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Allostery plays a key role in dictating the stoichiometry and thermodynamics of multi-protein complexes driving a
plethora of cellular processes central to health and disease. Herein, using various biophysical tools, we demonstrate
that although Sos1 nucleotide exchange factor and Gab1 docking protein recognize two non-overlapping sites
within the Grb2 adaptor, allostery promotes the formation of two distinct pools of Grb2–Sos1 and Grb2–Gab1 binary
signaling complexes in concert in lieu of a composite Sos1–Grb2–Gab1 ternary complex. Of particular interest is the
observation that the binding of Sos1 to the nSH3 domain within Grb2 sterically blocks the binding of Gab1 to the
cSH3 domain and vice versa in a mutually exclusive manner. Importantly, the formation of both the Grb2–Sos1
and Grb2–Gab1 binary complexes is governed by a stoichiometry of 2:1, whereby the respective SH3 domains within
Grb2 homodimer bind to Sos1 and Gab1 via multivalent interactions. Collectively, our study sheds new light on the
role of allostery in mediating cellular signaling machinery. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Grb2 adaptor relays external signals from receptor tyrosine
kinases (RTKs) at the cell surface to downstream effectors and
regulators such as Ras and Akt within the cytosol (Gale et al.,
1993; Li et al., 1993; Chardin et al., 1995; Nimnual and Bar-Sagi,
2002). Composed of the ubiquitous nSH3–SH2–cSH3 signaling
module (Figure 1a), where the nSH3 and cSH3 are respectively
the N-terminal and the C-terminal SH3 domains flanking the cen-
tral SH2 domain, Grb2 recognizes activated RTKs by virtue of its
SH2 domain’s ability to bind to tyrosine-phosphorylated (pY)
sequences in the context of pYXN motif located within the cyto-
plasmic tails of a diverse array of receptors, including EGF, FGF,
and PDGF receptors (Lowenstein et al., 1992; Rozakis-Adcock
et al., 1992; Rozakis-Adcock et al., 1993). Upon binding to RTKs,
the SH3 domains of Grb2 present an opportunity for a wide
spectrum of proline-rich (PR) proteins to be recruited to the inner
membrane surface, the site of initiation of a plethora of signaling
cascades (Chardin et al., 1993; Li et al., 1993; Seedorf et al., 1994;
Odai et al., 1995; Park et al., 1998; Vidal et al., 1998; Schaeper
et al., 2000; Lewitzky et al., 2001; Moeller et al., 2003). Among
them, the Sos1 guanine nucleotide exchange factor and the
Gab1 docking protein are by far the best-characterized down-
stream partners of Grb2 (Chardin et al., 1993; Egan et al., 1993;
Adams et al., 1995; Schaeper et al., 2000; Lewitzky et al., 2001).
Upon recruitment to the inner membrane surface, Sos1 facili-
tates the GDP–GTP exchange within the membrane-bound Ras
GTPase and thereby switches on a key signaling circuit that
involves the activation of MAP kinase cascade central to cellular
growth and proliferation (Robinson and Cobb, 1997; Reuther and
Der, 2000). In contrast, the recruitment of Gab1 to the inner
membrane surface provides docking platforms for the Shp2
tyrosine phosphatase and the PI3K kinase, which respectively

account for further amplification of Ras activity, as sustained
activation of Ras requires both the Sos1-dependent and Gab1-
dependent pathways (Yart et al., 2001; Cunnick et al., 2002; Araki
et al., 2003; Gu and Neel, 2003; Gotoh, 2008; Eulenfeld and
Schaper, 2009), and the activation of Akt serine–threonine
kinase, which plays a pivotal role in cell growth and survival
(Kim and Chung, 2002).
How exactly does Grb2 recruit Sos1 and Gab1 to the inner

membrane surface? Although seminal work implicated the role
of both SH3 domains of Grb2 in the recruitment of Sos1 to the
inner membrane surface (Chardin et al., 1993; Egan et al., 1993;
Li et al., 1993), we have previously shown that Grb2 primarily
recognizes Sos1 through its nSH3 domain (McDonald et al.,
2010). In contrast, the recruitment of Gab1 is driven through
the binding of the cSH3 domain of Grb2 (Lock et al., 2000;
Lewitzky et al., 2001). More importantly, our recent work has
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established that the formation of both the Grb2–Sos1 and
Grb2–Gab1 complexes is mediated by multivalent interactions
(McDonald et al., 2012a; McDonald et al., 2012b). This scenario
is in part made possible by the fact that the PR domains within
both Sos1 and Gab1 contain multiple motifs for binding to their
respective SH3 domains of Grb2 (Figures 1b and 1c). Thus,
while the PR domain of Sos1 contains four distinct PXcPXR
motifs (designated S1, S2, S3, and S4) for binding to the nSH3
domain of Grb2, the PR domain of Gab1 bolsters two distinct
RXXK motifs (designated G1 and G2) for the recognition of
the cSH3 domain of Grb2. Added to this complex design of
these PR ligands is also the fact that Grb2 itself exists in a
dimer–monomer equilibrium in solution (McDonald et al.,
2008c). Consistent with these observations, we have also re-
cently shown that although the formation of both Grb2–Gab1
and Grb2–Sos1 complexes occurs with a 2:1 stoichiometry, only

the latter is accompanied by positive cooperativity (McDonald
et al., 2012a; McDonald et al., 2012b). Furthermore, while the
formation of the Grb2–Gab1 complex is mediated by the bind-
ing of both RXXK motifs within Gab1 to the cSH3 domains
within Grb2 homodimer, the formation of Grb2–Sos1 appears
to be driven by the association of Grb2 homodimer via its
nSH3 domains to only two out of four possible PXcPXR motifs
within Sos1 at any one time. This implies that the Grb2–Sos1
complex is likely to be conformationally heterogeneous.

