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Abstract

Numerous signaling proteins use multivalent binding to increase the specificity and affinity of their interactions within the
cell. Enhancement arises because the effective binding constant for multivalent binding is larger than the binding constants
for each individual interaction. We seek to gain both qualitative and quantitative understanding of the multivalent
interactions of an adaptor protein, growth factor receptor bound protein-2 (Grb2), containing two SH3 domains interacting
with the nucleotide exchange factor son-of-sevenless 1 (Sos1) containing multiple polyproline motifs separated by flexible
unstructured regions. Grb2 mediates the recruitment of Sos1 from the cytosol to the plasma membrane where it activates
Ras by inducing the exchange of GDP for GTP. First, using a combination of evolutionary information and binding energy
calculations, we predict an additional polyproline motif in Sos1 that binds to the SH3 domains of Grb2. This gives rise to a
total of five polyproline motifs in Sos1 that are capable of binding to the two SH3 domains of Grb2. Then, using a hybrid
method combining molecular dynamics simulations and polymer models, we estimate the enhancement in local
concentration of a polyproline motif on Sos1 near an unbound SH3 domain of Grb2 when its other SH3 domain is bound to
a different polyproline motif on Sos1. We show that the local concentration of the Sos1 motifs that a Grb2 SH3 domain
experiences is approximately 1000 times greater than the cellular concentration of Sos1. Finally, we calculate the
intramolecular equilibrium constants for the crosslinking of Grb2 on Sos1 and use thermodynamic modeling to calculate the
stoichiometry. With these equilibrium constants, we are able to predict the distribution of complexes that form at
physiological concentrations. We believe this is the first systematic analysis that combines sequence, structure, and
thermodynamic analyses to determine the stoichiometry of the complexes that are dominant in the cellular environment.
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Introduction

Grb2 contains one SH2 domain flanked on each side by an SH3
domain [1,2], each of which forms complexes with multiple
polyproline motifs on Sos1. The activation of the Ras signaling
pathway requires the recruitment of Sos1 from the cytosol to the
plasma membrane where it activates Ras by inducing the exchange of
GDP for GTP [3,4]. This recruitment is mediated by Grb2, which
couples Sos1 to phosphorylated receptors and scaffolding proteins that
contain sequences of the binding motif for the Grb2 SH2 domain,
YXNX. In T cells and mast cells, when the three terminal tyrosines of
the scaffolding protein linker for activation of T cells (LAT) are
phosphorylated, they become binding sites for the SH2 domain of
Grb2. Upon aggregation of T cell receptors on T cells and FceRI on
mast cells, LAT is phosphorylated and aggregates [5–7]. When the
concentration of Grb2 is sufficiently high compared to Sos1,
Grb2-Sos1-Grb2 complexes form and cross-link LAT molecules,
unless the concentration of Grb2 is so high that unbound Grb2
fills the binding sites on LAT and blocks cross-linking [6,8].
Highly specific biomolecular signaling complexes such as the

Grb2-Sos1 system often form by combining relatively weak
promiscuous interactions. This strategy is widespread with
signaling proteins exhibiting a variety of combinations of domains
(PH, PTB, SH2, SH3, etc.) that allow them to attach to one or
more proteins at multiple sites [9].

Grb2-Sos1 complex formation presents an excellent system for
studying the role of multivalency in enhancing the binding affinity.
There are four known proline-rich motifs on Sos1 that can bind to
the SH3 domains of Grb2 [10,11]. The effective Kd for the
formation of a Sos1-Grb2 complex has been measured and is
&0:4 mM [6], a hundred times smaller than the smallest Kd for the
binding of a single Grb2 SH3 domain to a proline-rich domain on
Sos1. To achieve such an enhancement in its effective equilibrium
binding constant, Grb2 must attach to Sos1 through both its SH3
domains. When one SH3 domain is bound to Sos1, the second SH3
domain of Grb2 samples a much higher local concentration of the
second binding site than if it were free in solution. The two SH3
domains of Grb2 bind to two of the four proline-rich regions on
Sos1 to form a 1:1 Grb2-Sos1 binary complex. A second Grb2 can
bind through both its SH3 domains to this complex to form a
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