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AbstractÐPhosphopeptide prodrugs bearing two S-acyl-2-thioethyl (SATE) biolabile phosphate protections were developed. They
are capable to inhibit the Shc/Grb2 interaction and MAP kinases (ERK1 and ERK2) phosphorylation in cellular assay. The S-
acetyl-2-thioethyl (MeSATE) analogue showed an IC50 of 1 mM in the inhibition of the colony formation of tumor cell line
NIH3T3/HER2. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The deregulation of receptor or intracellular tyrosine
kinase activity coupled to Ras activation via Grb21,2 has
been involved in a number of carcinoma development,
such as breast and ovarian cancer and leukemia.3±5

Many chemical inhibitors have been designed to prevent
tyrosine kinases activation and consequently intracel-
lular transduction pathways.6 Another e�ort has been
focused on interrupting the signaling cascade at the level
of protein±protein interactions, such as those involving
SH2 or SH3 domains.7 Numerous synthetic phospho-
peptides corresponding to the SH2 domain binding sites
able to speci®cally block in vitro the interaction of
phosphorylated proteins with SH2-containing protein
targets have been reported.8±10 Moreover, several pro-
tein tyrosine phosphatases resistant phosphotyrosine
mimics have been developed with promising con-
sequences,7 especially 4-phosphonomethylphenylalanine
(Pmp)11 and 4-phosphonodi¯uoromethylphenylalanine
(F2Pmp).12 However, these phospho- and phosphono
peptides are unable to penetrate the bilayer cell mem-
brane due to the negative charge of phosphate or phos-
phonate groups at physiological pH. This problem has
been overcome in biological studies by microinjection13

or electroporation14 of the phosphopeptides into cells or
by coupling the phosphopeptides with cell-permeable
peptide sequences.15,16 However, these approaches

provide little encouragement for ultimate therapeutical
usefulness.

We have shown previously that mononucleoside phos-
photriester derivatives, bearing S-acyl-2-thioethyl (SATE)
groups were able to deliver the corresponding mono-
phosphate inside cells through an esterase-mediated acti-
vation process.17,18 This result prompted us to circumvent
the poor cellular permeability of phosphopeptides by the
use of this mononucleotide prodrug approach.

In the present work, we describe the design of a phos-
phopeptide prodrug, with O-phosphate protected by
two SATE groups, namely S-pivaloyl-2-thioethyl
groups (tBuSATE) and S-acetyl-2-thioethyl groups
(MeSATE). The phosphopeptide, derived from Shc317,
was optimized to have minimum side chain functiona-
lized residues still retaining high binding a�nity for the
SH2 domain of Grb2. The in vivo capacities of phos-
phopeptide prodrugs in inhibiting the interaction
between Shc and Grb2, and the phosphorylation of
MAP kinases (ERK1 and ERK2), in ER22 cells stimu-
lated by EGF are reported. We present also the e�ects
of these two phosphopeptide prodrugs in inhibiting the
colony formation in tumor cell line NIH3T3/HER2.

Chemistry

Synthesis of peptides listed in Table 1 was carried out by
solid phase peptide synthesis using Fmoc strategy. The
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Fmoc protected Pmp and F2Pmp were prepared
according to our published methods.19,20 Fmoc-pTyr-
(tBuSATE)2-OH and Fmoc-pTyr(MeSATE)2-OH were
obtained following the method developed by MatheÂ et
al.21 Except for the prodrugs 5 and 6, peptides were
synthesized by classical DCC/HOBt coupling method or
using BOP/HOBt/DIEA coupling.22,23

The SATE groups appear to be mono-deprotected by
20% piperidine, conditions for Fmoc deprotection in
solid phase peptide synthesis, but they remained in 2%
1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) in CH2Cl2,
conditions used to remove Fmoc group. Moreover,
these biolabile phosphate protecting groups are also
sensitive to solutions containing more than 50% TFA,
which are absolutely necessary for removing certain
amino acid side-chain protecting groups such as trityl
group for amide protection. Therefore, the Asn residue
was coupled by active ester method using Fmoc-Asn-
OPfp to minimize its side-chain dehydration.24 Phos-
photyrosine protected by tBuSATE or MeSATE has
been introduced through the e�cient coupling agent
O-(7-azobenzotriazol-1-yl)-1,1,3,3-tetramethyluronium-
hexa¯uorophosphate (HATU),25 in the presence of
DIEA due to the very small quantity available for the
synthesis. In fact, in place of 10 equiv of amino acid
generally used, only 2 equiv of Fmoc-pTyr(RSATE)2-
OH were used.

