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ABSTRACT: This paper describes the design of the highest affinity ligands for Grb2 SH3 domains reported
so far. These compounds were designed by combiningN-alkyl amino acid incorporation in a proline-rich
sequence with subsequent dimerization of the peptoid sequence based on structural data and molecular
modeling. Optimization of the linker size is discussed, and theN-alkyl amino acid incorporation into
both monomeric halves is reported. Because the affinity for Grb2 of the optimized compounds was too
high to be measured using the fluorescent modifications that they induce on the Grb2 emission spectrum,
a competition assay was developed. In this test, Grb2 is pulled down from a cellular extract by the initial
VPPPVPPRRR peptide bound to Sepharose beads. In the presence of competitors, the test quantifies the
amount of Grb2 displaced from the beads. It has enabled us to determine aKi value in the 10-10 M range
for the highest affinity Grb2 peptoid analogue dimer.

Grb21 (growth factor receptor-bound protein 2) is the most
extensively studied adaptor protein involved in growth factor-
stimulated signaling pathways (1, 2). It is constituted by one
SH2 (Src homology 2) domain surrounded by two SH3
domains. Grb2 binds tyrosine-phosphorylated proteins by
means of its SH2 domain and interacts with several proline-
rich motifs containing proteins through its SH3 domains (3).
Sos, the nucleotide exchange factor for Ras (4, 5), is the
most important ligand of Grb2 SH3 domains. Thus, the
recruitment of Grb2-Sos at the membrane promotes Ras GTP
loading and subsequent stimulation of the mitogen-activated
protein (MAP) kinase cascade involved in the control of cell
growth and differentiation (4, 6-9). Anarchic proliferation
observed in leukemia and several cancers has been related

to the dysfunction of receptors or intracellular proteins with
tyrosine kinase activity, coupled to p21 Ras activation
(10-12).

To provide antiproliferative agents, synthetic phospho-
tyrosine-containing peptides were designed that inhibit the
interaction between the SH2 domain of Grb2 and either
RTKs or adaptators such as Shc with IC50 values in the
10-8-10-9 M range (13, 14). Another approach, which
consists of inhibiting the interaction between Sos and the
two SH3 domains of Grb2, was also developed in our
laboratory (15). Thus, to attain simultaneous interactions with
both SH3 domains of Grb2, peptidimers have been designed
by coupling two proline-rich sequences from Sos using
linkers of different sizes. Some of these peptides have shown
very high affinities for Grb2, withKd values in the 10-8 M
range, and are able to inhibit Grb2-Sos interaction in vitro.
In this paper, we describe an approach developed in order
to design novel dimers, with increased affinities for Grb2.
After having optimized the length of the linker, we were
able to further improve the Grb2 binding affinities of
peptidimers by introducing N-alkylated residues on each
monomeric half. The resulting analogues contain valines and
arginines which are not N-alkylated. As such, they are not
actual peptoids. We therefore will denote them as “peptoid
analogues”. Because the affinity values of such dimers for
Grb2 were too strong to be evaluated with a fluorometric
measurement (15), we have developed, on a cellular extract,
a competition assay between Grb2 and the VPPPVPPRRR
sequence loaded on Sepharose beads. This assay, based on
proline-rich peptide pull-down experiments, provided a
measure of inhibition concentrations (IC50 values) for each
competitor, which allowed calculatingKi inhibition constants.
The test was validated by the good similarity observed of
Ki values measured for the VPPPVPPRRR sequence and its
dimer as compared toKd measurement by fluorescence. It
allowed to measure for a peptoid-dimer complexed to Grb2
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a subnanomolarKi value. The use of the present test could
be generalized to quantify affinity constants for the formation
of exceptionally tight-binding ligand-receptor complexes.
Finally, molecular modeling has unraveled new ligand-Grb2
interactions occurring along the surface of the SH3 platforms
that provided a structural explanation for the increase of Grb2
affinity.

MATERIALS AND METHODS

Fluorescence Experiments.Grb2 was a gift from Dr P.
Chardin (Nice, France). Fluorescence measurements were
performed on a Perkin-Elmer fluorometer in a 10× 10 mm
cuvette at 25°C with stirring. Briefly, the excitation was at
292 nm (band with 2.5 nm), and emission was recorded at
345 nm (band with 5 nm). The buffer was 50 mM Hepes,
and 1 mM DTT, pH 7.5. Since the addition of high amounts
of peptides also increased the final volume by a few percent,
a correction was introduced to take the dilution factor into
account in the corresponding experiments. The determination
of Grb2-peptide equilibrium constants (Kds) was performed,
as described by Cussac et al. (16), assuming a simple
bimolecular association.

