid was
removed with tetrakistriphenylphosphinylpalladium in
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Scheme 1. Synthesis of Methylated Glutamine-Containing Peptides®
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Scheme 2. Synthesis of Ac-Tyr(POsH,)-Leu-Pro-Gln-Xxx*

0‘}:21
o L H
H )\ O~
N =
Ay N, N !
g g /< b
55
POH,
0
OsNH,
p & 0O I?a 1l
H )\N N-q
)J\N N\z)LN el . Al
R
39-47

Q H a 5\ N.
U 00 0 0 B g
H = el e

L

57

@ Reagents and conditions: (i) [PhsP]4Pd, NMM, AcOH; (ii) amine, PyBOP, DIPEA, HOBt; (iii) (a) TFA/TIS/H20, 1 h, (b) 10% H20/

TFA, overnight.

the presence of acetic acid and N-methylmorpholine.35
Derivatization of the carboxyl group was carried out by
the addition of 5 equiv of NHsMe or NHMe; with
PyBOP/HOBt/DIPEA (53, 54). The use of phospho-
tyrosine with unprotected phosphate3? or protected with
diphenylmethylsilylethyl groups3® resulted in poor yields
and very impure products. Replacement of the phos-
phate group on the tyrosine with bis(dimethylamino)-
phosphoramidate®” resulted in better quality crude
products. Conversion of the phosphoramidate to the
phosphate requires aqueous acidic conditions.3” So after
cleavage from the resin, 10% HO was added and
acidolysis was allowed to proceed overnight. It was also
found that the Dmab protection on the side chain of Glu,
with removal with 2% hydrazine in DMF,38 resulted in

unacceptable levels of side products that were not there
with the allyl/Pd[0] protecting group scheme.
C-Terminal Derivization. To synthesize tetra-
peptides in which the C-terminal Thr was replaced
(39—47), Ac-Tyr(PO[NMeg]2)-Leu-Pro-Glu-OAll (55) was
assembled using automated methods starting with
attachment of the side chain of Fmoc-Glu-OAll to Rink
resin (Scheme 2). The allyl group was cleaved using
(PPh3),Pd/AcOH/NMMS?35 to give the free carboxyl group
of the C-terminal Gln (56). The amines were added in
excess, and coupling was mediated with DIPCDI/HOBt
to minimize racemization (57). TFA cleavage gave the
desired peptides, 39—47, which were purified by reverse-
phase HPLC. As above, use of nonprotected phospho-
tyrosine resulted in crude peptides of low purity.
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Coupling of pyrrolidine was incomplete, and the result-
ing tetrapeptide, Ac-Tyr(POsHy)-Leu-Pro-Gln-OH (43),
was obtained and assayed.

Peptides 31, 32, and 34—38, in which GIln was
replaced by Gaba or cyclic amino acids, were synthesized
by coupling commercially available Fmoc-protected
amino acids to Rink amide resin using manual solid-
phase peptide synthesis. For the synthesis of 38, Fmoc-
pyrollidine-3-carboxylic acid, 58, was prepared by stand-
ard coupling of Fmoc-OSu to commercially available
pyrollidine-3-carboxylic acid under aqueous alkaline
conditions. The final peptide, hydrocinnamoyl-Tyr-
(POsHs)-Leu-3,4-cis-methanoPro-Gln-NHBn (isomers 49
and 50), was synthesized by manual solid-phase peptide
synthesis. Fmoc-Glu-NHBn, 59, was attached to Rink
amide resin via the side chain carboxyl group using
PyBOP/HOBt/DIPEA coupling methodology. The re-
mainder of the residues were coupled in the same
manner. The final product consisted of two diastereo-
mers that were readily resolvable by reverse-phase
HPLC using a gradient of MeOH in 0.01 M NH4OAc,
49 and 50. Fmoc-Glu-NHBn (59) was prepared by
coupling benzylamine to commercially available Fmoc-
Glu(OtBu)-OH using water-soluble carbodiimide fol-
lowed by removal of the side chain tert-butyl group with
TFA.

Results

Haan et al.?? assayed several phosphopeptides based
on gp130 and LIFR as well as the sequence surrounding
Stat3 Tyr705 for binding to the isolated SH2 domain
from Stat3. At pH 7.5 no complex formation was
observed, whereas binding occurred at pH 5.5. It was
noted that at the higher pH the SH2 domain existed in
a dimerized state, which may have precluded phospho-
peptide binding. Binding constants determined at pH
5.5 must be considered tenuous because the conforma-
tion of the protein may be altered by the acidic environ-
ment. Therefore, full length Stat3 was used to assay our
compounds. This protein was not phosphorylated on
Tyr705 prior to use.