Strikingly, the fact that Grb2 contains non-overlapping sites
for the binding of Sos1 and Gab1 strongly argues that the re-
cruitment of both of these downstream partners by Grb2 may
occur in a non-competitive manner as previously observed
within live mammalian cells (Ong et al., 2001). This notion was
further vindicated by our biophysical analysis showing that pep-
tides containing PXcPXR and RXXK motifs did not compete with
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Figure 1. An overview of the various protein constructs used in this study. (a) Grb2 is composed of a central Src homology 2 (SH2) domain
flanked between an N-terminal SH3 (nSH3) domain and a C-terminal SH3 (cSH3) domain. (b) Within Sos1, the proline-rich (PR) domain lies at the
extreme C-terminal end and contains four distinct PXcPXR motifs, designated S1, S2, S3, and S4. The complete sequences of these four sites are shown.
The position of various residues relative to the first proline within the PXcPXR motif, which is designated zero, is indicated. Other domains within Sos1
are HF (histone fold), DH (Dbl homology), PH (pleckstrin homology), REM (Ras exchange motif), and Cdc25. (c) Gab1 is constructed on an N-terminal PH
domain and a C-terminal PR domain separated by a long stretch of uncharacterized region. The PR domain contains two distinct RXXK motifs, desig-
nated G1 and G2. The amino acid sequence of these motifs and flanking residues within Gab1 is provided. The numbering of various residues within
and flanking the RXXK motifs is based on the nomenclature suggested by Feller and co-workers (Harkiolaki et al., 2009).
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each other for binding to Grb2, leading to the formation of a Sos1–
Grb2–Gab1 ternary signaling complex in a non-competitive fashion
(McDonald et al., 2010). Onemajor limitation of this latter study was
the assumption that the peptides containing PXcPXR and RXXK
motifs faithfully mimicked the corresponding intact Sos1 and
Gab1 ligands. However, in light of our recent studies (McDonald
et al., 2012a; McDonald et al., 2012b), it seems that the PXcPXR
and RXXK motifs in the context of intact proteins may behave in a
differential manner than in the context of short peptides due to
steric hindrance and allosteric factors. In an effort to resolve this
central dogma and re-evaluate whether the binding of Sos1 and
Gab1 generates two separate Grb2–Sos1 and Grb2–Gab1 pools or
favors the formation of a Grb2–Sos1–Gab1 ternary complex, we
undertook the current study. Using various biophysical tools, we
demonstrate that although Sos1 nucleotide exchange factor and
Gab1 docking protein recognize two non-overlapping sites within
the Grb2 adaptor, allostery promotes the formation of two
physically distinct Grb2–Sos1 and Grb2–Gab1 binary signaling com-
plexes in concert in lieu of a composite Sos1–Grb2–Gab1 ternary
complex. In particular, our data reveal that the binding of Sos1 to
the nSH3 domain within Grb2 sterically blocks the binding of
Gab1 to the cSH3 domain and vice versa in a mutually exclusive
manner. Importantly, the formation of both the Grb2–Sos1 and
Grb2–Gab1 binary complexes is governed by a stoichiometry of
2:1, in agreement with our previous reports (McDonald et al.,
2012a; McDonald et al., 2012b), whereby the respective SH3
domains within Grb2 homodimer bind to Sos1 and Gab1 via multi-
valent interactions. Collectively, our study sheds new light on the
role of allostery in mediating cellular signaling machinery.

MATERIALS AND METHODS

Sample preparation

Full-length human Grb2 (residues 1–217), the PR domain (resi-
dues 1141–1300) of human Sos1, and the PR domain (residues
331–530) of human Gab1 were cloned into pET30 bacterial ex-
pression vectors with an N-terminal His-tag using Novagen LIC
technology. For simplicity, the PR domains of Sos1 and Gab1 will
be respectively hereinafter referred to as Sos1_PR and Gab1_PR.
All recombinant constructs were expressed in Escherichia coli
BL21* (DE3) bacterial strain and purified on a Ni-NTA affinity col-
umn using standard procedures as described previously (McDo-
nald et al., 2012a; McDonald et al., 2012b). Final yields were typ-
ically between 10 and 20mg protein of apparent homogeneity
per liter of bacterial culture. Protein concentration was deter-
mined by the fluorescence-based Quant-It assay (Invitrogen)
and spectrophotometrically on the basis of extinction coeffi-
cients calculated for each recombinant construct using the
online software ProtParam at ExPasy Server (Gasteiger et al.,
2005). Results from both methods were in excellent agreement.
The 12-mer peptides, hereinafter referred to as Sos1_S1 and
Gab1_G2 peptides, were derived from the PXcPXR and RXXK
motifs corresponding to the S1 and G2 sites within Sos1 and
Gab1, respectively (Figures 1b and 1c). Both peptides were com-
mercially obtained from GenScript Corporation. The concentra-
tion of peptides was measured gravimetrically.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were per-
formed on a Microcal VP-ITC instrument. Briefly, protein samples

were prepared in 50mM Tris, 200mM NaCl, 1mM EDTA, and
5mM b-mercaptoethanol at pH 8.0. The experiments were initi-
ated by injecting 25� 10-ml aliquots of 0.5–1mM of each PR do-
main from the syringe into the calorimetric cell containing 1.8ml
of 50–100 mM of Grb2 alone or pre-equilibrated with an excess of
competing ligand at a molar ratio of 1:5 at various temperatures
in the 15–35 �C range. The change in thermal power as a
function of each injection was automatically recorded using
the ORIGIN software, and the raw data were further processed
to yield binding isotherms of heat release per injection as a func-
tion of molar ratio of each PR domain to full-length Grb2. The
heats of mixing and dilution were subtracted from the heat of
binding per injection by carrying out a control experiment in
which the same buffer in the calorimetric cell was titrated
against each PR domain in an identical manner. The molar ratio
(m), the apparent equilibrium dissociation constant (Kd), and
the enthalpic change (ΔH) associated with the binding of Grb2
to each PR domain at each temperature were determined with
non-linear least-squares fit of data to a one-site binding model
as described previously (Wiseman et al., 1989; McDonald et al.,
2012a; McDonald et al., 2012b). The binding free energy change
(ΔG) was calculated from the following expression:

ΔG ¼ 2RT ln Kd (1)

where the prefix “2” accounts for the bivalent binding of each PR
domain to Grb2, R is the universal molar gas constant (1.99 cal/K/
mol), and T is the absolute temperature. The entropic contribu-
tion (TΔS) to the free energy of binding was calculated from
the relationship:

TΔS ¼ ΔH� ΔG (2)

where ΔH and ΔG are as defined above. Heat capacity change (ΔCp)
and enthalpy change at 60 �C (ΔH60) associated with ligand binding
to Grb2 were determined from the slopes and y-extrapolations to a
temperature of 60 �C of ΔH-T plots, respectively. Changes in
solvent-accessible surface area (SASA) upon the binding of various
ligands to Grb2 were subsequently calculated from the experimen-
tally determined values of ΔCp and ΔH60. To determine changes in
polar SASA (ΔSASApolar) and apolar SASA (ΔSASAapolar) upon ligand
binding to Grb2, it was assumed thatΔCp and ΔH60 are additive and
linearly depend on the change inΔSASApolar andΔSASAapolar as em-
bodied in the following empirically derived expressions (Murphy
and Freire, 1992; Spolar and M.T. Record, 1994; Xie and Freire,
1994; Edgcomb and Murphy, 2000):

ΔCp ¼ a ΔSASApolar
� �þ b ΔSASAapolar

� �
(3)

