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a b s t r a c t

Grb2 is an adaptor protein that couples activated receptor tyrosine kinases to downstream effector mol-
ecules such as Ras and Akt. Despite being a central player in mitogenic signaling and a target for thera-
peutic intervention, the role of Grb2 oligomerization in cellular signaling is not well understood. Here,
using the techniques of size-exclusion chromatography, mass spectrometry, analytical ultra-centrifuga-
tion and isothermal titration calorimetry, we demonstrate that Grb2 exists in monomer–dimer equilib-
rium in solution and that the dissociation of dimer into monomers is entropically-driven without an
unfavorable enthalpic change at physiological temperatures. Our data indicate that enthalpy and entropy
of dimer dissociation are highly temperature-dependent and largely compensate each other resulting in
negligible effect of temperature on the overall free energy. From the plot of enthalpy change versus tem-
perature, the magnitude of heat capacity change derived is much smaller than that expected from the
rather large molecular surfaces becoming solvent-occluded upon Grb2 dimerization, implying that
Grb2 monomers undergo conformational rearrangement upon dimerization. 3D structural models of
Grb2 dimer and monomers suggest strongly that such conformational rearrangement upon dimerization
may arise from domain swapping. Taken together, our study provides novel insights into the role of Grb2
as an adaptor in cellular signaling circuitry and how Grb2 dimerization may impart high fidelity in signal
transduction as well as lead to rapid signal amplification upon receptor stimulation.

� 2008 Elsevier Inc. All rights reserved.
Grb21 is a ubiquitous component of cell signaling networks
that couples activated receptor tyrosine kinases (RTKs) to down-
stream effectors and regulators. The critical role of Grb2 in cellular
signaling is exquisitely demonstrated through defects in mice em-
bryos upon the disruption of grb2 gene [1]. Grb2 is a modular pro-
tein comprised of a central SH2 domain flanked between an N-
terminal SH3 (nSH3) domain and a C-terminal SH3 (cSH3) domain,
giving it an overall modular architecture of nSH3–SH2–cSH3 [2].
Grb2 recognizes activated RTKs by virtue of its SH2 domain to
bind to tyrosine-phopshorylated (pY) sequences in the context of
the consensus motif pYXN located within the cytoplasmic tails of
a diverse array of receptors, including EGF and PDGF receptors
[3,4]. Alternatively, Grb2 can also indirectly dock onto activated
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RTKs through the binding of its SH2 domain to pY sequences with-
in the adaptor protein p52Shc [5,6]. Given a much broader spec-
trum of RTKs recognized by p52Shc, Grb2 is more often seen to
fulfill this latter role instead of directly binding to RTKs upon
receptor stimulation. For its part, p52Shc contains at least two
well-conserved YXN motifs at positions Y239 and Y317 that are
subject to phosphorylation by a diverse array of protein tyrosine
kinases, including the Src kinase family, upon its recruitment to
receptor tails in response to extracellular mitogenic stimuli [7–
9]. It has been shown that phosphorylation of both Y239 and
Y317 in p52Shc is required for efficient recruitment of Grb2 to
the inner membrane surface [10]. Could this necessity be ex-
plained by the ability of Grb2 to participate in cellular signaling
as a dimer?

Upon the interaction of Grb2 to RTKs directly or indirectly, the
SH3 domains of Grb2 present a placid opportunity for a wide
variety of proteins, containing proline-rich sequences, to be re-
cruited to the inner membrane surface and thus engage in down-
stream cellular signaling cascades. Some of the best characterized
downstream partners of Grb2 SH3 domains are the guanine
nucleotide exchange factor Sos1 [11,12], the adaptor protein
Gab1 [13,14], the endocytic GTPase dynamin1 [15,16], the ubiqui-
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tin ligase Cbl [14,17,18] and the cell cycle inhibitor p27kip1 [19].
Upon recruitment to the inner membrane surface, these down-
stream effectors of Grb2 exert a wide multitude of biological
responses. For example, Sos1 catalyzes the GDP-GTP exchange
within the small membrane-bound GTPase Ras and thereby
switches on a key signaling circuit that involves the activation
of MAPK cascade central to cellular proliferation, survival and dif-
ferentiation [20,21]. Likewise, the recruitment of Gab1 provides
docking platforms for the protein tyrosine phosphatase Shp2
and the lipid kinase PI3K, which respectively account for further
amplification of Ras activity, as sustained activation of Ras
requires both the Sos1-dependent and Gab1-dependent pathways
[22–24], and the activation of serine-threonine kinase Akt/PKB,
which plays a pivotal role in cell growth and survival [25]. The
recruitment of dynamin1 to the inner membrane surface is
believed to trigger clathrin-mediated receptor endocytosis of
EGFR—a key mechanism for initiating intracellular signaling
[26,27]. In contrast, the recruitment of Cbl to the p52Shc–Grb2
signaling complex at the inner membrane surface results in ubiq-
uitination of EGFR and its subsequent degradation, a step that is
critical for negating the oncogenic potential of EGFR [28]. Finally,
the recruitment of p27kip1 to the Shc–Grb2 signaling complex
appears to negatively regulate the activity of Ras by virtue of
its ability to compete with Sos1 for binding to Grb2 [19].