Considering the equilibrium Grb2+ P / Grb2-P, one
obtains the equation [Grb2-P]2 + [Grb2-P]{y - [Grb2]0
- Kd} - [Grb2]0y ) 0,where [Grb2]0 is the total concentra-
tion of active Grb2 andy represents the added peptide
concentration. Resolving such an equation leads to its
determinant calculation:∆ ) (y - [Grb2]0 - Kd)2 +
4[Grb2]0y. ln the case of [Grb2]0 . Kd, it is possible to
approximatey - [Grb2]0 - Kd to y - [Grb2]0, and we obtain
the simplified expression for the∆ value ([Grb2]0 + y)2.
Derived solutions for the initial equation are then [Grb2-P]
) [Grb2]0 or [Grb2-P] ) y. Wheny < [Grb2]0, [Grb2-P]
is directly proportional toy (all free Grb2 present in solution
is immediately complexed upon dimer addition: [Grb2-P]
) y) and wheny > [Grb2]0, all Grb2 is consumed and
[Grb2-P] ) [Grb2]0. Consequently, since fluorescence
changes∆F are directly related to the fraction of the Grb2-P
complex, the representation of∆F ) f(y) in the case of
[Grb2]0 . Kd will be constituted by two straight lines
crossing one another at a point corresponding toy ) [Grb2]0.
So, in these conditions, noKd determination was possible
as described for the peptoid analogue dimers11 and12 in
this paper.

Antibodies.The anti-Grb2 antibody was purchased from
Santa Cruz Biotechnology Laboratories (Santa Cruz, CA).
The secondary antibody coupled to peroxidase was from
Amersham.

Cells and Preparation of Cell Lysates.Adherent ER22
cells (hamster fibroblasts overexpressing the human epider-
mal growth factor receptor) were a gift from Dr. J. Pouys-
segur, France. They were routinely grown and lyzed at the
subconfluence state as described in Vidal et al. (40). The
same stock solution of cellular extract was used for all of
the competition experiments.

Peptide Coupling to Sepharose Beads.One milligram of
the peptide derived from the Sos sequence (VPPPVPPRRR)
was coupled to 1 mL of CNBr-activated Sepharose 4B
(Pharmacia, Piscataway, NJ), according to Hermanson et al.
(41).

Competition between Grb2/VPPPVPPRRR Bead Associa-
tion. VPPPVPPRRR beads (30µL) were incubated overnight

at 4 °C with 20 µg of cell lysate in the presence of the
inhibitory peptide at the appropriate concentration. Beads
were washed four times (15 min) with PBS and 0.01%
Tween 20 at 4°C. Affinity-precipitated proteins were eluted
by boiling sodium dodecyl sulfate sample buffer for 5 min
and submitted to SDS-polyacrylamide gel electrophoresis.

Immunoblotting Experiments.As we have already de-
scribed (40), Grb2-precipitated protein was submitted to a
western blot and revealed by the enhanced chemilumines-
cence method (ECL, Amersham).

Ki Calculation. In the competition test allowing the
determination of IC50, the interaction between Grb2 and the
VPPPVPPRRR peptide loaded on Sepharose beads is quite
comparable to the interaction between a radioligand and its
receptor, and it is possible to calculate aKi value since the
affinity (Kd) of the VPPPVPPRRR sequence for Grb2 is
known (18 µM). In these conditions, according to the
Cheng-Prusoff relation (34), Ki ) IC50/(1 + L/Kd), where
IC50 denotes the value of the competitor concentration able
to displace 50% of the interaction (determined by the
competition test),L the concentration of the displaced ligand,
andKd its affinity for Grb2 (18µM).

Since VPPPVPPRRR is able to displace the interaction
between Grb2 and the VPPPVPPRRR peptide loaded on
Sepharose beads with an IC50 ) 358 ( 22 µM, this means
that the peptide concentrationL has the same value (con-
sidering that beads have no influence for the interaction).
So, the expression ofL/Kd is 358/18) 19.9 and theKi value
is IC50/(1 + 19.89). For the VPPPVPPRRR peptide,Ki )
358/20.9) 17.1 µM. This value is in the same magnitude
order of theKd value of VPPPVPPRRR (18µM) for Grb2
through the fluorescent test and allowed us the calculation
of Ki values for all of the competitors. These values are
simply calculated by the relationKi ) IC50/20.9 for each
competitor.

Chemistry.The synthesis of peptides was carried out by
using the stepwise solid-phase method of Merrifield on an
Applied Biosystems (ABI) 431A automated peptide synthe-
sizer with small-scale Fmoc chemistry. For the symmetric
peptide dimers, Fmoc-Lys(Fmoc)-OH or Fmoc-DAP(Fmoc)-
OH was loaded on the HMP resin by DCC/DMAP. After
deprotection of both Fmoc groups of the lysine residue by a
solution of 20% piperidine in NMP, residues of spacers (Aha)
and both of the proline-rich sequences were prolonged simul-
taneously by subsequent DCC/HOBt coupling. Concerning
the asymmetric peptide dimers, Fmoc-Lys(Alloc)-OH was
used in place of Fmoc-Lys(Fmoc)-OH. After deprotection
of the Fmoc group and introduction of the first peptide se-
quence, with the last N-terminal residue in Boc form on the
R-NH2 group of the linker lysine, the Alloc protecting group
of the side chainε-NH2 of lysine was removed by 3 equiv
of Pd(PPh3)4 in 8 mL of CHCl3/AcOH/NMM (37/2/1) for 2
h under nitrogen at room temperature. The second proline-
rich sequence was then introduced on the side chain of lysine.
For the synthesis of N-alkylated peptide dimers, the Fmoc-
Lys(Fmoc)-OH was loaded on the HMP resin. The first four
residues of the proline-rich sequence were coupled by DCC/
HOBt and the Fmoc groups removed by piperidine. The
bromoacetic acid was then added by double coupling using
DIC in DMF. The bromides were then substituted by a 2 M
solution of (S)-(R-phenyl)ethylamine in DMSO with a
repetition. The valine residues were coupled by double
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coupling with TFFH/DIEA in DMF. The remaining residues
were introduced by the DCC/HOBt coupling.