ΔH60 ¼ c ΔSASApolar
� �þ d ΔSASAapolar

� �
(4)

where a, b, c, and d are empirically determined coefficients with
values of –0.14 cal/mol/K/Å2, +0.32 cal/mol/K/Å2, +31.34 cal/mol/
Å2, and –8.44 cal/mol/Å2, respectively. The coefficients a and b are
independent of temperature, while c and d refer to a temperature
of 60 �C, which equates to the median melting temperature of the
proteins from which these constants are derived (Murphy and
Freire, 1992; Xie and Freire, 1994; Edgcomb and Murphy, 2000).
With ΔCp and ΔH60 experimentally determined using ITC and the
knowledge of coefficients a–d from empirical models (Murphy
and Freire, 1992; Spolar and M.T. Record, 1994; Xie and Freire,
1994; Edgcomb and Murphy, 2000), Equations (3) and (4) were
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simultaneously solved to obtain the magnitudes of ΔSASApolar and
ΔSASAapolar. Total change in SASA (ΔSASAtotal) is defined by the
following equation:

ΔSASAtotal ¼ ΔSASApolar þ ΔSASAapolar (5)

Molecular modeling

Molecular modeling (MM) was employed to construct a
structural model of a ternary complex between Grb2 homodimer
bound to the Sos1_PR and Gab1_PR domains using the MODEL-
LER software based on homology modeling (Marti-Renom et al.,
2000). Briefly, the structural model of this ternary complex was
built using structural models of binary complexes between
Grb2 homodimer bound to the Sos1_PR and Gab1_PR domains
individually as templates as described previously. The structural
models of these binary complexes were built on the basis of
known crystal or solution structures of Grb2 homodimer (PDB#
1GRI), the nSH3 domain of Grb2 bound to PXcPXR motifs
(PDB# 4GBQ), and the cSH3 domain of Grb2 bound to RXXK
motifs (PDB# 2W0Z/2VWF) as fully described earlier (McDonald
et al., 2012a; McDonald et al., 2012b). Additionally, the Sos1_PR
and Gab1_PR domains were folded into compact globular-like
topologies using the QUARK server based on ab initio modeling.
The QUARK server can be accessed online at http://zhanglab.
ccmb.med.umich.edu/quark. It should be noted that the struc-
tural model of Grb2 in complex with the Sos1_PR domain was
based on a bivalent interaction between the nSH3 domains of
Grb2 homodimer and the S1/S4 sites within the Sos1_PR
domain, while that of Grb2 bound to the Gab1_PR domain was
based on a bivalent interaction between the cSH3 domains of
Grb2 homodimer and the G1/G2 sites within the Gab1_PR
domain as described previously (McDonald et al., 2012a; McDonald
et al., 2012b). A total of 100 structural models were calculated, and
the structure with the lowest energy, as judged by the MODELLER
Objective Function, was selected for further analysis. The modeled
structure was rendered using RIBBONS (Carson, 1991). All calcula-
tions and data processing were performed on a Linux workstation
equipped with a dual-core processor.

Molecular dynamics

Molecular dynamics (MD) simulations were performed with GRO-
MACS (Van Der Spoel et al., 2005; Hess, 2008) using the integrated
OPLS-AA force field (Jorgensen and Tirado-Rives, 1988; Kaminski
et al., 2001). Briefly, the modeled structure of a ternary complex be-
tween Grb2 homodimer bound to the Sos1_PR and Gab1_PR
domains was centered within a cubic box and hydrated using the
extended simple point charge (SPC/E) water model (Toukan and
Rahman, 1985; Berendsen et al., 1987). The hydrated structures
were energy-minimized with the steepest descent algorithm prior
to equilibration under the NPT ensemble conditions, wherein the
number of atoms (N), pressure (P) and temperature (T) within the
system were respectively kept constant at ~105, 1 bar and 300K.
The Particle-Mesh Ewald (PME) method was employed to compute
long-range electrostatic interactions with a 10Å cut-off (Darden
et al., 1993) and the Linear Constraint Solver (LINCS) algorithm to
restrain bond lengths (Hess et al., 1997). All MD simulations were
performed under periodic boundary conditions (PBC) using the
leapfrog integrator with a time step of 2 fsec. For the final MD
production runs, datawere collected every 10psec over a time scale

of 100nsec. All MD simulations were run on a Linux workstation
using parallel processors at the High Performance Computing
facility within the Center for Computational Science of the Univer-
sity of Miami.

RESULTS AND DISCUSSION

Sos1 competes with Gab1 for binding to Grb2 and vice versa

In a previous development (McDonald et al., 2010), we demon-
strated that peptides derived from Sos1 and Gab1, containing
PXcPXR and RXXK motifs, did not compete with each other
for binding to Grb2 such that that the formation of the
Sos1–Grb2–Gab1 ternary signaling complex occurred in a
non-competitive fashion. It is telling that this previous study
suffered from one drawback in that the short peptides
containing PXcPXR and RXXK motifs were assumed to faith-
fully mimic the intact Sos1 and Gab1 proteins. However, in
light of our recent studies (McDonald et al., 2012a; McDonald
et al., 2012b), it seems that the PXcPXR and RXXK motifs in
the context of intact proteins may behave in a differential
manner than in the context of short peptides due to steric
hindrance and allosteric modulation. In an attempt to test
this hypothesis, we measured the binding of the PR domains
of Sos1 (Sos1_PR) and Gab1 (Gab1_PR) to full-length Grb2
alone and in the presence of each other using ITC. Addition-
ally, we also analyzed the binding of these PR domains to
Grb2 pre-equilibrated with 12-mer peptides derived from
the S1 site in Sos1 (Sos1_S1) and G2 site in Gab1 (Gab1_G2).
The Sos1_S1 and Gab1_G2 peptides were chosen because
they bind to Grb2 with highest affinities compared with peptides
derived from other sites in Sos1 and Gab1 (McDonald et al.,
2008a; McDonald et al., 2009b; McDonald et al., 2011). Representa-
tive ITC data obtained from these measurements are shown in
Figures 2 and 3, while the corresponding thermodynamic para-
meters derived from the fit of these data to a one-site binding
model are reported in Tables 1 and 2. It is noteworthy that although
the binding of the Sos1_PR and Gab1_PR domains to full-length
Grb2 alone has been reported previously (McDonald et al., 2012a;
McDonald et al., 2012b), it was necessary to conduct thesemeasure-
ments again here in order to directly compare how the presence of
one PR domain would affect the binding of the other to Grb2. For
the same reason, we also carried out ITC analysis for the binding
of Sos1_S1 and Gab1_G2 peptides to full-length Grb2 again even
though it has been reported earlier (McDonald et al., 2010).