For the SAR studies reported here, peptides were
assayed for competition of a fluorescently tagged version
of our lead peptide using fluorescence polarization
(FP).40 Thus, Ala-Tyr(PO3sHs)-Leu-Pro-Gln-Thr-Val-NHy
was labeled at the amino terminus with the isomeric
mixture fluorescein-5(6) carboxylic acid. Synthesis of
this probe produced two isomers, and the second com-
pound to elute by reverse-phase HPLC was found to
bind to Stat3 with higher affinity (data not shown). The
individual 5- and 6-carboxyfluorescein isomers were
purchased and coupled to the N-terminus of Ala-
Tyr(POsHy)-Leu-Pro-Gln-Thr-Val-NHs. The peptide
capped with 5-carboxyfluorescein coeluted with the
high-affinity isomer on reverse-phase HPLC. Thus,
the probe used for FP was 5-carboxyfluoresceinyl-
Ala-Tyr(POsHy)-Leu-Pro-Gln-Thr-Val-NHs. Subsequent
batches of probe were synthesized with the 5-isomer.
In FP titration assays, the bacterially expressed protein
was identical to that expressed in the baculovirus-Sf9
system employed for our earlier study?426 when assayed
by FP (data not shown).

The initial screen phosphopeptides based on known
receptor docking sites for Stat3 was done using electro-
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Table 1. ICsy Values of Peptide Inhibitors of Stat3

IC50 (nM)
peptide EMSA® FP
1 Ac-Tyr(PO3Hs)-Leu-Pro-GIn-Thr-Val-NHy 150 290 + 63
2 Ac-Tyr(POsHg)-Leu-Pro-GIn-Thr-NHy 600 739 £+ 31
3 Ac-Tyr(POsHs)-Leu-Pro-Gln-NHj, 1000 856 &+ 41

@ ICs values from ref 26.

Table 2. Amino Terminal Substitutions in Peptide 2

H,03PO

Os_NH,
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H
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P )\NE(“JNW
R—N Y %, H :
R

H N z
HOg 2 W 2 on
peptide 1Cs0 (uM)
2 Ac 0.739 £ 0.031
4 PhCO 0.814 £ 0.078
5 CH3CH2CO 0.497 £ 0.010
6 PhCH,0OCO 0.750 £ 0.072
7 PhCH2CH2CO 0.276 £+ 0.012

phoretic mobility shift assays.?6 Peptide 1 and C-
terminal truncated peptides 2 and 3 were reassayed
using fluorescence polarization. The ICso values ob-
tained by both methods followed the same trend of
decreasing affinity with decreasing length, although the
values varied somewhat (Table 1). Thus, the C-terminal
residues play a role in binding.

The peptides used in this study were analogues of
peptide 2. The C-terminal of Val in 1 was removed to
increase synthesis efficiency and to simplify interpreta-
tion of the results.

Amino-Terminal Substitutions. To test for poten-
tial binding affinity not afforded by the amino-terminal
acetyl group of our lead peptide, a small survey of acyl
groups was conducted at pY—1 (Table 2). Of the groups
tested, the propionyl and hydrocinnamoyl groups (5 and
7) exhibited increases in affinity. Interestingly, the
benzyloxycarbonyl group (Cbz) of 6 did not change the
apparent affinity. The Cbz and hydrocinnamoyl groups
are isosteric. The gain in affinity due to the hydro-
cinnamoyl group of 7 was offset by the o-oxygen atom
in the Cbz group. During their studies of phospho-
peptide inhibitors based on the Stat3 Tyr705 sequence,
Turkson et al.?’ noted no significant difference in
affinity in peptides with a proline or an alanine that is
just amino-terminal to the phosphotyrosine (position
pY—1). However, significant changes were observed
when substituted benzoyl groups or 3-pyridinecarbonyl
groups were employed in a series of dipeptides of the
structure Xxx-Tyr(POsHs)-Leu.#! Taken together with
our results, it appears that there is a hydrophobic patch
on the surface of Stat3 SH2 domain that is just amino-
terminal to the Tyr(POsHjy) binding pocket.

Substitutions at pY+1. In the crystal structure of
dimerized Stat3/ dimer bound to DNA, the side chain
of Leu706 at the pY+1 position of Tyr(POsHs)705-Leu-
Lys-Thr-Lys-Phe resides on a nonpolar surface of the
opposing SH2 domain. A survey of hydrophobic amino
acids was conducted to find which would provide
optimum binding (Table 3, peptides 8—13). The (-sub-
stituted residues, Val and Ile, decreased activity. In-
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Table 3. Inhibition of Stat3 with Analogues of 2 Substituted
at Position pY+1: Ac-Tyr(POsHg)-Xxx-Pro-Gln-Thr-NHy

peptide pY+1 1Cs0 (M)
2 Leu 0.739 + 0.031
] Val 1.54 +0.079
9 Ile 1.07 + 0.059
10 Phe 1.89 £ 0.20
11 Cha 0.91 +£0.12
12 Nle 0.717 + 0.080
13 PhoAla >100
14 NMe-Leu >100

terestingly, Phe was 2-fold less active than the fully
reduced analogue cyclohexylalanine. Nle resulted in
activity closest to that of Leu. Diphenylalanine resulted
in an inactive compound.