Grb2 is architecturally one of the simplest and smallest adaptor
proteins with an overall modular architecture of nSH3–SH2–cSH3
[2]. The availability of its complete 3D structure has rendered
Grb2 a prototype for understanding the function of other adaptor
proteins in cellular signaling [29]. In the 3D crystal structure of
Grb2, the protein crystallized as a dimer with twofold axis of sym-
metry 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
[29]. In this manner, the ligand-binding sites in the SH2 and the
SH3 domains remain fully exposed to solution and thereby render-
ing Grb2 in an active state and fully primed to participate in cellu-
lar signaling within the dimeric assembly. To paraphrase this
slightly, the role of Grb2 dimerization appears to stabilize the pro-
tein further rather than providing a negative regulatory switch that
may need to be invoked upon receptor stimulation. Such a dimeric
assembly of Grb2 is also expected to eliminate the need for any
conformational change prior to interaction with upstream RTKs
or downstream effector molecules. The extent to which Grb2
dimerization prevails in solution and the extent to which the
monomers may have to undergo conformational change upon
dimerization is however not clear. Does Grb2 dimerize in solution?
Do the monomers come together as rigid bodies to generate the
Grb2 dimer or do they have to undergo some sort of conforma-
tional change upon dimerization?

To address these key issues, we undertook the present study.
Here, using the techniques of size-exclusion chromatography, mass
spectrometry, analytical ultra-centrifugation and isothermal titra-
tion calorimetry, we demonstrate that Grb2 exists in monomer–di-
mer equilibrium in solution and that the dissociation of dimer into
monomers is entropically-driven without an unfavorable enthalpic
change at physiological temperatures. Our data further indicate
that the heat capacity change is much smaller than that expected
from the rather large molecular surfaces becoming solvent-oc-
cluded upon Grb2 dimerization, implying that Grb2 monomers un-
dergo conformational rearrangement upon dimerization. 3D
structural models of Grb2 dimer and monomers suggest strongly
that such conformational rearrangement upon dimerization may
arise from domain swapping. Taken together, our study provides
novel insights into the role of Grb2 as an adaptor in cellular signal-
ing circuitry and how Grb2 dimerization may impart high fidelity
in signal transduction as well as lead to rapid signal amplification
upon receptor stimulation.
Materials and methods

Protein preparation

Full-length human Grb2 (residues 1–217; Expasy# P62993) was cloned into
pET102 bacterial expression vector with an N-terminal thioredoxin (Trx)-tag fol-
lowed by a thrombin site (a total of 133 additional residues at the N-terminus)
and a C-terminal polyhistidine (His)-tag preceded by a thrombin site (a total of
36 additional residues at the C-terminus) using Invitrogen TOPO technology.
Trx-tag was included to maximize protein expression in soluble fraction, while
the His-tag was added to aid in protein purification by Ni–NTA affinity chroma-
tography. Additionally, thrombin protease sites were introduced at both the N-
and C-termini of the protein to aid in the removal of tags after protein purifica-
tion. Proteins were subsequently expressed in Escherichia coli Rosetta2 (DE3) bac-
terial strain (Novagen) cultured in LB media and purified on Ni–NTA affinity
column using standard procedures. Further treatment of the protein on a MonoQ
ion-exchange column and a Hiload Superdex200 size-exclusion column coupled
to GE Akta FPLC system led to purification of recombinant Grb2 to apparent
homogeneity as judged by SDS–PAGE analysis. The identity of recombinant
Grb2 was further confirmed by MALDI-TOF mass spectrometry analysis. Protein
yield was typically between 20 and 30 mg of recombinant Grb2 of apparent
homogeneity per liter of bacterial culture. The treatment of recombinant protein
with thrombin protease significantly destabilized Grb2 and rendered it proteolyt-
ically unstable. For this reason, all experiments reported herein were carried out
on a 43-kDa recombinant fusion Grb2 (386 residues) containing a Trx-tag at the
N-terminus and a His-tag at the C-terminus. The tags were found to have no ef-
fect on the functional properties of Grb2. Protein concentrations were determined
by both fluorescence using Invitrogen Quant-It assay and absorbance at 280 nm
using an extinction co-efficient of 52,160 M�1cm�1 for the recombinant Grb2.
The extinction co-efficient was calculated from amino acid sequence alone using
the online software ProtParam at ExPasy Server [30]. Results from both methods
were in an excellent agreement.