Importantly, we would also like to mention that although we
have not been successful in the purification of full-length Sos1
(153kD) and Gab1 (77kD) proteins because of insurmountable
technical hurdles, the Sos1_PR (17kD) and Gab1_PR (22kD)
domains should nonetheless suffice as better mimetics of intact
proteins in lieu of short peptides. Notwithstanding these limita-
tions, our data provide striking insights into the molecular mech-
anism of binding of Sos1 and Gab1 to Grb2 in concert. Notably,
the Sos1_PR domain binds to Grb2 with a 2:1 stoichiometry
(Table 1), implying that the Grb2–Sos1 interaction is most likely
driven by the binding of both nSH3 domains within Grb2 homo-
dimer to two out of four possible PXcPXR motifs within Sos1 in a
bivalent manner as described recently (McDonald et al., 2012a).
When Grb2 is pre-equilibrated with the Gab1_PR domain, the
latter inhibits the binding of the Sos1_PR domain to Grb2 by
more than fivefold (Table 1). Given that Grb2 primarily recog-
nizes PXcPXR motifs within Sos1 through its nSH3 domain

ALLOSTERIC CONTROL OF LIGAND BINDING TO GRB2 ADAPTOR

J. Mol. Recognit. 2013; 26: 92–103 Copyright © 2013 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jmr

95

http://zhanglab.ccmb.med.umich.edu/quark
http://zhanglab.ccmb.med.umich.edu/quark


(McDonald et al., 2010; McDonald et al., 2012a), while the Grb2–
Gab1 interaction is exclusively mediated by the binding of the
cSH3 domain of Grb2 to RXXK motifs within Gab1 (Lock et al.,
2000; Lewitzky et al., 2001; McDonald et al., 2011; McDonald
et al., 2012b), the most straightforward interpretation of this
salient observation is that the Gab1_PR domain sterically hinders
the binding of Sos1_PR to Grb2 in lieu of direct competition for
the putative ligand binding sites.

Ironically, our data further suggest that not only the Gab1_PR
domain but also the Gab1_G2 peptide reduces the binding

affinity of the Sos1_PR domain to Grb2, albeit to a much lesser
extent (Table 1). In light of the fact that the much shorter peptide
docked at the cSH3 domain within Grb2 is unlikely to sterically
hinder the binding of the Sos1_PR domain to the neighboring
nSH3 domain, we argue that the ability of Gab1 to restrict the
binding of Sos1 to Grb2 not only resides in steric hindrance
but also may be due to its ability to cause a subtle conforma-
tional change within Grb2 upon binding to the cSH3 domain.
This conformational change may be transmitted to the nSH3
domain through an allosteric communication channel such that

a b c d

Figure 3. ITC analysis of the binding of Gab1_PR domain to Grb2 alone (a), Grb2 pre-equilibrated with Sos1_PR domain (b), Grb2 pre-equilibrated with
Sos1_S1 peptide (c), and Grb2 pre-equilibrated with Gab1_G2 peptide (d). The upper panels show raw ITC data expressed as change in thermal power
with respect to time over the period of titration. In the lower panels, change in molar heat is expressed as a function of molar ratio of Gab1_PR domain
to Grb2. The solid lines in the lower panels show the fit of data to a one-site binding model, as described previously (Wiseman et al., 1989; McDonald
et al., 2012a; McDonald et al., 2012b), using the ORIGIN software.

a b c d

Figure 2. ITC analysis of the binding of Sos1_PR domain to Grb2 alone (a), Grb2 pre-equilibrated with Gab1_PR domain (b), Grb2 pre-equilibrated with
Gab1_G2 peptide (c), and Grb2 pre-equilibrated with Sos1_S1 peptide (d). The upper panels show raw ITC data expressed as change in thermal power
with respect to time over the period of titration. In the lower panels, change in molar heat is expressed as a function of molar ratio of Sos1_PR domain
to Grb2. The solid lines in the lower panels show the fit of data to a one-site binding model, as described previously (Wiseman et al., 1989; McDonald
et al., 2012a; McDonald et al., 2012b), using the ORIGIN software.
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the binding groove within the latter becomes somewhat discon-
figured so as to compromise its binding to Sos1. These findings
are consistent with our earlier report in which we demonstrated
that the binding of Sos1_S1 peptide to the nSH3 domain
allosterically induces a conformational change within Grb2 so
as to allow Gab1_G2 peptide access to the cSH3 domain in
an exclusively non-competitive manner to generate the Sos1–
Grb2–Gab1 ternary complex (McDonald et al., 2010). Importantly,
our data also indicate that the Sos1_S1 peptide is a much better
competitor of the Sos1_PR domain than both the Gab1_PR
domain and Gab1_G2 peptide by virtue of its ability to directly
compete with the Sos1_PR domain for binding to the nSH3
domain (Table 1). This finding further lends support to the notion
that Gab1 blocks the binding of Sos1 to Grb2 through steric
hindrance and allosteric communication in lieu of directly
competing for the nSH3 domain within Grb2.
In a manner akin to the binding of the Sos1_PR domain, the

Gab1_PR domain also binds to Grb2 with a 2:1 stoichiometry
(Table 2), implying that the Grb2–Gab1 interaction is most likely
driven by the binding of both cSH3 domains within Grb2 homo-
dimer to both RXXK motifs within Sos1 in a bivalent manner as
described recently (McDonald et al., 2012b). When Grb2 is pre-
equilibrated with the Sos1_PR domain, the latter appears to
inhibit the binding of the Gab1_PR domain to Grb2 by more
than an order of magnitude (Table 2), implying that Sos1 blocks
the binding of Gab1 to Grb2 more effectively than being blocked
by Gab1. The fact that not only the Sos1_PR domain but also the
Sos1_S1 peptide inhibits the binding of the Gab1_PR domain to
Grb2 further cements our thesis that Sos1 and Gab1 bind to Grb2
in a mutually exlusive manner via steric hindrance and allosteric
conformational changes so as to alter the structural configura-
tion of the binding grooves within each other’s binding sites

within Grb2 upon association. Finally, the Gab1_G2 peptide
restricts the binding of the Gab1_PR domain to Grb2 although
it appears to be a much poorer competitor compared to the
Sos1_PR domain (Table 2). This is in remarkable contrast to the
fact that the Sos1_S1 peptide is a better competitor of the
Sos1_PR domain than the Gab1_PR domain for binding to
Grb2 (Table 1). We also note that while the observed binding
stoichiometry of the Sos1_PR domain to Grb2 alone is 1:2, it
steadily rises to as high as 1:11 in the presence of competing
ligands (Table 1). This implies that the competing ligands bind
to Grb2 in an apparently irreversible manner and thereby lower
the effective concentration of Grb2 available for the incoming
Sos1_PR domain. In a remarkable contrast, the observed binding
stoichiometry of the Gab1_PR domain to Grb2 alone is 1:2 and
does not change in the presence of competing ligands (Table 2),
arguing that the competing ligands bind Grb2 in an apparently
reversible manner and do not lower the effective concentration
of Grb2 available to the incoming Gab1_PR domain. We attribute
such discrepancies in the observed binding stoichiometries of
the Sos1_PR and Gab1_PR domains to Grb2 alone versus Grb2
pre-equilibrated with competing ligands to their distinct thermo-
dynamic modes of binding. Indeed, while the binding of both
the Sos1_PR and Gab_PR domains to Grb2 is under favorable
enthalpic changes accompanied by unfavorable entropic contri-
butions to the overall free energy (Table 1 and 2), the precise
contributions deserve a closer look. Thus, while enthalpic contri-
bution to the free energy for the binding of the Sos1_PR domain
to Grb2 alone and in the presence of competing ligands remains
more or less unchanged (Table 1), it is somewhat substantially
reduced in the case of the binding of the Gab1_PR domain
to Grb2 alone versus Grb2 pre-equilibrated with competing
ligands (Table 2).