As mentioned, the Leu706 NH at pY+1 participates
in a hydrogen-bond interaction with the backbone
carbonyl of Ser636 of the opposing protein (Figure 1).
Replacement of the Leu amide proton with a methyl
group would preclude formation of this hydrogen bond
and would also sterically prevent tight association of
the peptide with the protein surface. Incorporation of
N-methylleucine at pY—+1, peptide 14, destroyed activity
of the peptide (IC50 > 100 uM). Thus, it seems likely
that the Leu residue of our peptide binds similarly to
the pY+1 residues found in the Stat3 crystal structure?®
and other SH2 domain ligands.28:30.31

Substitutions at pY+2. Our intitial screen of recep-
tor docking sites and the alanine scan established that
proline at position pY+2 is very important for affinity.26
This amino acid experiences no rotation about the No—
Ca bond, which may be important in constraining the
peptide to a population of conformations resembling the
bound conformation. To further probe structural effects
at pY+2, cyclic amino acids were substituted for proline
(Table 4).

Not surprisingly, the D-amino acid (15) severely
curtailed binding. a-Methyl substitution reduced activ-
ity 3- to 4-fold (16). 4-Hydroxyproline (17) resulted in a
slight increase in affinity. Incorporation of cis-3,4-
methanoproline resulted in two peptides that were
readily separable by reverse-phase HPLC and that gave
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the correct molecular mass (18, 19). The first eluting
isomer (18) enhanced affinity of the peptide 2-fold (IC5¢
= 0.265 uM), and the second (19) reduced affinity (ICs
= 3.11 uM). Fmoc-cis-3,4-methanoproline is sold as a
racemic mixture of (2S,3R,4S)- and (2R,3S,4R)-enanti-
omers. Thus, 18 and 19 are diastereomers.

The homologous cyclic amino acids, four-membered
azetidine-2-carboxylate and six-membered pipecolic acid,
resulted in lower affinity peptides (20 and 21, respec-
tively). The structural isomers of pipecolic acid nipecotic
acid (Nip) and isonipecotic acid (Inp) were also incor-
porated. Moving the position of the carbonyl group from
the a- to the - (Nip) or the y-carbon (Inp) alters the
spatial the relationship of the glutamine to the rest of
the peptide, most importantly tyrosine. Nip was ob-
tained commercially as a racemic mixture of the R and
S isomers. During purification by preparative HPLC,
we were able to isolate the two diastereomers of Ac-
Tyr(POsHg)-Leu-(R,S)-Nip-GIn-Thr-NH, (peptides 22
and 23), though we do not know which contains the R
or S isomer. Both exhibited a 50-fold reduction in
affinity, as did the peptide containing Inp (24). 4-Car-
boxymethylpiperazine (Cmpi) was also substituted for
proline, and the resulting peptide, 25, was very weak
(ICs50 = 57.1 uM). The unnatural amino acid analogue,
o-aminocyclohexane carboxylic acid (1-Acge), was re-
ported to be a substitute for proline and to induce a
B-turn or a 3 helix.*? It was incorporated into Grb2
SH2 domain antagonists to induce a S-turn at pY+1.43
In peptide 26, 1-Acsc resulted in a 20-fold reduction in
affinity, suggesting that the peptide may not bind to
Stat3 in a turn structure. Thus, cis-methanoproline is
the scaffold that provides the optimum disposition of
contact groups for interaction with Stat3.

Gln Side Chain Amide Protons Are Required for
High-Affinity Interaction with Stat3. Glutamine at
position pY+3 was found early to be a binding deter-
minant for the Stat3 SH2 domain,*® and most known
receptor docking sites for Stat3 possess the consensus
sequence Tyr-Xxx-Xxx-Gln.4526:44¢ This was confirmed
in our screening of receptor docking sites?6 and by
screening of a combinatorial phosphopeptide library*

Table 4. Inhibition of Stat3 with Analogues of 2 Substituted at Position pY+2: Ac-Tyr(POsHs)-Leu-Xxx-Gln-Thr-NH,

Peptide Pro Analogue Xxx ICs (UM) Peptide Pro Analogue Xxx 1Csy (UM)
g o og—%
15 D-Pro 3\6 £ >100 21 Pipecolic acid K\I\O 1.24+£0.078
¢ A g
16  o-Methyl-Pro A B\f 1.87£0.162 22 Nipecotic acid-1 \U ~ 38.6+0259
g
L . A g
17 trans -4-hydroxy-Pro N 0.484 £ 0.019 23 Nipecotic acid-2 U > 33.1+1.79
OH
g o Ay
18 cis -3,4-methanoPro-1 ;"\N N 0.265+0.014 24 Isonipecotic acid O\ o 34.6+1.16
. e _ A
19 cis-3,4-methanoPro-2 f\N N 3.11+£0.110 25  Piperazine-1-acetic acid o 57.1 £ 8.09
Q’ k/N \/C\;,;
Avetidine-2-carboxylic 1-Amino-1- -~ Q
20 S 1.66 £0.079 26 AN G 13.4+£0.396
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Table 5. Effect of Modifications of the Side Chain of Gln in
Ac-Tyr(PO3sHg)-Leu-Pro-Xxx-Thr-NHy

Coleman et al.