Peptides were then deprotected and cleaved from the resin
by treatment with 10 mL of TFA/H2O/TIPS (9.50/0.25/0.25
in volume) for 3 h atroom temperature. The filtrates from
the cleavage reactions were evaporated and precipitated in
cold ether. The peptide precipitates were collected by centri-
fugation and washed several times with cold ether. Crude
peptides were purified by reverse-phase HPLC on a Vydac
Cl8 column (5µm, 250× 10 mm) using acetonitrile gradients
with 0.1% of TFA. The molecular weight of peptides were
verified by ion electrospray mass spectrometry.

Molecular Modeling.Molecular modeling used the Dis-
cover software from Accelrys (Accelrys, Inc.) and the
AMBER force field (40). A distance-dependent dielectric
constant of 4 was used (ε ) 4r). The peptidimer was fully
relaxed, as well as the side chains of the protein. We started
from the structure initially derived in our laboratory for the
standard peptidimer (15) and substituted Pro4 on both
N-terminal sides byN-alkylglycine. A first round of con-
strained energy minimization was done by enforcing overlap
of the modified peptidimer with the standard one, followed
by unconstrained energy minimization. A similar procedure
was applied to yield the antiparallel complex, after rotating
by 180°, using computer graphics, the peptidimer around an
axis grossly perpendicular to the main direction of the SH3
domains. The main chain atoms of the Grb2 protein were
frozen in the first docking stage, and up to 6000 steps of
energy minimization with the BFGS algorithm were per-
formed. In the last step, energy minimization was resumed,
with additional relaxation of the main chain atoms of the
protein residues involved in peptidimer binding. Convergence
was attained with rms derivative values of 10-4.

RESULTS

Proline-Rich Sequence Optimization.It was previously
described that Sos, which interacts with Grb2 through its
C-terminal region (6), contained different PXΦPXR con-
sensus proline-rich sequences (Φ ) hydrophobic amino acid,
X ) any amino acid) required for SH3 domain type II
recognition (3, 16). Their affinity for Grb2 had been
measured by fluorescence. Proline-rich peptides have been
docked following NMR data (17-19) at the surface of the
three-dimensional structure of Grb2 determined from X-ray
(20). Thus, we observed that the carboxylate moieties of the
peptides were in a relatively close proximity, namely, in the
10 Å range. Therefore, as a first step, we linked two such
proline-rich sequences through the carboxyl groups. The
linker was constituted by two aminohexanoic acid residues
(Aha) connected via their carboxylate to the two amino
groups of a lysine to provide sufficient flexibility for a better
adaptation of the two proline-rich sequences at the surface
of the Grb2-SH3 domains. Dimer2 containing VPPPVP-
PRRR and PESPPLLPPR, two sequences found in Sos, was
compared to the monomer1, VPPPVPPRRR, by affinity
measurement through fluorescence. As shown in Table 1,
dimer2 exhibits aKd value of 300 nM for Grb2, as compared
to 18 µM in the case of monomer VPPPVPPRRR. This
increased affinity suggests a simultaneous interaction of
peptidimer2 with both SH3 domains of Grb2. This was
confirmed by the much lower affinities measured between

Grb2 and control peptides, where the second proline-rich
sequence was either deleted (compound3, Kd ) 17 µM) or
replaced by the same but scrambled proline-rich sequence
(peptidimer 4, Kd ) 14 µM), devoid of the consensus
PXΦPXR motif. These results validate the development of
the dimerization approach for increasing the affinity for Grb2
of proline-rich peptides. Since, the monomeric VPPPVP-
PRRR sequence exhibited the higher affinity for both C- and
N-SH3 domains of Grb2 (16), dimer5, constituted by two
identical VPPPVPPRRR sequences, was synthesized and
shown to exhibit a very high affinity for Grb2 with aKd

dissociation constant of 50 nM.
Linker Length Optimization.The first chosen linker was

constituted by one lysine and two aminohexanoic acids in
order to provide both flexibility and symmetry for interacting
with both SH3 domains. Since this connector having two
aminohexanoic groups (compound5) appeared, on the basis
of preliminary molecular modeling, a little too long, we
decided to optimize the length of the connector. Therefore,
only one aminohexanoic acid was added with the lysine
(compound6), and a connector made out of a lysine alone
(compound7) was tested as well. The distance between the
two carboxyl groups amounting to 10 Å, lysine alone as
linker, appeared a priori too short to optimally connect two
peptides that were individually docked along the surface of
the two SH3 domains. Nevertheless, lysine-connected pep-
tidimer 7 was endowed with the same affinity for Grb2 as
compound6.