Table 2. Thermodynamic parameters obtained from ITC measurements for the binding of the Gab1_PR domain to Grb2 alone and
pre-equilibrated with various ligands

m n Kd (mM) ΔH (kcal.mol–1) TΔS (kcal.mol–1) ΔG (kcal.mol–1)

Grb2 alone 1.96� 0.01 2:1 7.58� 0.01 –34.30� 0.31 –20.32� 0.31 –13.98� 0.01
Grb2 + Sos1_PR 2.06� 0.09 2:1 105.54� 3.46 –19.07� 0.52 –8.21� 0.48 –10.86� 0.04
Grb2 + Sos1_S1 1.99� 0.01 2:1 43.39� 0.66 –21.45� 0.52 –9.54� 0.51 –11.91� 0.02
Grb2 +Gab1_G2 2.02� 0.09 2:1 42.92� 0.52 –16.81� 0.11 –4.88� 0.10 –11.93� 0.01

Note that m is the molar ratio of Grb2 bound to the Gab1_PR domain directly calculated from non-linear least-squares fit of ITC
data to a one-site binding model as described previously (Wiseman et al., 1989; McDonald et al., 2012a; McDonald et al., 2012b),
while n is the corresponding stoichiometry observed for the binding of Grb2 to Gab1 to the nearest integer. Errors were
calculated from at least three independent measurements. All errors are given to one standard deviation.

Table 1. Thermodynamic parameters obtained from ITC measurements for the binding of the Sos1_PR domain to Grb2 alone and
pre-equilibrated with various ligands

m n Kd (mM) ΔH (kcal.mol–1) TΔS (kcal.mol–1) ΔG (kcal.mol–1)

Grb2 alone 2.08� 0.08 2:1 6.83� 0.30 –39.56� 0.69 –25.45� 0.74 –14.11� 0.05
Grb2 +Gab1_PR 10.77� 0.78 11:1 38.69� 0.74 –40.18� 0.17 –28.13� 0.15 –12.05� 0.02
Grb2 +Gab1_G2 3.70� 0.04 4:1 14.19� 0.56 –39.29� 0.35 –26.05� 0.31 –13.24� 0.05
Grb2 + Sos1_S1 6.91� 1.36 7:1 56.13� 6.86 –40.45� 0.73 –28.83� 0.87 –11.61� 0.15

Note thatm is the molar ratio of Grb2 bound to the Sos1_PR domain directly calculated from non-linear least-squares fit of ITC data
to a one-site binding model as described previously (Wiseman et al., 1989; McDonald et al., 2012a; McDonald et al., 2012b), while n
is the corresponding stoichiometry observed for the binding of Grb2 to Sos1 to the nearest integer. Errors were calculated from at
least three independent measurements. All errors are given to one standard deviation.
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Binding of Sos1 and Gab1 to Grb2 is associated with
substantial conformational changes

Our data presented above unequivocally demonstrate that Sos1
and Gab1 associate with Grb2 in a mutually exclusive manner.
We believe that such association is most likely driven through
steric hindrance and allosteric conformational changes in lieu
of Sos1 and Gab1 competing with each other for the SH3
domains. In an effort to further test the extent of such conforma-
tional changes, we next measured and compared heat capacity
change (ΔCp) accompanying ligand binding to Grb2 (Figure 4).
As shown in Table 3, our data reveal that although ΔCp associ-
ated with the binding of various ligands to Grb2 is negative, its
magnitude varies substantially depending on the nature of
ligand. It is telling that ΔCp associated with the binding of the
Sos1_PR domain to Grb2 is more than threefold greater than

that observed for the binding of the Sos1_S1 peptide, while
ΔCp associated with the binding of the Gab1_PR domain to
Grb2 is more than an order of magnitude larger relative to the
binding of the Gab1_G2 peptide. It should be noted that while
the binding of above-mentioned ligands to Grb2 has been de-
scribed previously (McDonald et al., 2010; McDonald et al.,
2012a; McDonald et al., 2012b), the temperature-dependence
of the enthalpic change associated with their binding is being
reported here for the first time.
Importantly, a negative value of ΔCp implies that the burial of

apolar surface dominates intermolecular association over polar
groups, and the more negative the value of ΔCp, the greater
the extent of such burial of apolar surface. In fact, semi-empirical
relationships have been developed to quantify the extent of
change in solvent-accessible surface area (ΔSASA) from experi-
mentally determined values of ΔCp for intermolecular associa-
tions (Murphy and Freire, 1992; Freire, 1993; Spolar and M.T.
Record, 1994; Xie and Freire, 1994; Murphy, 1999; Edgcomb
and Murphy, 2000). Taking advantage of these relationships,
we also determined and compared the extent of burial of
apolar and polar surfaces upon ligand binding to Grb2 (Table 3).
Consistent with our data above, our ΔSASA calculations suggest
that the binding of the Sos1_PR and Gab1_PR domains to
Grb2 results in much greater burial of apolar surfaces compared
to the binding of the Sos1_S1 and Gab1_G2 peptides. These
data thus further corroborate the notion that the binding of
Sos1_PR and Gab1_PR to Grb2 is accompanied by substantial
conformational changes within Grb2 and/or the PR domains.
Notably, such conformational ordering may underscore the
physical basis of the formation of two distinct Grb2–Sos1 and
Grb2–Gab1 binary complexes instead of a composite Sos1–
Grb2–Gab1 ternary complex through steric hindrance and
allosteric modulation.

Structural basis of the formation of two distinct Grb2–Sos1
and Grb2–Gab1 binary complexes instead of a composite
Sos1–Grb2–Gab1 ternary complex

Proline-rich sequences in proteins not only play a central role in
mediating cellular signaling cascades pertinent to health and
disease but also constitute a major component of human
proteome. Despite their important roles, our knowledge of 3D
conformations adopted by PR proteins remains poor due largely
to the fact that they are not amenable to structural analysis at
the atomic level by conventional methods such as x-ray crystal-
lography and nuclear magnetic resonance. This limitation arises
because PR proteins are structurally flexible due to the rigidity
of proline sidechain as well as being largely deficient in second-
ary structural elements such as a-helices and b-strands that
constitute the bedrock of ab proteins with a well-defined

a

b

Figure 4. Enthalpy (ΔH)–Temperature (T) plots for the binding of Grb2
to various ligands. (a) Binding of Grb2 to Sos1_PR domain (●) and
Sos1_S1 peptide (▲). (b) Binding of Grb2 to Gab1_PR domain (●) and
Gab1_G2 peptide (▲). The solid lines through the data points represent
linear fits. Error bars were calculated from at least three independent
measurements to one standard deviation.