Table 6. Effect of GIn Mimics in the Peptide
Ac-Tyr(PO3sHg)-Leu-Pro-Xxx

peptide pY+3 ICso (uM)
2 Gln 0.739 £ 0.031

27 GIn(Me) 18.1 + 2.60

28 Gln(Mey) 80.0 + 15.0

29 Met(O) 9.87 £ 1.36

30 Met(O2) 13.9 +0.72

for Stat3 ligands. Previously we found that glutamic
acid at pY+3 abrogated activity and that asparagine
attenuated activity.26 The side chain amide protons
could serve as H-bond donors, either in intermolecular
interactions or in an intramolecular manner in confor-
mations resembling the bound state prior to binding.
To determine the role of these protons, one or both were
substituted with methyl groups. With the goal of
membrane permeability in mind, these substitutions,
if tolerated, would serve to make the peptide more
hydrophobic, thus enhancing biological activity. Sub-
stitution of one of the side chain amide protons reduced
binding by 25-fold (27, Table 5, IC50 = 18 uM). Addition
of a second methyl group brought the ICsy to 80 uM
(peptide 28). The reduction in affinity may be due to
loss of important inter- or intramolecular hydrogen
bonding, steric crowding in a binding pocket accom-
modating the Gln side chain, or both. Thus, these amide
protons are required for affinity.

The role of the GIln carbonyl oxygen was probed by
substitution of methionine sulfoxide and methionine
sulfone, peptides 29 and 30, respectively. In both cases
inhibition was curtailed 20- to 30-fold (Table 5). Me-
thionine sulfoxide is isosteric with Gln; the sulfonyl
group mimics the side chain carbonyl, and the methyl
group replaces the NHs. The fact that Met(O) resulted
in a dramatic loss of inhibition underscores the contri-
bution of the carboxamide NHsy group on the side chain
of the pY+3 residue. However, the retention of modest
activity suggests that the carbonyl group may also be
involved in intermolecular interactions.

Substitutions at pY+3. Glutamine can be consid-
ered to be y-carboxy-y-aminobutyric acid (y-carboxy-
Gaba). To test the effect of the main chain carboxamide,
glutamine was substituted with 4-aminobutyramide
(peptide 31) and was compared to peptide 3. As shown
in Table 6 this substitution reduced affinity 2-fold (ICso
= 1.8 uM). Thus, the main chain carboxamide of Gln
enhances activity by inter- or intramolecular interac-
tions. The Gaba homologue, e-aminohexanoic acid amide
(Ahx), further decreased inhibition (peptide 32).

Gln was substituted with nonpeptidic, cyclic amino
acid amides to constrain the rotation of the side chain
(Table 6). 3-Carboxamidoaniline is a highly constrained
mimic in which the carboxamido group is spaced from
the proline carbonyl by the same number of atoms as
Gln, but all atoms are coplanar. Peptide 33 was 45-fold
less active than peptide 3, suggesting that in the bound
state the Gln side chain is not coplanar. The saturated
analogue aminocyclohexane-3-carboxamide (3Acgc-NHo)
resulted in approximately 4-fold higher affinity than the
aniline mimic, IC59 = 9.81 uM for 34 versus IC5y = 36
uM for 33. However, 3Acsc-NH; resulted in a 10-fold
reduction in affinity relative to peptide 3. Interestingly,
nipecotamide, piperazine-1-acetamide, and pyrrolidine-
l-acetamide (peptides 35, 37, and 38, respectively),

Peptide Gln Analogue Xxx IC5o (UM)
CONH,
31 Gaba J) 1.78 £0.132
N CONH ,
32 Ahx fﬁ 9.78 £2.02
HN
CONH,
33  3-Carboxamidoaniline /@ 36.6+2.63
HN
CONH,
34 3-Acgc-NH, 9.81+1.14

ye

35  Nipecotamide CONHz 3 002 0.811

z

CONH,

36  Isonipecotamide H\)
N

37 Piperazine-1-acetamide

11.8+1.19

N 1.40  0.50
NS

CONH,
38  Pyrrolidine-3-acetamide Cg 1.69 £ 0.057
N

Table 7. Affinities of Peptides with the Structure
Ac-Tyr(POsHs)-Leu-Pro-GIn-R

peptide R ICs0 (M)

3 NH; 0.856 + 0.041
39 NHMe 0.882 + 0.077
40 NHBn 0.409 4+ 0.015
41 NHCH(Me)Ph (S) 0.596 + 0.082
42 NHCH(Me)Ph (R) 0.801 £ 0.142
43 OH 0.748 4+ 0.085
44 NMes 1.85 + 0.675
45 NEtq 4.22 +0.074
46 pyrrolidine 2.11 + 0.401
47 piperidine 7.00 £+ 0.988
48 N-methyl-Thr-NHy 1.22 + 0.051

possessing endocyclic “backbone” nitrogens, decreased
activity by only 2- to 4-fold compared to peptide 3. This
reduced activity may be due to the lack of the “main
chain” NH proton from the Gln surrogate or from a
slightly imperfect fit. Isonipecotamide reduced activity
14-fold (36).