Table 1: Peptide Affinities for Grb2 (Kd Values inµM): Influence
of Proline-Rich Sequence and Linker Sizea

a The affinities of the proline-rich peptides for Grb2 have been
measured using a fluorescence test and are expressed asKd (dissociation
constant) values (inµM). NM: not measurable. We observed a strong
variation of fluorescence, but it was impossible to obtain a fit with
classical mathematical models of 1/1 or 1/2 peptide/Grb2 interaction.
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Molecular modeling of compound7 complexed with Grb2
shows only limited deformations of Grb2, possibly explaining
its high affinity (15).

We have next evaluated the effect of reducing the length
of the connecting lysine side chain in such a way as to avoid
bis-interaction. Reduction of the dimer connector length was
obtained by introducing a 2,3-diaminopropionic acid residue
(molecule8 in Table 1) in place of the lysine. In this amino
acid, the side chain has only two methylene groups instead
of four as in a lysine. Therefore, if the shorter DAP was
used instead of Lys as a linker, spanning of both SH3
domains of one Grb2 protein by the dimer would be pre-
vented, and one could expect a 1/1 or a 1/2 stoichiometry of
the complex. Upon addition of the DAP-linked peptidimer
to Grb2, a variation of fluorescence was observed. However,
analysis of the signal (Enzfit software; see ref21) did not
fit classical mathematical models of either 1/1 or 1/2 pep-
tide/Grb2 complexes. This result shows that the shorter
dimer does not bind Grb2 according to a standard model in
which each monomer spans one SH3 domain. Considering
the short length of the DAP side chain, this dimer is
hypothesized to interact with the two SH3 domains of Grb2
according to a “flip-flop” mechanism (22-24). Thus there
would be one Pro-rich sequence bound in alternation to the
C-SH3 or to the N-SH3 domain of Grb2 in a rapid oscillatory
movement.

Taken together, all these results show the lysine side chain
to have an appropriate length as a connector enabling a
peptidimer to span both Grb2 SH3 domains. It was then
retained for the design of novel peptoid dimers with
optimized affinity for Grb2.

NoVel Dimers with Very High Affinity for Grb2. (A) Dimer
Design.Previous NMR studies (17-19) showed that, in the
proline-rich peptide VPPPVPPRRR complexed with the
N-SH3 domain of Grb2, residuesP, V, andR of the peptide
were mostly involved through a combination of hydrophobic
as well as electrostatic interactions with the SH3 domain
recognition platform. Proline residues of the SH3 binding
core PXXP motif (denoted as sites P2 and P-1, as numbered
with respect to residueV) are very important to give rise to
the polyproline type II helix conformation of the peptide that
is essential for its interaction with SH3 domains. Subsequent
replacement by other amino acids constitutes one further
critical step in the search for pseudopeptidic analogues of
proline-rich sequences. The prolines of the SH3 core PXXP
motif are critical because alanine or other amino acid
replacements are not tolerated at these locations. However,
proline residue replacement is acceptable as long as N-
substitution is maintained (3, 25-31). By a combinatorial
method, the consequences of introducing N-alkylated amino
acids in the consensus sequence to provide additional
interactions with the SH3 domain have been studied. This
yielded ligands that selectively bound SH3 domains among
which one had a very high affinity for the Grb2 N-SH3
domain. Thus in the YEVPPPVPPRRR Sos-derived se-
quence, residueP was replaced by (S)-(R-phenyl)ethylglycine
(peG), resulting in a peptoid analogue YEVPPPV(peG)-
PRRR having aKd value of 40 nM for the Grb2 N-SH3
domain (30). Along these lines, we also mention the recent
work by Zimmermann et al. which has designed “peptomer”
ligands of the Ena-VASP protein homology domain 1
involved in several actin-based motility processes (32). These

authors have shown that replacement of the highly conserved
residuesF and P of EVH1 ligand SFEFPPPPTEDEL by
N-alkylated glycines could occur without impairing their
EVH1 binding affinities. This further supports the feasibility
of designing peptoid analogues that involve proline-rich
sequences to interfere with protein-protein interactions. A
similar approach, using N-substituted glycine peptoids led
to peptoid trimers with biological activity and the discovery
of high-affinity R1-adrenergic andµ-opiate seven-transmem-
brane G-coupled receptor ligands (33). We have adapted such
a strategy to design N-alkylated peptidimers, replacing this
proline residue on each monomeric half.

As a first step, the two monomers YEVPPPV(peG)PRRR
and VPPPV(peG)PRRR were synthesized, and their affinity
was measured for each of the two individual SH3 domains
of Grb2 and for the whole Grb2 protein. The two SH3
domains were themselves synthesized by solid-phase syn-
thesis (17). The affinity measurements are summarized in
Table 2. The original peptide VPPPVPPRRR (1) exhibits
Kd values for N-SH3, C-SH3, and Grb2 of respectively 2.6,
40, and 18µM. On the other hand, the N-alkylated derived
peptides exhibitKd values that are 1 order of magnitude
smaller. As shown in Table 2, both peptoid analogues
YEVPPPV(peG)PRRR (9) and VPPPV(peG)PRRR (10)
show Kd values in the same order of magnitude for the
individual N-SH3 domain of respectively 0.40 and 0.55µM.
In the case of the C-SH3 domain, compounds9 and10have
Kd values of 7.00 and 3.27µM, respectively. This order-of-
magnitude difference is probably due to the optimization of
this peptide by Nguyen et al. with respect to the N-SH3
domain of Grb2, rather than for the C-SH3 one (30). Similar
to the case of the VPPPVPPRRR (1) sequence,Kd values of
the peptoid analogues for the whole Grb2 protein are
intermediate between those for the N- and C-SH3 isolated
domains. The following step, toward further enhancing ligand
affinity for Grb2, has consisted of the construction of peptoid
analogue dimers upon dimerizing either VPPPV(peG)PRRR
or YEVPPPV(peG)PRRR sequences with the lysine as linker,
whose side chain length was found above to be adequate.
All results were compared to the symmetric standard dimer
(VPPPVPPRRR)2K (7).