Table 3. ΔSASA values determined from thermodynamic parameters for the binding of various ligands to Grb2 alone

ΔH60 (kcal.mol–1) ΔCp (kcal.mol–1.K–1) ΔSASApolar (Å
2) ΔSASAapolar (Å

2) ΔSASAtotal (Å
2)

Sos1_PR -115.30� 0.93 –2.16� 0.03 –6236� 2 –9494� 110 –15 731� 106
Gab1_PR –79.31� 1.39 –1.29� 0.03 –4104� 85 –5843� 148 –9946� 232
Sos1_S1 –35.23� 0.27 –0.60� 0.01 –1846� 23 –2683� 54 –4528� 78
Gab1_G2 –14.60� 0.05 –0.13� 0.01 –646� 9 –674� 26 –1319� 35

Errors were calculated from at least three independent measurements. All errors are given to one standard deviation.
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structure. Because of these limitations, we employed here MM as
an alternative to unearth the physical basis of the formation of
two distinct Grb2–Sos1 and Grb2–Gab1 binary complexes in-
stead of a composite Sos1–Grb2–Gab1 ternary complex through
steric hindrance and allosteric modulation. Accordingly, in
agreement with our previous studies (McDonald et al., 2012a;
McDonald et al., 2012b), we modeled the structure of a ternary
complex between Grb2 homodimer bound to the Sos1_PR and
Gab1_PR domains so as to shed light on how the binding of
one ligand may hinder the binding of the other and vice versa
(Figure 5). In this structural model, the Grb2–Sos1 interaction is
mediated by the bivalent binding of Grb2 homodimer via its
nSH3 domains to the two PXcPXR motifs located within the
S1/S4 sites in Sos1_PR, while the bivalent binding of Grb2 homo-
dimer via its cSH3 domains to two RXXK motifs located within
the G1 and G4 sites in Gab1_PR accounts for the Grb2–Gab1
interaction as described earlier (McDonald et al., 2012a;
McDonald et al., 2012b). It is noteworthy that the monomers
within Grb2 homodimer adopt a twofold axis of symmetry such

that the SH2 domain of one monomer docks against the cSH3
domain of the other and vice versa in a head-to-tail fashion as
observed in the crystal structure determined by Ducruix and
co-workers (Maignan et al., 1995).

Importantly, our structural modeling reveals molecular
insights into the binding of the Sos1_PR and Gab1_PR domains
to Grb2. In the case of the binding of the Sos1_PR domain to
Grb2, each PXcPXR motif located within the S1/S4 sites latches
onto the hydrophobic groove running parallel to the RT loop
within the b-barrel fold of each nSH3 domain and adopts a
left-handed polyproline type II (PPII)–helical conformation in a
canonical fashion (Goudreau et al., 1994; Terasawa et al., 1994;
Wittekind et al., 1994; Wittekind et al., 1997). Within each nSH3
hydrophobic groove, the PXcPXR motifs are stabilized by an
extensive network of intermolecular contacts as reported earlier
(McDonald et al., 2008b; McDonald et al., 2009a; McDonald et al.,
2010; McDonald et al., 2012a). Notably, the binding of the
Sos1_PR domain to Grb2 shares both similarities and differences
with the binding of the Gab1_PR domain. Thus, while PXcPXR
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Figure 5. Structural model of Grb2 bound to the PR domains of Sos1 (Sos1_PR) and Gab1 (Gab1_PR) in the context of a Sos1–Grb2–Gab1 ternary com-
plex. Note that within this ternary complex, the Grb2–Sos1 interaction is mediated via the binding of nSH3 domains of Grb2 homodimer to PXcPXR
motifs located at S1/S4 sites within Sos1, while the Grb2–Gab1 interaction is driven via the binding of cSH3 domains of Grb2 homodimer to RXXK motifs
located at G1/G2 sites within Gab1. One monomer of Grb2 is shown in green (MonA) and the other in blue (MonB). Sos1_PR is colored brown, while
Gab1_PR is shown in magenta. For clarity, the Grb2–Sos1 and Grb2–Gab1 interfaces between the hydrophobic grooves within the respective SH3
domains of Grb2 monomers accommodating the corresponding PXcPXR or RXXK motifs are marked by dashed circles. The sidechain moieties of c
and arginine residues within the PXcPXR motifs at S1/S4 sites and the sidechain moieties of arginine and lysine residues within the RXXK motifs at
G1/G2 sites are colored yellow. The sidechain moieties of residues within the nSH3 domains of Grb2 that interact with c and arginine residues within
the PXcPXR motifs and the sidechain moieties of residues within the cSH3 domains of Grb2 that interact with arginine and lysine residues within the
RXXK motifs are colored red.
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and RXXK motifs within both the Sos1_PR and Gab1_PR domains
recognize the analogous binding grooves within both the nSH3
and cSH3 domains, they do so via distinct mechanisms. For ex-
ample, while the S1/S4 motifs within Sos1_PR bind to the nSH3
domains in a similar manner, the G1/G2 motifs within the
Gab1_PR domain recognize the cSH3 domains in distinct
manners as reported previously (McDonald et al., 2011). Thus,
while the G1 motif strictly requires the PPRPPKP consensus
sequence for high-affinity binding to the cSH3 domain, the G2
motif displays preference for the PXVXRXLKPXR consensus.
Although both G1 and G2 motifs are accommodated within
the same hydrophobic groove located within the b-barrel fold
of each cSH3 domain, there are some notable differences in
their modes of binding. Thus, while the G1 motif adopts the
relatively open PPII-helical conformation upon binding to the
cSH3 domain, the G2 motif assumes a much tighter 310-helical
conformation. Remarkably, despite such distinguishing confor-
mations, the nature of residues within each cSH3 domain
involved in interacting with G1 and G2 motifs bear substantial
similarities and engage in an intricate network of intermolecu-
lar contacts with their counterparts lining the hydrophobic
groove within each cSH3 domain in stabilizing these key
SH3-ligand interactions as fully discussed earlier (McDonald
et al., 2011; McDonald et al., 2012b).