Substitutions at pY+4. Tetrapeptides were pre-
pared in which the C-terminal Thr of 2 was replaced
with non-amino-acid groups (Table 7). This was done
to determine (1) the necessity of the pY+4 residue and
(2) if the C-terminus could be capped as a 3° amide, thus
reducing polarity and increasing membrane perme-
ability. The methyl group (39) had the same affinity as
the nonsubstituted amide (3). The benzyl group in
peptide 40 results in somewhat higher affinity than that
provided by threonine in peptide 2 (409 vs 739 nM). The
differences between the benzyl (40) and the (S)-(41) and
(R)-(42) methylbenzyl groups suggest that the aromatic
groups are interacting with the protein and that the
latter, more structured substituents somewhat impede
the interaction. Thus, it seems likely that there is a
hydrophobic surface on the Stat3 SH2 domain that
accommodates the pY+4 region of the peptide inhibitor.
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H,04PO, OsNH,

ICs0 (ULM)
49 1%eluting isomer 18.8 + 2.4
50 2" eluting isomer 0.125 + 0.027

Figure 2. Structure and ICs, values of PhCH2CH2CO-
Tyr(OPOsHy)-Leu-3,4-cis-methanoPro-Gln-NHBn.

The low affinities of the disubstituted amide ana-
logues suggest that the C-terminal amide bond is a
hydrogen bond donor. That replacing Gln with Gaba,
which does not possess that carboxamide group, results
in lower affinity is in keeping with important inter- or
intramolecular interactions involving the Gln backbone
carboxamide. N-Methylthreonine resulted in a slight
loss in activit; IC5p is 1.2 uM for peptide 48 versus 0.74
uM for peptide 2.

Development of a High-Affinity Tetrapeptide.
A peptide was synthesized that incorporated the
amino acids that produced the highest affinity at each
position: hydrocinnamoyl on the N-terminus, cis-3,4-
methanoproline at pY+2, and benzyl at pY+4 (Figure
2). As in peptides 18 and 19, two diastereomers were
isolated by preparative HPLC: 49 and 50. In this case
the order of affinity was reversed, the first eluting
isomer, 49, had an ICsp of 18.8 &+ 2.4 uM. However, the
second isomer, 50, was a highly potent inhibitor with
an ICsp of 0.125 + 0.027 uM, 6-fold more active than
pentapeptide 2, the lead peptide for this paper, and 2.3-
fold more active than the original hexapeptide peptide
lead 1. The hydrophobic dihydrocinnamoyl group on the
N-terminus, the methanoPro, and the C-terminal ben-
zylamide resulted in additive effects on affinity.

Conclusions

Our results suggest that a hydrogen bond exists
between the aNH of Leu at pY+1 of our peptides and
the C=0 of Ser 636 of Stat3 as seen in the crystal
structure.?? Thus, we are confidant the Tyr(POsHg)-Leu
part of our lead peptide binds to Stat3 in a “standard”
manner for phosphopeptide/SH2 domain complexes
(Figure 1). There appears to be a hydrophobic sur-
face on Stat3 that binds pY—1 substituents. cis-3,4-
Methanoproline was the optimum scaffold at position
pY+2. The stereochemistry of the enantiomer that
produces the high affinity is not known. Whether the
methano group makes important binding contact with
Stat3 or causes a conformational effect is unclear and
is under investigation. Glutamine at position pY+3 is
very important for affinity. Attempts to replace the side
chain amide protons with methyl groups or to replace
the amide nitrogen with a methyl group (Met(O)) were
deleterious, suggesting a hydrogen-bonding role. The
lower affinity of the larger methyl-substituted amide
suggests a tight fit of the CONHy, into a binding pocket
on the surface of Stat3. The intact structure of glutamine
is optimal. Removal of the a-carboxyl group resulted in
a loss of activity, suggesting a role for this group in
restriction of rotation of the bulk of the residue or a role
in hydrogen binding. Slight increases in activity of
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benzyl and (S)-a-methylbenzyl groups suggest a hydro-
phobic binding pocket for the pY+4 residue. With the
exception of 3-carboxamidoaniline, constrained cyclic
GIn mimics showed modest losses in activity. Thus, it
may be possible to constrain the CONH;y group to a
conformation close to that of the bound peptide.

The purpose of these studies was to gain information
for the development of peptidomimetic inhibitors of
Stat3. Our results suggest that the design of such
compounds should include the aryl phosphate, the o-NH
of pY+1, an intact side chain CONHs at pY+3, and N-
and C-terminal hydrophobic groups. That peptide 50,
containing these features, was higher in affinity than
our lead peptide 1 confirms our conclusions.

Experimental Section

N*-Protected amino acids were purchased from Advanced
Chemtech, NovaBiochem, ChemImpex, or AnaSpec. HOBt was
from ChemImpex. Rink amide resin was from Advanced
Chemtech, loaded between 0.6 and 0.7 mmol/g. PL-DMA, a
polydimethylacrylamide-based resin, was purchased from
Polymer Laboratories, Ltd. Anhydrous DMF for amino acid
solutions was from Baker. Other solvents were reagent grade
and were used without further purification.