Starting from the acid sensitive Siber amide resin,26

following stepwise coupling/deprotection cycles, the
expected phosphopeptide prodrugs were obtained after
cleaving the peptidyl resin with 2% TFA. About 20% of
peptide with amide side chain of Asn dehydrated to
nitrile were isolated.

Results and Discussion

Design of the phosphopeptide prodrugs

As we mentioned above, phosphonopeptides are phos-
phatases resistant analogues of phosphopeptides.
Nevertheless, the phosphonopeptides of Shc Y317
sequence containing Pmp or F2Pmp showed about 15-
fold lower a�nities (peptide 2, Kd=260 nM; peptide 3,

Kd=200 nM) than the phosphopeptide (peptide 1,
Kd=18 nM), although in some cases the molecules
containing F2Pmp and even Pmp have similar a�nities
for SH2 domains as the corresponding pTyr-containing
molecule.28,29

Thus, a phosphopeptide was then selected as peptide
model to apply a prodrug strategy. For attaining best
cellular uptake and to facilitate the peptide synthesis, it
is clear that the peptide prodrug should contain less
possible polar functional groups. Therefore, we have
optimized the residues surrounding pTyr (results not
shown) to avoid side-chain functional groups. The
optimized peptide 4 (Kd=30 nM), with modi®ed N- and
C-terminal functions and containing only one side chain
functionalized residue Asn (which is essential for the
recognition of the SH2 domain of Grb2), was taken as
parent peptide of prodrug.

The O-tyrosinyl phosphate function of this peptide was
protected by two di�erent SATE groups, namely tBu-
SATE and MeSATE, in order to evaluate the in¯uence
of their lipophilicity, their kinetics of decomposition
and the biological activity of the corresponding phos-
phopeptide prodrugs 5 and 6 respectively. As expected,
phosphopeptide prodrugs 5 and 6 showed no a�nity for
Grb2 by ¯uorescence measurement with no visible
increase in Grb2 ¯uorescence intensity.

Cellular test of phosphopeptide prodrugs 5 and 6

The new phosphopeptide prodrugs 5 and 6 were tested
on ER22 cells (Hamster ®broblasts overexpressing
human EGF receptor) for their capacity to inhibit both
Shc/Grb2 interaction and MAP kinases phosphoryla-
tion (Fig. 1).

Cells were grown to con¯uence, blocked in G0 phase
and incubated with the tested peptide overnight. Cells
were then EGF-stimulated for 5 min and lysed. Grb2
complexes were pulled-down using sepharose beads
coupled to VPPPVPPRRR peptide, a ligand of Grb2-
SH3 domains, and the precipitated proteins were then
analysed through western blot.30 While Grb2 amounts
were constant (data not shown), the three bands corre-
sponding to the di�erent isoforms of Shc decreased in a
dose dependent manner in presence of the phosphopep-
tide prodrugs 5 and 6 in the cellular medium as shown
in Figure 1.

The two prodrugs were also able to inhibit the MAP
kinases ERK1 and ERK2 phosphorylation consequent
to the EGF stimulation (Fig. 2).

Di�erences were found in the inhibitory activities of
the tested compounds. Under the assays conditions,
the MeSATE phosphopeptide prodrug 6 emerged as the
most potent inhibitor of both Shc/Grb2 association
and MAP kinases activation. Moreover, in contrast
to tBuSATE derivative 5, the prodrug 6 inhibits e�-
ciently the cloning on soft agar of NIH3T3 cells trans-
fected by the oncogene HER2 (Fig. 3), with an IC50

around 1 mM.

Table 1. A�nity of phospho- and phosphonopeptides for Grb2

measured by ¯uorescence

No. Sequence Kd (nM)a

1 Pro-Ser-pTyr-Val-Asn-Val-Gln-Asn (Shc317) 18�2
2 Pro-Ser-Pmp-Val-Asn-Val-Gln-Asn 260�10
3 Pro-Ser-F2Pmp-Val-Asn-Val-Gln-Asn 200�15
4 Ac-Pro-Phe-pTyr-Val-Asn-Val-Pro-NH2 30�5
5 Ac-Pro-Phe-pTyr(tBuSATE)2-Val-Asn-Val-Pro-NH2 Non-detectable
6 Ac-Pro-Phe-pTyr(MeSATE)2-Val-Asn-Val-Pro-NH2 Non-detectable

aFluorescence variations of Grb2 after binding with peptides were recorded
on a Perkin±Elmer ¯uorimeter at 25 �C as described in Cussac et al.27 The
excitation was at 292 nm (bandwidth 5 nm) and emission was recorded at 345
nm (bandwith 5 nm). The dissociation constants Kd were determined by the
Michaelis±Menten type curve ®tting equation described in Cussac et al.27