(B) Grb2 Inhibitor Affinity Measurement: Limitations of
the Fluorescent Method.All dissociation constants (Kd)
measured by fluorescence are summarized in Table 3. As
already described, dimerization of the VPPPVPPRRR se-
quence induced a strong increase of the affinity for Grb2,
amounting to 18µM for VPPPVPPRRR1, as compared to
0.04µM for the corresponding dimer7. Typical fluorescence
experiments are given in Figure 1 for the peptoid analogue
monomer (Figure 1A) and the corresponding dimer (Figure
1B). It was possible to access through a curve with
asymptotic shape to the affinity of the monomer VPPPV-

Table 2: N-Alkylated Monomer Affinities for Grb2 and Its Isolated
SH3 Domainsa

peptide N-SH3 C-SH3 whole Grb2

1 VPPPVPPRRR 2.6( 0.2 40( 5 18( 2b

9 YEVPPPV(peG)PRRR 0.40( 0.07 7( 1.5 1.80( 0.40
10 VPPPV(peG)PRRR 0.55( 0.16 3.27( 0.48 2.40( 0.40

a The affinities of the proline-rich peptides were measured using a
fluorescence test and are expressed asKd (dissociation constant) values
(in µM). b Reference15.
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(peG)PRRR (Figure 1A,Kd ) 2.4 µM). Under the same
conditions the affinity of the peptoid analogue dimer was
correspondingly increased. In fact, the increase was so high
that the binding affinity of the corresponding dimers could
not be assayed by a standard fluorescence test. Thus, two
straight lines, crossing one another at a point corresponding
to the Grb2 concentration in the measurement solution, were
obtained (Figure 1B) instead of a classical curve (Figure 1A).
Under these conditions, all free Grb2 present in solution is
immediately complexed upon peptide addition, and the curve
obtained is a titration curve. Binding is saturated at 1µM,
corresponding to Grb2 concentration, showing that the
affinity of the peptoid analogue dimer is too high to be

measured by this method. Our conclusion is that the dimeric
peptoid analogues exhibit largely stronger affinities for Grb2
than the classical dimer.

Grb2 Inhibitor Affinity Measurement: Competition Test
DeVelopment. (A) Peptide and Peptidimer.The results of
the preceding section prompted us to develop another test
to determine the affinity of the peptoid analogue dimer for
Grb2. To avoid the use of a radioactive probe, we based our
test on a previous result in which we showed that the
VPPPVPPRRR peptide from Sos loaded on CNBr-activated
Sepharose beads was able to pull down Grb2 from cellular
extract (15). The test thus consists of a displacement, using
potential SH3 domain binders, of the Grb2 pull down on
VPPPVPPRRR-loaded beads. After protein complex degra-
dation and electrophoresis, Grb2 was revealed by specific
western blot. The relative intensities of the corresponding
bands were quantified to obtain an estimation of IC50 values
(Figure 2). Since our previous results had shown that the
additional tyrosine and glutamic residues were not essential
to optimize Grb2-SH3 interactions (Table 2), we have
developed our test on the VPPPV(peG)PRRR10peptoid and
its dimerized analogue as competitors to inhibit the interac-
tion taking place between the VPPPVPPRRR1 sequence
loaded on Sepharose beads and Grb2 from a cellular extract.
The VPPPVPPRRR1 sequence and its dimerized analogues
having either a lysine (7) or a DAP (8) residue as a linker
were also tested. In these experiments, increasing concentra-
tions of competitor peptides were added to a cellular lysate
of exponentially growing ER22 cells. Figure 2 shows
characteristic blots obtained in these experiments (Figure 2A)
and the relative intensities of the corresponding bands (Figure
2B).

Figure 2A shows that both VPPPVPPRRR1 and (VPPPV-
PPRRR)2K 7, used as control, are able to displace Grb2
bound to VPPPVPPRRR peptide loaded on Sepharose beads.
The evaluated IC50 values for these two Grb2-SH3 domain
inhibitors are 358( 22 and 0.8( 0.1 µM, respectively
(Figure 2B). These results confirm the existence of a 2 order-
of-magnitude difference in the relative capacities of these
molecules to bind Grb2, as already described by our group
(15) and as reported in Table 3.

