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and O-malonyltyrosine as pTyr mimetics for the design
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Abstract—Investigation within the pTyr-binding pocket of the STAT3 SH2 domain led us to develop a novel synthesis of two pTyr
mimetics, LL-tetrazolylmethylphenylalanine (LL-Tmp) and LL-O-malonyltyrosine (LL-OMT), that were next incorporated in a high affin-
ity ligand of STAT3 SH2 domain. Biological evaluation of peptidomimetics on STAT3 dimerization identified LL-OMT as the first
non-phosphorus pTyr mimetic so far reported against STAT3 SH2 domain, harboring an activity similar to that of the Pmp-con-
taining reference peptidomimetic.
� 2007 Elsevier Ltd. All rights reserved.
Signal Transducer and Activator of Transcription 3 is a
latent cytoplasmic transcription factor that plays a key
role in cancer, by regulating as a dimer the expression
of anti-apoptotic or pro-survival genes.1 In response to
extracellular stimuli, STAT3 is recruited to phosphory-
lated receptors via its SH2 domain. It then becomes
phosphorylated on Tyr705 by kinases such as JAK or
Src, or as a result of the intrinsic tyrosine kinase activity
of the receptor. STAT3 then dimerizes through recipro-
cal interaction between the SH2 (Src Homology 2)
domain of one monomer and the pTyr residue of a
second one.

To design small inhibitors of STAT3 dimerization, a
powerful strategy consists in using phosphotyrosine-
based peptidomimetics targeted to the SH2 domain of
STAT3.2

Although a pTyr residue is essential in recognition and
potent binding by SH2 domain, its hydrolytic lability
to cellular phosphatases and poor cell penetration due
to is dianionic charge limit its use for inhibitor design.

Accordingly, pTyr mimetics have been developed to ad-
dress these drawbacks while retaining recognition within
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the pTyr-binding pocket.3,4 These include phosphonic or
acidic non-phosphorus-based phenylalanine com-
pounds. While in vivo efficiency of phosphonate deriva-
tives seems to depend on the mode of cell delivery, the
latter compounds may offer alternative approaches by
facilitating cell penetration.5

Among them, carboxylic groups or its more lipophilic
bioisostere tetrazole have been used to mimic acidic
phosphate group.6–8

Although phosphopeptidomimetic inhibitors of STAT3
dimerization have been reported,9–11 to date, only one
study examines the use of non-hydrolyzable pTyr
mimetics.9 In this paper, pTyr moiety was replaced
either by LL-4-(phosphonomethyl)phenylalanine (Pmp),
LL-4-(carboxyl)phenylalanine (Cpa) or LL-4-(tetrazol-5-
yl)-phenylalanine (Tpa) in a high affinity ligand of the
STAT3 SH2 domain, Ac-pYLPQTV.9 Pmp was found
to be the most potent mimetic, although being 40-fold
less active than its phosphate analog.

We surmised that the loss of activity of Cpa and Tpa
peptides relative to their pTyr analog was due to their
shorter acidic side chains and thus decided to synthesize
pTyr mimetics bearing longer side chains. This paper
describes the novel synthesis of two pTyr mimetics,
LL-4-((tetrazol-5-yl)methyl)phenylalanine (Tmp) and
LL-(O-malonyl)tyrosine (OMT) and their further biological
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Scheme 2. Reagents and conditions: (a) NaH, THF, �40 �C to rt; (b)

LiOH 0.2 N, THF, 0 �C.
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evaluation on STAT3 dimerization, when incorporated
in the Ac-pYLPQTV sequence.

Tilley et al. previously reported a synthesis of racemic
Tmp 5, that is not well suited for our peptidomimetic de-
sign, since it leads to two diastereoisomers.12

Therefore, we developed an enantioselective synthesis of
Na-protected LL-tetrazolylmethylphenylalanine 5, based
on a procedure developed by Oppolzer, which allows
the obtention of a-amino acids with excellent enantio-
meric purities (>99.5% e.e.) (Scheme 1).13 Chiral
auxiliary 1 was alkylated by 4-(cyanomethyl)-benzylbro-
mide in the presence of BuLi to afford compound 2 in
60% yield. Imine function was then hydrolyzed by treat-
ment with 0.5 N HCl in THF, followed by N-acetylation
with acetic anhydride to give compound 3 in 95% yield.

Removal of the sultam group was achieved by hydroly-
sis with ice-cold 0.2 N LiOH in THF to provide acetyl-
LL-4-(cyanomethyl)-phenylalanine 4 in 98% yield.