Peptides were purified by reverse-phase HPLC on a Rainin
rabbit HPLC using a Vydac 2.5 cm x 25 cm C18 peptide and
protein column. Gradients of ACN in HsO (both containing
0.1% TFA) or MeOH or ACN in 0.01 M NH4OAc (pH 6.5) at
10 mL/min were employed. Peptides were tested for purity by
reverse-phase HPLC on a Hewlett-Packard 1090 HPLC or an
Agilent 1100 HPLC using a Vydac 4.6 mm x 250 mm C18
peptide/protein column in two systems, one with 0.1% TFA in
both H,O and ACN (systems A—C) and the other with
increasing gradients of ACN or MeOH in 0.01 M NH,OAc, pH
6.5 (systems D—G).

0—40% ACN (0.1%TFA)

10—50% ACN (0.1%TFA)

10—80% ACN (0.1%TFA)

5—45% MeOH in 0.01 M NH4OAc, pH 6.5
15—55% MeOH in 0.01 M NH4OAc, pH 6.5
5—45% ACN in 0.01 M NH4OAc, pH 6.5
15—55% ACN in 0.01 M NH4OAc, pH 6.5

QEmEoQw

All gradients were run at 1.5 mL/min and detection at 230
and 275 nm was performed simultaneously.

Fluorescence Polarization Assays. A 50 uL aliquot of a
solution of 0.8 ug of full length Stat3o (160 nM) and 20 nM of
probe in 50 mM NaCl, 10 mM Hepes, 1 mM NaEDTA, 2 mM
DTT, and 1% NP-40 was placed in wells of a 96-well microtiter
plate. To each well was added 50 uL of a peptide solution in
the same buffer. Fluorescence polarization was then read in a
Tecan Polarian plate reader. With use of Prizm, version 4, from
GraphPad Software, Inc., the mP was plotted against the log
of the peptide concentration and ICsy values were obtained
from non-linear regression analysis in the one-site competition
mode. Peptides were assayed three times using three separate
Stat3-probe preparations. IC5, values are reported as the mean
of three ICsy values + the standard deviation. Full length Stat3
was a gift from Dr. Xiaomin Chen.

Solid-Phase Peptide Synthesis: Automated Method.
Individual reactor vessels on an Advanced Chemtech 348
multiple peptide synthesizer were charged with 0.200 g of Rink
amide resin. Amino acids were dissolved to a concentration of
0.4 M in DMF containing 0.4 M HOBt. For coupling, 2 mL of
amino acid solution and 2 mL of 0.4 M DIPCDI (in CH,Cls)
were transferred to the resin, and the mixture was vortexed
for 1 h. The resin was drained and washed 5x with 4.5 mL of
DMF/CH.Cly. Fmoc removal was accomplished with two treat-
ments of 4.5 mL of 20% piperidine in DMF for 5 and 10 min
each. Resins were washed 5x with DMF/CH2Cl,. Cleavage was
accomplished with three treatments of the resins with 5 mL
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of TFA/TIS/H,0 (95:2.5:2.5)34 for 10 min each. The combined
filtrates sat at room temperature for 2 h. The volumes of the
solvents were reduced, and the solutions were dropped into
ice-cold Et20. After 30 min, the precipitates were collected by
filtration and were washed 2 x more with Et,0. Crude peptides
were dried, and peptides were purified by reverse-phase HPLC.
All peptides were dried over P;Os5 in vacuo at 37 °C, and
peptide contents were calculated from the absorbance at 268
nM using the extinction coefficient € = 695 M~! cm™1.46 Peptide
yields, HPLC retention times, and mass spectra are tabulated
in the Supporting Information.

Solid-Phase Peptide Synthesis: Manual Method.
Manual solid-phase synthesis was carried out on aliquots of
0.20 g of Rink resin (0.6 mmol/g) or Rink-handle derivatized
PL-DMA resin. Fmoc groups were removed with 2 x 5 mL of
20% piperidine for 3 and 7 min each. For coupling, 3-fold
excesses of Fmoc-amino acids, PyBop, and HOBt were used
along with 6-fold excesses of DIPEA in 4 mL of DMF/CH,Cl,.
After coupling and deprotection steps, resins were washed with
3 x 5 mL of DMF/CH;Cls. For the introduction of phospho-
tyrosine, Fmoc-Tyr(PO[NMes]2)-OH was used. Cleavage was
accomplished with three treatments of the resins with 5 mL
of TFA/TIS/H>0 (95:2.5:2.5)%* for 10 min each. The filtrates
were combined. After 2 h, 3 mL of H,O was added and the
reaction sat at room temperature overnight. The volumes of
the solvents were reduced, and the solutions were dropped into
ice-cold Et2O. After 30 min the precipitates were collected by
filtration and were washed 2x more with Et;0. Crude peptides
were dried, and peptides were purified by reverse-phase HPLC.
All peptides were dried over P2:Os in vacuo at 37 °C, and
peptide contents were calculated from the absorbance at 268
nM using the extinction coefficient ¢ = 695. Peptide yields,
HPLC retention times, and mass spectra are tabulated in
Table 1.

Preparation of PL-DMA Resin. Polydimethylacrylamide-
based PL-DMA resin was treated overnight with neat ethyl-
enediamine as described in Arshady et al.*® After thoroughly
washing the resin with DMF/CH;3Cls, Fmoc-Rink linker was
added in 3-fold excess, as calculated from the nominal loading
of 1 mmol/g. Coupling was mediated with 3-fold excesses of
PyBOP, HOBt, and a 6-fold excess of DIEA. On completion of
the coupling as judged by negative ninhydrin tests, the resin
was drained, washed with DMF/CH.Cl; and CH2Cls, and then
dried under vacuum and stored.