using `enz®t' software.
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The present results demonstrate that the SATE phos-
phopeptide prodrugs 5 and 6 allow the e�cient intra-
cellular delivery of biologically active phosphopeptide
4, circumventing its low membrane permeability.
According to the proposed decomposition pathways of
SATE phosphopeptide prodrugs,21 di�erences observed

between the cellular evaluation of the two studied SATE
prodrugs, which di�er by a variation of the alkyl chain
in the immediate vicinity of the thiol ester functionality,
may be explained by their decomposition kinetics.
Indeed, we have previously demonstrated, through the
study of mononucleoside bis(SATE)phosphotriester
derivatives,17 that a sterically hindered environment
around the carboxyl group of the SATE protection
increases the enzymatic stability (esterase-depending) of
the corresponding prodrugs. Compared to the MeSATE
analogue 6, the tBuSATE phosphopeptide prodrug 5
could lead to a slow delivery of the parent phospho-
peptide 4 inside cells and, due to the simultaneous
activity of cellular phosphatases and peptidases, `su�-
cient' intracellular concentrations of the drug could not
be reached in order to inhibit the growing of NIH3T3/
HER2 tumor cells. Furthermore, an e�cient inhibition
of Ras signaling pathway may need a fast intracellular
accumulation of the phosphopeptide in the early events
of cell proliferation. Thus, a close correlation between
the kinetic release of the phosphorylated derivative from
its prodrug and the expression of targeted cellular
process may be a critical factor in the design of such
phosphopeptide prodrugs. In this respect, it was already
suggested that once bound to the SH2 domain, the
phosphopeptide is less susceptible to dephosphorylation
by phosphatases.31

It is interesting to note, that a F2Pmp-containing phos-
phonopeptide prodrug with one pivaloxymethyl (POM)
protecting group has been reported and demonstrates
good cellular delivery and reconversion rate.32 There-
fore, the prodrug strategy can be applied both for
phospho and phosphonopeptides.

In conclusion, we clearly show herein the possibility to
target an SH2 domain using phosphopeptide prodrugs
which incorporate SATE biolabile phosphate protec-
tions. The tBuSATE and MeSATE phosphopeptide

Figure 2. Inhibition of the MAPKinases ERK1 and ERK2 activation
on ER22 cells treated by Ac-PFpYVNVP-NH2 alkyl-SATE prodrugs.
Con¯uent cells in G0 phase were incubated with 10 mM of each pep-
tide (tBuSATE and MeSATE) or bu�er alone (control) overnight,
then stimulated with EGF (30 ng/mL) 5 min and lysed. Western blot
using anti-active MAP kinase antibody was made on 10 mg cellular
extracts treated or not with prodrugs (histogram shows mean values of
each prodrug e�ect on ERK1 and ERK2 activation). MeSATE (pro-
drug 6) is clearly more e�cient than tBuSATE (prodrug 5) for inhi-
biting ERK1 and ERK2 phosphorylation. Peptide 4 gave same result
as the control (data not shown).

Figure 1. Inhibition of Grb2/Shc interaction by Ac-PFpYVNVP-NH2
alkyl-SATE prodrugs on ER22 cells. Con¯uent cells in G0 phase were
incubated with the drugs overnight, then stimulated with EGF (30 ng/
mL) 5 min and lysed. Grb2 was precipitated with VPPPVPPRRR
sepharose beads and, after degradation, electrophoresis and transfer,
western blot was made using Shc antibody. While MeSATE prodrug 6
is clearly more e�cient than tBuSATE derivative 5, peptide 4 does not
inhibit Grb2/Shc interactions. Only the anti-Grb2 blot with peptide 4
is shown. Prodrugs 5 and 6 gave the same result and clearly showed a
constant rate of Grb2 (data not shown).

Figure 3. Inhibition of NIH3T3/HER2 cells cloning e�ciency by Ac-
PFpYVNVP-NH2 alkyl-SATE prodrugs. NIH3T3/HER2 cells were
grown on soft agar medium with peptide prodrugs and colonies were
counted after 3±4 weeks. While tBuSATE (prodrug 5) was not really
e�cient, MeSATE (prodrug 6) was able to inhibit the cells cloning
e�ciency with an IC50 <1 mM.
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derivatives 5 and 6 are able to enter cells and are
hydrolyzed to the parent phosphopeptide 4. The
MeSATE protection appears to be more e�cient, parti-
cularly on NIH3T3/HER2 cloning inhibition.
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