We add that although the spatial orientations of PXcPXR and
RXXK motifs relative to their respective SH3 domains within Grb2
homodimer can be relied upon with a high degree of confidence
at the atomic level, due to the fact that they were modeled on
the basis of high sequence identity with corresponding tem-
plates, there is a high probability of uncertainty in the relative
orientation and conformation of the intervening polypeptide
chains spanning the S1/S4 or G1/G2 sites within the PR domains.
Notably, these intervening polypeptide chains were folded into a
compact globular-like topology on the basis of ab initio model-
ing without any template. Our previous studies revealed that
the Sos1_PR and Gab1_PR domains represent structurally disor-
dered regions devoid of a well-defined compact fold (McDonald
et al., 2012a; McDonald et al., 2012b). We believe that these inter-
vening polypeptide chains are conformationally flexible within
both the Sos1_PR and Gab1_PR domains, and thus, the binding
of one to Grb2 may sterically hinder the binding of the other in a
mutually exclusive manner. This is further supported by our
structural model in that the nSH3 and cSH3 domains are juxta-
posed to each other within each monomer of Grb2 homodimer,
arguing that ligand binding to the nSH3 domain may restrict
access to another ligand binding to the cSH3 domain and vice
versa. Accordingly, such steric hindrance may favor the forma-
tion of two distinct Grb2–Sos1 and Grb2–Gab1 binary complexes
instead of a composite Sos1–Grb2–Gab1 ternary complex as sug-
gested by our thermodynamic data.

It is also noteworthy that the relative orientation of monomers
within Grb2 homodimer places the nSH3 domains within each
monomer on one face of the molecule while the cSH3 domains
are on the opposite face. Accordingly, the bivalent sites within
Grb2 homodimer for accommodating Sos1 and Gab1 are
physically separated. This salient observation argues against
the notion that the binding of Sos1 to the nSH3 domains on
one face and Gab1 to the cSH3 domains on the opposite face
may encounter steric clashes. However, our structural model also
reveals that although bivalent sites for accommodating Sos1 and
Gab1 are physically separated, there are notable differences in
the inter-domain distances. Thus, while a distance of ~25Å

separates one cSH3 domain from the other within Grb2 homodi-
mer, the nSH3 domains are placed apart by ~50 Å. Accordingly,
the rather large distance between the two nSH3 domains implies
that the intervening polypeptide chain spanning the S1/S4 sites
in Sos1 may adopt multiple orientations and that such flexibility
may promote steric clashes between Sos1 and Gab1 upon bind-
ing to Grb2 in concert. Despite these plausible scenarios as to
how the binding of Sos1 to Grb2 may sterically block the binding
of Gab1 and vice versa, our structural model does not provide
insights into any conformational changes that may be coupled
to ligand binding. Thus, it is equally conceivable that the binding
of one ligand at one site induces conformational changes within
Grb2 such that the binding of the other ligand at the second site
is blocked in an allosteric manner.

MD simulations suggest a high probability of steric hindrance
between Sos1 and Gab1 within the composite Sos1–Grb2–Gab1
ternary complex

In an attempt to further understand how steric hindrance and al-
losteric conformational changes upon ligand binding may favor
the formation of two distinct Grb2–Sos1 and Grb2–Gab1 binary
complexes instead of a composite Sos1–Grb2–Gab1 ternary
complex, we next performed MD simulations on the structural
model of a ternary complex between Grb2 homodimer bound
to the Sos1_PR and Gab1_PR domains (Figure 6). Importantly,
we assessed the stability and dynamics of the ternary complex
and various constituent components in terms of the root mean
square deviation (RMSD) of backbone atoms as a function of sim-
ulation time as well as through the superimposition of snapshots
of a family of simulated structures recorded at various times
along the MD simulation.
As shown in Figure 6a, the MD trajectory reveals that the

Sos1–Grb2–Gab1 ternary complex reaches structural equilibrium
with an RMSD of ~12Å after about 20 nsec. To understand the
origin of such high structural fluctuations, we deconvoluted the
overall RMSD of the ternary complex into its four constituent
components: the Sos1_PR and Gab1_PR domains and the Grb2
monomers, designated MonA and MonB. Our analysis reveals
that while Grb2 monomers display relatively high stability with
an RMSD of ~2 Å over the entire course of MD simulation, the
Sos1_PR and Gab1_PR remain relatively unstable with RMSD
values exceeding 15Å and 10 Å, respectively. This strongly
argues that the Sos1_PR and Gab1_PR domains are structurally
flexible. This is further demonstrated through the superposition
of various simulated structures of the Sos1–Grb2–Gab1 ternary
complex at 10-nsec time intervals along the MD trajectory
(Figure 6b). It is evident from such analysis that although the
S1/S4 motifs within the Sos1_PR and G1/G2 motifs within
Gab1_PR adopt relatively stable conformations within their
respective SH3 grooves, the intervening polypeptide chains
spanning these motifs display rather high structural plasticity.
Accordingly, such structural flexibility could promote an overlap-
ping of the Sos1_PR and Gab1_PR domains when bound to Grb2
due to conformational dynamics lasting over longer time
regimes of micro- or milliseconds, which would be more reflec-
tive of bona fide molecular motions of multi-protein complexes
relevant to their physiological function. However, studying con-
formational dynamics of multi-protein complexes over time
scales of microseconds, much less milliseconds, is computation-
ally very challenging and currently not a feasible exercise. Impor-
tantly, additional physical constraints placed upon the PR
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domains in the context of intact Sos1 and Gab1 proteins in
complex with Grb2 may also facilitate their physical overlap
due to steric clashes with neighboring domains within the bind-
ing partners. The same argument would also likely hold true in
the context of a live cellular milieu, where molecular crowding
and noise due to a plethora of non-specific and promiscuous
interactions with other cellular proteins would be expected to
physically constrain the conformational space available to the
PR domains of Sos1 and Gab1. In short, our MD simulations
support the notion that the rather high structural plasticity of
the Sos1_PR and Gab1_PR domains combined with other physi-
cal constraints in their immediate vicinity may account for their
ability to sterically hinder the binding of each other to Grb2.

CONCLUSIONS

Multi-protein complexes play key roles in driving a multitude of
cellular signaling cascades central to health and disease. How-
ever, our knowledge of how the binding of one ligand affects
the overall stoichiometry of a multi-protein complex remains
largely obscure. In particular, the role of steric hindrance and al-
losteric communication in dictating ligand binding to proteins
with multiple binding sites remains highly underappreciated. In
an effort to understand the assembly of multi-protein com-
plexes, we undertook detailed biophysical analysis on how the
binding of Sos1 guanine nucleotide exchange factor to Grb2
adaptor may affect the binding of Gab1 docking protein and vice
versa. Given that Sos1 recognizes Grb2 via its nSH3 domain
(McDonald et al., 2010; McDonald et al., 2012a), while Gab1 binds
to the cSH3 domain within Grb2 in an exclusive manner (Lock
et al., 2000; Lewitzky et al., 2001; McDonald et al., 2012b), one
could be forgiven for arguing in favor of the formation of a
Sos1–Grb2–Gab1 ternary complex in a non-competitive manner.
Indeed, the formation of such a ternary complex has been previ-
ously reported within live mammalian cells (Ong et al., 2001).
However, our data suggest otherwise and provide a clearer
picture, which may have easily been blurred by the complexity
of cellular milieu in the previous study (Ong et al., 2001) of the
underlying mechanism of the assembly of these macromolecular
complexes.