Solid-Phase Synthesis of Peptides 27, 28, 39—47. These
peptides were synthesized in parallel on aliquots of 0.20 g of
Rink amide resin (0.6 mmol/g, 0.12 mmol) on an Advanced
Chemtech 348 multiple synthesizer employing a 40-well reac-
tor block. For peptides 27 and 28, the sequence Ac-Tyr(PO-
[NMesl2)-Leu-Pro-Glu(OAll)-Thr(*Bu) (51) was synthesized in
two wells. For peptides 39—47, the sequence Ac-Tyr(PO-
[NMesl2)-Leu-Pro-GIn-OAll (55) was synthesized in 10 wells.
Note that the latter peptide was attached to the resin via the
side chain of the C-terminal Gln by using Fmoc-Glu-OAll. On
completion of the syntheses, the resins were washed with 5 x
4.5 mL of CH2Cls. A solution of 30 mM Pd[PPhsls in CHCls/
AcOH/NMM (37:2:1), 4 mL, was added to each well by syringe
using the automated synthesizer. The reactor was rotated for
2 h. The resin was drained and then washed with 5 x 4 mL of
DMF/CH,Cls, 3 x 4 mL of 2% NaS;CNMe; in DMF, 3 x 4 mL
of 0.5% HOBt in DMF, then 5 x 4 mL of DMF/CHsCl.. Resins
were then derivatized in parallel as follows.

Ac-Tyr(POsH;)-Leu-Pro-Gln(Me)-Thr-NH;, 27. A solu-
tion of 0.6 mmol each of MeNH;Cl, PyBOP, and HOBt plus
1.2 mmol of DIEA in 4 mL of DMF was added to resin-bound
Ac-Tyr(PO[NMes]s)-Leu-Pro-Glu-Thr(‘Bu) in one reactor well.
After 5 h the resin was drained and washed with DMF/CH2Cl,
followed by CH3Cls. The peptide was cleaved with 3 x 5 mL
of TFA/TIS/H0 (95:2.5:2.5) for 10 min each. The combined
cleavage solutions were mixed with 1.5 mL of HyO, and the
solution sat overnight. The TFA volume was reduced, and the
residue was dropped into ice-cold Et;O to precipitate the
product. After the peptide was washed in Et;0, it was purified
by reverse-phase HPLC using a gradient of MeOH in 0.01M
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NH4OAc and purified to give 47.1 mg of peptide. HPLC ¢g (A—
D) 12.63; ESI-MS (M + H) caled 756.75, found 756.5.

Ac-pTyr-Leu-Pro-Gln(Me,)-Thr-NH,, 28. Synthesized as
per 27 except that dimethylamine was coupled to the glutamic
acid side chain. Yield 31.1 mg. HPLC ¢z (A—D) 14.17; ESI-MS
(M + H) caled 770.78, found 770.5.

Ac-Tyr(POsH;)-Leu-Pro-GIn-NHMe, 39. Resin-bound Ac-
Tyr(PO[NMegs]z)-Leu-Pro-Gln-OH was treated with 0.6 mmol
each of MeNH;Cl, DIPCDI, and HOBt in DMF/CH:Cl; plus
0.6 mmol of DIEA in 4 mL of DMF/CH:Cls. After 5 h the resin
was drained and washed with DMF/CHsCly followed by
CH;Cl,. The peptide was cleaved and purified as described
above for 27. Yield 30.3 mg. HPLC ¢ (A) 13.05, (D) 12.16; ESI-
MS (M + H) caled 655.28, found 655.4. Peptides 40—49 were
synthesized as per 39 using the appropriate base.