(B) Effect of Linker Length Reduction.The dimer linked
with DAP instead of a lysine (compound8) is also able in
our competition assay to displace Grb2 from VPPPVPPRRR
loaded on Sepharose beads (Figure 2A). Nevertheless, the
estimated IC50 value is 582( 48µM (Figure 2B). This result
shows that dimerization with a short linker results in a
decrease of the affinity for Grb2, with respect to that of the
monomeric peptide.

Table 3: Peptide Affinities for Grb2a

peptide Kd (µM) IC50 (µM) Ki (µM)

1 VPPPVPPRRR 18( 2b 358( 22 17.1( 3.8
7 (VPPPVPPRRR)2K 0.040( 0.005 0.8( 0.1 0.038( 0.011
8 (VPPPVPPRRR)2DAP NMc 582( 48 27.8( 6.8
9 YEVPPPV(peG)PRRR 1.80( 0.40 NDd ND
10 VPPPV(peG)PRRR 2.40( 0.40 32( 2 1.53( 0.35
11 (VPPPV(peG)PRRR)2K NM 0.0050( 0.0008 (0.20( 0.08)× 10-3

12 (YEVPPPV(peG)PRRR)2K NM ND ND
a Kd were measured by fluorescence. IC50 have been measured by the competition test. These values are expressed in micromolar. According to

the Cheng-Prussoff equation (see Materials and Methods), it was possible to calculateKi values, allowing the best comparison between all molecules.
b Reference15. c NM: not measurable.d ND: not determined.

FIGURE 1: Typical fluorescence results obtained with either
VPPPV(peG)PRRR (A) or [VPPPV(peG)PRRR]2K (B). The curves
represent∆F, the relative fluorescence variation compared to the
initial fluorescence of Grb2 and corrected by a factor corresponding
to the dilution induced by peptide addition, as a function of final
peptide concentration. Grb2 initial concentration was 1µM. The
experiment was carried out in 50 mM Hepes buffer, pH 7.5, and 1
mM DTT. In a typical experiment, using the VPPPV(peG)PRRR
(10) monomer, we have obtained a curve with an asymptotic shape
(panel A). In the case of [VPPPV(peG)PRRR]2K (11) (panel B), a
titration curve was obtained. Binding is saturated at 1µM,
corresponding to Grb2 concentration, showing that the affinity of
the peptide is too high to be measured (see text and Materials and
Methods).
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(C) The Peptoid Analogue Dimer Can Inhibit the Interac-
tion between VPPPVPPRRR and Grb2 with a Very High
Efficiency.As expected, monomeric peptoid VPPPV(peG)-
PRRR 10 is able to displace the VPPPVPPRRR/Grb2
interaction with higher efficiency than the monomeric
VPPPVPPRRR1 (Figure 2A). The estimated IC50 values are
32( 2 µM for the N-alkylated analogue VPPPV(peG)PRRR
10 as compared to 358( 22 µM for VPPPVPPRRR1
(Figure 2B and Table 3). This is consistent with the
corresponding 1 order-of-magnitude difference onKd values
for Grb2. Dimerization of the alkylated peptoid (compound
11) induces a strong increase in its ability to displace Grb2
from VPPPVPPRRR beads (Figure 2A). The estimated IC50

for this peptoid-dimer is approximately 5 nM, i.e., a 2 order-
of-magnitude decrease with respect to the classical dimer
(Figure 2B). This result is totally in accordance with
fluorescence results which anticipated a strong affinity
increase compared to the monomeric sequence1.

(D) Inhibition Constant (Ki) Determination.The interaction
between Grb2 and the VPPPVPPRRR peptide loaded on
Sepharose beads is comparable to the interaction between a
ligand and its receptor. In this case, it is possible to access
Ki calculations from IC50 values using the Cheng-Prusoff
equation: Ki ) IC50/(1 + L/Kd) (34). This enables the
determination ofKi for dimers whose affinities are too high
to be measured by the fluorescent method. Results are
expressed in micromolar in Table 3. When monomer1,
which in our test is coupled to Sepharose beads, is used as
a competitor, it exhibits aKi value of 17.1( 3.8 µM. Such
a value is fully consistent with theKd measured by
fluorescence for Grb2 (18µM) (Table 2), enabling us to
apply this calculation method to all other inhibitors. Standard
dimer 7 exhibits aKi of 38 ( 11 nM, and the N-alkylated
monomer10 has aKi of 1.53( 0.35µM. These values are
consistent with theKd ones that were measured by the
fluorescence test (dimer7, Kd ) 40 ( 5 nM; monomer10,
Kd ) 2.4 ( 0.4 µM). N-Alkylated dimer11, for which Kd

measurement was not possible by fluorescence, exhibits a
Ki of 0.20( 0.08 nM; namely, a subnanomolarKd value is
expected. Conversely, compound8, in which the Lys
connector was replaced by DAP, undergoes an affinity
decrease, namely, aKi value of 27.8( 6.8 µM.