Our study shows that although Grb2 contains two distinct
non-overlapping sites for the recruitment of Sos1 and Gab1,
the binding of one restricts access to the other so as to favor
the formation of two distinct pools of Grb2–Sos1 and Grb2–Gab1
binary complexes in lieu of a composite Sos1–Grb2–Gab1 ternary
complex. In this mutually exclusive model, the binding of Sos1 to
the nSH3 domain within Grb2 sterically hinders the binding of
Gab1 to the cSH3 domain and vice versa. Additionally, our data
also suggest that the binding of one partner to Grb2 induces allo-
steric conformational changes that are likely transmitted to the
binding site of the other, causing it to undergo structural disconfi-
guration and thereby keeping the competing ligand at bay. Our
structural models and MD simulations argue that the structurally
flexible nature of PR domains of Sos1 and Gab1 is likely to be an
important feature of their ability to sterically hinder each other
when in association with Grb2 and in causing the latter to undergo
conformational changes. Importantly, the binding of both Sos1
and Gab1 to Grb2 is achieved via bivalent interactions mediated
by a pair of SH3 recognition motifs within each of these binding
partners and by virtue of the fact that Grb2 associates into a homo-
dimer so as to provide a complementary pair of SH3 binding sites
for each binding partner. In the case of Sos1, the bivalent interac-
tion is mediated by the binding of two out of four possible PXcPXR
motifs (S1/S2/S3/S4) to a pair of nSH3 domains within Grb2 homo-
dimer, while Gab1 binds via both its RXXK motifs (G1/G2) to a pair
of cSH3 domains. It is noteworthy that the homodimerization of
Grb2 was also recently implicated in the inhibition of basal FGF
receptor signaling via steric hindrance (Lin et al., 2012).

Given that our analysis was conducted on isolated PR domains
of Sos1 and Gab1 in lieu of intact proteins, we cannot rule out
that additional factors may also play a role in modulating the
binding of these proteins to Grb2 within the milieu of the living
cell. In particular, it is now well documented that noise in cellular
signaling networks due to the intrinsic promiscuity of protein–
protein interactions as well as non-specific weak protein–protein
interactions plays a key role in fine-tuning the multimerization
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Figure 6. MD analysis on the structural model of Grb2 bound to the
PR domains of Sos1 (Sos1_PR) and Gab1 (Gab1_PR) in the context of a
Sos1–Grb2–Gab1 ternary complex. (a) Root mean square deviation
(RMSD) of backbone atoms (N, Ca, and C) within each simulated structure
relative to the initial modeled structure of Sos1–Grb2–Gab1 ternary com-
plex as a function of simulation time. Note that the overall RMSD for the
ternary complex (black) is deconvoluted into PR domains of Sos1 (brown)
and Gab1 (magenta) and into each of the two Grb2 monomers, desig-
nated MonA (green) and MonB (blue). (b) Superimposition of simulated
structures of Sos1–Grb2–Gab1 ternary complex obtained at 10-nsec time
intervals in the 100-nsec MD trajectory. One monomer of Grb2 is shown
in green (MonA) and the other in blue (MonB). Sos1_PR is colored brown,
while Gab1_PR is shown in magenta. The S1/S4 motifs within Sos1_PR
and G1/G2 motifs within Gab1_PR involved in mediating binding to
Grb2 are marked for clarity.
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and clustering of signaling components (Ladbury and Arold,
2012). More specifically, it is conceivable that the PR domain
within Sos1 does not exist in isolation but rather associates in
an intramolecular manner with the neighboring Cdc25/REM
catalytic domains required for the activation of Ras in response
to RTK stimulation (Boriack-Sjodin et al., 1998; Margarit et al.,
2003). It has indeed been previously shown that the PR domain
exerts negative allosteric control on the ability of Sos1 to activate
Ras (Corbalan-Garcia et al., 1998). Accordingly, intramolecular as-
sociation of the PR domain of Sos1 may also dictate the extent to
which Grb2 binds Sos1 versus Gab1. Additionally, downstream
cellular partners of Grb2 may also modulate its access to Sos1
and Gab1 in a competitive and allosteric manner. Thus, the
recruitment of Grb2 to the inner membrane surface by virtue
of its SH2 domain’s ability to bind to pY motifs located within
the cytoplasmic tails of a diverse array of RTKs may dictate the
competition between Sos1 and Gab1 for Grb2 (Lowenstein
et al., 1992; Rozakis-Adcock et al., 1992; Rozakis-Adcock et al.,
1993). In T cells, the SH2 domain of Grb2 recognizes pY motifs
located on the cytoplasmic tail of the LAT receptor, and such
Grb2–LAT interaction could also fine-tune the access of down-
stream cellular partners of Grb2 (Samelson, 2002). Notably, in ad-
dition to Sos1 guanine nucleotide exchange factor and the Gab1
docking protein (Chardin et al., 1993; Li et al., 1993; Schaeper
et al., 2000; Lewitzky et al., 2001), other well-characterized down-
stream partners of Grb2 include the dynamin endocytic GTPase
(Seedorf et al., 1994; Vidal et al., 1998), the Cbl ubiquitin ligase
(Odai et al., 1995; Park et al., 1998; Lewitzky et al., 2001) and
the p27kip1 cell cycle inhibitor (Moeller et al., 2003).

We also note that the G1 and G2 motifs flank the binding site
for MET and RON receptor tyrosine kinases within the PR domain
of Gab1 (Schaeper et al., 2000; Schaeper et al., 2007; Chaudhuri

et al., 2011). Given that Gab1 can also be recruited to the inner
membrane surface through its direct interaction with the
cytoplasmic tails of MET and RON receptors, we believe that
Gab1–MET/RON and Gab1–Grb2 interactions are likely to be
mutually exclusive via steric hindrance and vice versa. Accord-
ingly, the cellular ratio of Grb2 would likely determine whether
the coupling of Gab1 to MET/RON occurs directly or via the
Grb2–Gab1 interaction, with important consequences on down-
stream signaling pathways involved in a diverse array of cellular
activities (Schaeper et al., 2007; Wagh et al., 2008). Interestingly,
Sos1 can also be recruited to the inner membrane surface via
the binding of its pleckstrin homology (PH) domain to phospha-
tidic acid (Zhao et al., 2007). Thus, membrane recruitment of
Gab1 and Sos1 in a Grb2-independent manner represents an al-
ternative facet of cellular signaling and epitomizes the extensive
competition between various cellular partners.
In short, our study sheds new light on the role of steric

hindrance and allosteric modulation on the formation of multi-
protein signaling complexes. Our work therefore lays the
groundwork for furthering our understanding of signaling com-
plexes in detailed mechanistic terms. Importantly, our future
work will focus on how other cellular partners modulate the for-
mation of Grb2–Sos1 and Grb2–Gab1 complexes.
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