Synthesis of Ac-Tyr(POsH;)-Leu-Pro-3-carboxamido-
anilide, 33. Boc-proline (0.869 g, 4.04 mmol), 3-aminobenz-
amide (0.500 g, 3.67 mmol), HBTU (1.39 g, 3.67 mmol), and
DBU (1.10 mL, 7.34 mmol) were stirred in 7 mL of DMF
overnight. The solvent was removed in vacuo, and the residue
was taken up in EtOAc and washed with 2% KHSO4, 5%
NaHCOs3, and brine. After drying (MgSO,) and evaporation,
the yield was 0.621 g (1.94 mmol, 53%). The residue was
stirred in TFA for 1 h, and the acid was removed in vacuo.
Toluene was added and evaporated off twice to remove excess
TFA. The residue was stirred in 7 mL of DMF/CHyCl; (1:1).
Boc-Leu-OH (0.492 g, 1.95 mmol), EDC (0.378 g, 1.95 mmol),
and NMM (0.214 mL, 1.95 mmol) were added, and the mixture
stirred overnight. The solvents were removed in vacuo, and
the residue was taken up in EtOAc and washed as before. After
the mixture was dried (MgSO,), the solvent was removed to
yield 0.866 g of a white solid (1.94 mmol, 100%). The product
was treated with 20 mL of TFA for 1 h, precipitated in Et;0,
collected by centrifugation, and washed with Et2O twice more.
After the mixture was dried, the yield was 0.478 g (1.04 mmol,
53%). To 0.300 g (0.652 mmol) of residue in 5 mL of DMF/
CH.Cl; (1:1) was added 0.385 g of Fmoc-Tyr(PO(NMes)2)-OH
(0.716 mmol), 0.137 g of EDC (0.716 mmol), and 0.079 mL of
NMM (0.716 mmol). After overnight reaction, 0.160 mL of
NMM was added and the reaction allowed to proceed over-
night. The solvents were removed in vacuo, and the residue
was taken up in 30 mL of EtOAc. The organic phase was
washed with acid and base as before, dried, and evaporated
to yield 0.150 g of an off-white powder. This residue was stirred
in 1 mL of 2% DBU in DMF for 1 h. Ac20, 40 uL, was added,
and after 2 h the product was precipitated by the addition of
Et,0. It was collected by centrifugation and washed with Et2O.
The product was treated with 3 mL of 90% (aqueous) TFA
overnight, precipitated in Et20, centrifuged, and washed with
Et;0. After purification by reverse-phase HPLC, the yield was
19.1 mg. HPLC ¢g (A) 18.01, (D) 24.88; ESI-MS (M + H) caled
695.31, found 695.3.

Synthesis of (R,S)-Fmoc-pyrrolidine-3-acetic Acid, 58.
To 20 mL of 1:1 acetone/H2O was added pyrrolidine-3-acetic
acid (1.0 g, 6.88 mmol), Fmoc-OSu (2.3 g, 6.88 mmol), and
NaHCO; (2.19 g, 20.6 mmol), and the solution was stirred
overnight. The acetone was removed by evaporation in vacuo,
and the water layer was extracted with 3 x 15 mL of ethyl
acetate. The organic extracts were pooled, dried over MgSOy,,
and filtered, and the solvent was evaporated in vacuo to yield
1.69 g (4.82 mmol, 70% yield) of a white solid. HPLC ¢z (A)
6.453; ESI-MS (M + 1) caled 353.15, found 353.3; 'H NMR
(300 MHz, CDCl3) 6 7.76 (d, 2H, J = 7.35 Hz), 7.60 (d, 2H, J
= 7.54 Hz), 7.39 (tr, 2H, J = 7.34 Hz), 7.31 (tr, 2H, J = 7.53
Hz), 4.40 (m, 2H), 4.24 (m, 1H), 3.73 (m, 1H, C(2)H,), 3.54 (m,
1H, C(5)H,), 3.40 (m, 1H, C(5)Hy), 3.09 (m, 1H, C(2)H},), 2.63
(m, 1H, C(3)H), 2.48 (m, 2H, exoCHy), 2.16 (m, 1H, C(4)H,),
1.64 (m, 1H, C(4)H,); *C NMR (75 MHz, CDCl;) 6 (176.60,
176.34, doublet), 154.91, 144.10, 141.34, 127.67, 127.02, 125.10,
119.96, 67.64 (51.67, 51.32, doublet), 47.76 (45.93, 45.65,
doublet), 37.446 (35.75, 34.67, doublet), 31.89 and 31.10
(doublet).

Synthesis of Fmoc-Glu-NH-Bn, 59. Fmoc-glutamic acid
y-tert-butyl ester (1.00 g, 2.26 mmol) was stirred in 20 mL of
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ACN along with 0.520 g of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (2.71 mmol), 191.7 g of HOBt (2.71
mmol), and 0.247 mL of benzylamine (2.26 mmol). After
overnight reaction, the solvent was removed in vacuo and the
residue was taken up in 100 mL of EtOAc. The organic solution
was washed with 2% KHSO4, 5% NaHCOs, and brine. After
the mixture was dried (MgSO,) and filtered, the solvent was
removed to give a white solid. The residue was treated with
30 mL of TFA/H;0 (95:5) for 1 h, and the solvent was removed
in vacuo. Toluene was added and evaporated 2x to give 1.10
g of a white powder (100% yield), which was used without
further purification: mp 178—180; 'H NMR (300 MHz, DMSO-
dg) 0 8.38 (tr, 1H, NHBn), 7.89 (d, 2H, Fmoc arom, J = 7.4
Hz), 7.74 (d, 2H, Fmoc arom, J = 6.4 Hz), 7.57 (d, 1H, Gln
NH, J = 8.1 Hz), 7.2—7.4 (m, 9H Fmoc, Bn arom), 4.2 (m, 5H,
Fmoc CH-CHg, Bn CHy), 4.06 (m, 1H, Glu aCH), 2.28 (br tr,
2H, Glu yCHy), 1.97 (m, 1H Glu fCH) 1.83(M, 1H, Glu fCH);
1BC NMR (75.5 MHz) 6 174.72, 172.35, 156.87, 144.77, 144.63,
141.58, 140.24, 129.08, 128.50, 127.94, 127.58, 126.18, 120.96,
66.57, 55.00, 47.55, 42.95, 41.21, 31.17, 28.12, 21.60.
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