Molecular Modeling Results.There are no high-resolution
X-ray crystallography data presently available for the
complex of dimers with Grb2. Our experiments to obtain a
cocrystallization of Grb2 with peptidimer were unsuccessful.
The size of Grb2, emcompassing both SH3 and the SH2
domain (217 residues), is too large to lend itself to a 2D
NMR study of its complex with ligands. In fact, such NMR
studies were limited so far to the complex of a single SH3
domain with a proline-rich dodecapeptide (17-19). In the
absence of such information, molecular modeling can provide
insight into the complementary ligand-Grb2 interactions that
can take place at the atomic level. This technique has thus
recently enabled us to predict the structure of the complex
formed between a bisphosphotyrosine-containing peptide and
the SH2 domain of Grb2 (13), the most important features
of which were subsequently confirmed by X-ray crystal-
lography (35). We comment below on the results of energy
minimization of the structure of the complex formed between
Grb2 and the peptoid analogue dimer11.

Two orientations were considered, according to whether
the monomer that is N-terminal to the lysine connector
interacts with the N-terminal SH3 domain of Grb2 (parallel
orientation) or whether it interacts with the C-terminal SH3
domain (antiparallel orientation). Accordingly, the monomer
linked to the Nε of the lysine side chain interacts with the
C- or with the N-terminal SH3 domain in these two
respective orientations. The antiparallel orientation was
shown to give rise to the strongest stabilization energies, as
it enables to maximize the number of ionic interactions of
the central Arg residues of the peptoid analogue dimer with
Glu and Asp residues at the interface between the two SH3
domains. The proposed complex between the peptoid ana-
logue dimer and Grb2 is represented in Figure 3A. The

FIGURE 2: Displacement of the interaction of Grb2/VPPPVPPRRR
loaded on Sepharose beads by Grb2 SH3 domain inhibitors. (A)
VPPPVPPRRR beads were incubated with ER22 lysates in the
presence of inhibitory peptide at the appropriate concentration (µM).
Affinity-precipitated proteins were submitted to a SDS-PAGE and
anti-Grb2 western blot. The dimerization of either VPPPVPPRRR
or VPPPV(peG)PRRR with a lysine residue as a linker highly
increased their affinities for Grb2. Such results were obtained with
three independent experiments. (B) Quantification of the band
intensities to evaluate IC50 values of inhibitors. Band intensities
were quantified using a Bio-Profil V6.0 Vilber-Lourmat (Marne la
Vallée, France). This quantification confirms the fact that [VPPPV-
(peG)PRRR]2K (11) is the most potent inhibitor for Grb2 SH3
domains, exhibiting an IC50 in this test around 5 nM.
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interactions with the N-SH3 and the C-SH3 domains are
highlighted in panels B and C of Figure 3, respectively.

Amino acids of the peptoid analogue dimer labeled with a
and b below are those interacting with the C- and the
N-terminal domains, respectively. On the N-SH3 domain
(Figure 3B), the ionic interactions involve Arg8b of the dimer
with Asp14 on one hand, Arg9b with Glu31 on the other
hand, and Arg10b with both Glu31 and Asp33. In addition,
Arg8b is simultaneously in a parallel cation-π interaction
with Phe47 and in a T-like cation-π interaction with Trp36
of the N-terminal SH3. On the C-SH3 domain (Figure 3C),
these interactions are between Arg8a and both Gln12 and
Glu13, between Arg9a and Glu30 (bidentate), and between
Arg10a and both Glu13 and Asp14. While most interactions
involving residues Pro2a and Pro2b characterized for our
originally designed peptidimer with the hydrophobic platform
of SH3 domains are retained (15), the phenyl group of the
alkylated residue (peG) on each monomer interacts with
aromatic sites of the bound SH3 domain. These are residue
Trp36 on the N-terminal domain and residues Phe7, Phe9,
Trp35, and Tyr51 on the C-terminal SH3. Such additional
interactions should contribute to the enhancement of the
binding affinity upon passing from standard peptidimer7 to
the N-alkylated one11 (Table 2).

DISCUSSION

This paper reports the design of novel peptoid analogue
dimers with subnanomolar affinities for Grb2-SH3 domains.
Only two approaches modifying proline-rich sequences so
far resulted in significant affinity enhancements. The first
one had incorporated N-alkylated residues in the proline-
rich sequences (30), and the second consisted in dimerization
of proline-rich peptides (15). The approach that we report
here combines both modifications and gives rise to N-
alkylated proline-rich peptoid dimers endowed with the
highest affinities for Grb2 SH3 domains that have been
reported to date. We have also in the course of this study
developed a test that should enable to quantifyKi values for
exceptionally tightly bound complexes that could not lend
themselves to standardKi determinations.

In the first part of this paper, we show that a lysine residue
constitutes the optimal connector for peptidimers, thereby
allowing simultaneous targeting of both SH3 domains of
Grb2. If a diaminopropionic acid (DAP) residue instead of
a lysine one is used, the dimer’s affinity decreases to values
comparable to, and even smaller than, those of the monomers
of the series.We have hypothesized a flip-flop mechanism
to be involved which might account for the fact that the
observed fluorescence variation did not fit a classical l/l or
1/2 peptide/Grb2 model. Such a mechanism had already been
described for other ligands (22-24).

In our case, the comparison of competition experiment
results obtained with the monomer and this dimer indicated
a slight decrease of efficiency for the dimer, suggesting that
if a flip-flop mechanism occurs in this interaction, it would
not be sufficient to stabilize the complex. A short linker
might in fact prevent simultaneous optimal in-register
interactions of each monomer with its targeted SH3.