The nitrile group was finally converted to the corre-
sponding tetrazolyl function, by reaction with azidotri-
methylstannane in dry toluene under reflux to give
final compound 5 in 40% yield.14

The synthesis of LL-O-(2-malonyl)tyrosine (OMT) 7, suit-
ably protected for solid-phase peptide synthesis with
Fmoc chemistry, was first reported by Burke et al. with
the use of di-tert-butyl diazomalonate, which is a toxic
and potentially explosive derivative.15,16

We describe here a shorter and safer synthesis using
di-tert-butyl bromomalonate (Scheme 2).

Fmoc-LL-Tyr-OMe was alkylated by di-tert-butyl bromo-
malonate17,18 in the presence of NaH to give the malonyl
Scheme 1. Reagents and conditions: (a) BuLi 2.5 M in hexane, HMPA, TH

LiOH 0.2 N, THF, 0 �C; (d) Me3SnN3, toluene, reflux.
adduct 6 in 70% yield.19,20 Selective methyl ester hydro-
lysis was then accomplished using ice-cold 0.2 N LiOH
in THF, without removal of the base-labile Fmoc group,
to give final compound 7 in 98% yield.15

Structural data of final compounds 5 and 7 are given in
note 21.

To investigate the structural requirements within the
pTyr-binding pocket, three other pTyr mimetics, includ-
ing Tpa, Pmp, and LL-O-(carboxymethyl)phenylala-
nine,14,23,24 were also prepared and introduced in the
Ac-pYLPQTV sequence (Table 1). Peptide synthesis
was performed on solid phase on HMP resin by Fmoc
chemistry.22
F, �78 �C to rt; (b) i—0.5 N HCl in THF, rt; ii—acetic anhydride; (c)



Table 1. Disruption of STAT3 dimerization and DNA-binding by

peptides

Compound X: IC50
a (lM)

8b 9 ± 0.6

9b 138 ± 29

10b >800

11 >1000

12 >1000

13 108 ± 21

a IC50 values expressed with standard error.
b See Ref. 9.
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In vitro evaluation on STAT3 dimerization was car-
ried out through pre-incubation of peptides with nu-
clear extracts containing STAT3 dimer for 30 min at
room temperature, before incubation in an ELISA
plate pre-coated with oligonucleotides. This test as-
sesses the ability of compounds to inhibit STAT3
DNA-binding. It thus indirectly reflects their ability
to inhibit STAT3 dimerization. Results are reported
in Table 1.

These data indicate that substituting the phosphate
group with either anionic tetrazole groups (peptides 10
and 11) or a monocarboxylic group (peptide 12) strongly
impairs inhibition. These results agree with those ob-
tained by McMurray et al. for Tpa and Cpa9 and sug-
gest that a monoacidic moiety may be not sufficient
for STAT3 SH2 binding, regardless of acid chain length.

In fact, it is well established that STAT3-pTyr pocket is
mainly constituted by the side chains of the two basic
residues Lys591 and Arg609, as well as by those of Ser
611 and Ser 613.25 It is thus conceivable that one addi-
tional negative charge may be required for effective
binding.
Indeed, introduction of an additional carboxyl group in
the geminal position of peptide 12 led to a compound
exhibiting moderate activity (IC50 = 108 lM for peptide
13), which is slightly better than that of the Pmp-con-
taining reference peptidomimetic 9 (IC50 = 138 lM).

Noteworthy, 9 was found in our ELISA only 17-fold less
potent than its phosphate analog 8. This result differs
from previous experiments by McMurray et al., where
it was found 40-fold less active in an EMSA (Electro-
phoretic mobility shift assay).9

Thus, our results strongly suggest that a diacidic
function is required for efficient binding to the
STAT3-SH2 domain, as is the case for malonate and
phosphonate groups.

In fact, numerous pTyr mimetics have been described in
the literature, but their potencies depend on the protein
type.3,4

For instance, Pmp was found to be the most potent mi-
metic against Grb2 SH2 domain,26 while O-malonate
was found more potent against Src and SH-PTP2 SH2
domains.15 In the case of the STAT3 SH2 domain, our
data revealed that both anionic functions could be used
as phosphate alternatives for the future design of non-
peptidic STAT3 dimerization inhibitors.

In conclusion, our work has resulted in the novel
syntheses of two pTyr mimetics, namely LL-4-((tetrazol-
5-yl)methyl)phenylalanine (LL-Tmp) and LL-O-malonylty-
rosine (LL-OMT). More importantly, their incorporation
into a high affinity ligand yielded OMT as the first non-
phosphorus-containing pTyr mimetic so far reported
against the STAT3 SH2 domain.
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