In a second part of the paper, we report the design of
peptoid analogue dimers with very high affinity for Grb2.
Nguyen et al. (30) had shown that replacement of one proline
residue in the YEVPPPVPPRRR peptide enhances the
affinity for the Grb2 N-SH3 domain and published aKd value

FIGURE 3: Complex modeling between Grb2 and [VPPPV(peG)-
PRRR]2K. (A) Model of the Grb2-peptoid-dimer 11 complex
showing that the polyproline helices (blue) and lysine linker
(yellow) of the peptidimer can interact with both N- and C-SH3
domains (red) of Grb2. The SH2 domain is in green. (B) Details
of interactions of compound11 with the N-SH3 domain (see text
for discussion). (C) Details of interactions of compound11 with
the C-SH3 domain (see text for discussion).
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of 40 nM. In our experimental conditions through fluores-
cence assay, aKd value of 400 nM was obtained. Such a
variation can easily be explained by different buffers used
in experimental conditions, and this is supported by the
sensitivity of the complexes to ionic strength.

Nguyen et al. (30) had shown that the YEVPPPV(peG)-
PRRR sequence is highly specific for the Grb2 N-SH3
domain, as compared to other SH3 domains. Here, we clearly
show that the specificity between the two SH3 domains of
Grb2 is not significantly higher in the case of the YEVPPPV-
(peG)PRRR sequence than for the VPPPVPPRRR one. Thus,
the C-SH3/N-SH3Kd ratio is respectively 18 for VPPPVP-
PRRR1 and 15 for YEVPPPV(peG)PRRR9 (Table 2). This
specificity seems to decrease in the absence of the two
additional residues tyrosine and glutamic acid in the case of
VPPPV(peG)PRRR10 (Kd ratio C-SH3/N-SH3) 7). Despite
the weak Grb2-SH3 specificity of the VPPPVPPRRR
monomeric sequence, we have demonstrated that the pep-
tidimer 7 has a high specificity for Grb2 (15). This could
arise from the onset of simultaneous interactions with both
SH3 domains of Grb2, the linker length being adequate so
that each monomer would not interfere with the binding of
the other. In the case of the peptoid analogue dimer,
molecular modeling has, in addition, shown the occurrence
of additional interactions of its twoN-alkylbenzyl substituents
with aromatic residues on each SH3 domain. Such interac-
tions should account for the enhancement of the binding
affinities upon changing from the peptidic sequence to the
peptoid one and complement the ionic interactions of its
arginine residues with glutamate and aspartate residues on
both domains. The results reported in Figure 2 show that
the peptoid analogue dimer11 exhibits aKi of about 0.2
nM as compared to 38 nM for the standard peptidimer7,
namely, a 2 order-of-magnitude ratio. Using bis-N-alkylated
peptoids obtained through the combinatorial chemistry ap-
proach of Nguyen et al. (31), dimerization could possibly
also provide compounds with further enhancements of Grb2
binding affinities.

In the third part, we have developed a competition assay
based on Grb2 pull-down experiments. The displacement by
competitor peptides of the Grb2/VPPPVPPRRR-loaded
complex allows to measure the peptide affinities for Grb2
(Figure 2). The evaluation ofKi by this displacement test
enables to bypass the use of a radioligand and simplifies the
experiments. These results support the fact thatKi values
can be extracted from IC50 determinations. It can be noted
that systematicKi determinations should facilitate comparison
of literature data. We are presently developing a two-step
ELISA test based on this approach, which will allow to
rapidly screen inhibitors derived from chemical libraries.

Finally, we propose potential interactions between Grb2
and compound11, from molecular modeling, that may
account for increased affinity and serve as a hypothesis to
develop new inhibitors of Grb2/Sos interactions.

In conclusion, our data demonstrate that compounds cap-
able to recognize with both enhanced affinity and selectivity
Grb2 SH3 domains can be tailored by dimerization. To our
knowledge, this is the first time that molecules in a
subnanomolar range are reported as binders for the Grb2-
SH3 domains. Such dimers have affinities of the same order
of magnitude and even higher than those reported for

protein-protein interactions and might provide promising
inhibitors of the Grb2 signaling pathway.

Moreover, the design of specific inhibitors of Grb2-SH3
domains can lead to both pharmacological tools to help
deciphering signal transduction (36, 37) and design of poten-
tial therapeutic agents in cancerology. In this connection,
we have already shown that peptidimer (VPPPVPPRRR)2K,
upon coupling with a vectorizing peptide, displayed cellular
activity in ex vivo tests (15). The 100-fold higher affinity
of the present N-alkylated dimer could be anticipated to give
rise to corresponding enhancements of its chemotherapeutic
potential. Since several peptoids are cell penetrating, such
as analogues of the highly basic Tat (49-57) sequence
(RKKRRQRRR) based polycationic peptoid (38, 39), we
have tested the biological ability of our molecules having
three arginine residues in the monomer sequence and six in
the dimer one on the cellular model without any carrier. No
effect was observed, while the vectorized classical dimer was
active (15). Thus, to enhance bioavailability, we are presently
synthesizing vectorized N-alkylated derivatives using the
antennapedia sequence as the carrier, as already described
for molecule7 (15).
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