SEC analysis

Size-exclusion chromatography (SEC) on recombinant Grb2 was performed
using a Hiload Superdex200 column coupled to a GE Akta FPLC system equipped
with the UNICORN software for automatic operation. After purification to apparent
homogeneity using Ni–NTA affinity chromatography and ion-exchange chromatog-
raphy, recombinant Grb2 was extensively dialyzed in 50 mM Tris, 200 mM NaCl,
1 mM EDTA and 5 mM b-mercaptoethanol at pH 8.0. The recombinant protein
was concentrated to 100–300 lM using Amicon Ultra-15 centrifugal filter units
(MMCO 30 kDa) prior to application on Superdex200 column pre-equilibrated in
the same buffer at 4 �C. The elution of protein was recorded using UV monitor at
280 nm and automatically plotted as a function of elution volume in the UNICORN
software. The identity of Grb2 in elution fractions was further confirmed by SDS–
PAGE, Western blotting and MALDI-TOF mass spectrometry analysis. The apparent
molecular mass of recombinant Grb2 was obtained by extrapolation of its recorded
elution volume on a straight line graph generated by plotting the logarithm of the
molecular mass of known protein markers versus their elution volumes on the
Superdex200 column pre-equilibrated in the same buffer at 4 �C. Control
experiments involving the analysis of thioredoxin containing a C-terminal His-tag
on the Superdex200 column confirmed that the tags possessed no oligomeric
potential.

MALDI-TOF mass spectrometry

Matrix-assisted LASER desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry analysis of recombinant Grb2 was performed on a Voyager-DE spec-
trometer with a linear detector coupled to v.5.0 software from Applied Biosystems.
Recombinant Grb2 was extensively dialyzed in 10 mM Tris and 5 mM b-mercap-
toethanol at pH 8.0. The dialyzed protein solution was mixed with an equal volume
of matrix solution and the resulting mixture was air-dried on the sample plate prior
to MALDI-TOF analysis. The matrix solution comprised of a saturated solution of
3,5-dimethoxy-4-hydroxycinnamic acid in acetonitrile/water (1:1). Molecular
masses were calibrated externally with bovine serum albumin. Molecular mass
accuracy was within ±0.25%. All MALDI-TOF experiments were carried out at the
Global Peptide Services, Fort Collins, CO.

AUC experiments

Analytical ultra-centrifugation (AUC) sedimentation equilibrium experiments
were carried out in a Beckman–Coulter XL-A analytical ultracentrifuge at rotor
speeds of 17,000 rpm at 4 �C. After purification to apparent homogeneity using
Ni–NTA affinity chromatography and ion-exchange chromatography, recombinant
Grb2 was extensively dialyzed in 50 mM Tris and 200 mM NaCl at pH 8.0 prior to
transfer to an ultracentrifuge cell at various initial concentrations in the range
0.1–10 lM. The distribution of Grb2 concentration, expressed as absorbance at
280 nm (Ar), as a function of radius (r) at centrifugal equilibrium was analyzed
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using L � 1 (robust) regression with the mathematical modeling system MLAB (Civ-
ilized Software, Silver Spring, MD) and was best fit to the following equation based
on a reversible monomer–dimer equilibrium model:

Ar ¼ Ab exp Mx2ð1� �vqÞ r2 � r2
b

� ��
2RT

� �
þ A2

b

� exp ln Ka � ln e=2ð Þ þ 2Mx2ð1� �vqÞðr2 � r2
bÞ
�

2RT
� �

þ d ð1Þ

where Ab is the absorbance at 280 nm at the radial position rb (at the cell bot-
tom), e the molar extinction co-efficient of the monomer at 280 nm, M is the
molecular mass of the monomer, x is the angular velocity of the rotor, �v is the
partial specific volume of the monomer, q is the buffer density, R is the universal
molar gas constant, T is the absolute temperature, Ka is the equilibrium associa-
tion constant for dimer formation and d is the baseline offset. The above analysis
was carried out globally for various monomer-equivalent concentrations of Grb2
in the range 0.1–10 lM.

ITC measurements

Isothermal titration calorimetry (ITC) experiments were performed on Mic-
rocal VP-ITC instrument and data were acquired and processed using fully
automized features in Microcal ORIGIN software. All measurements were re-
peated 3–4 times. Briefly, after purification to apparent homogeneity using a
combination of Ni–NTA affinity chromatography, ion-exchange chromatography
and size-exclusion chromatography, recombinant Grb2 was extensively dialyzed
in either Tris buffer (50 mM Tris, 200 mM NaCl, 1 mM EDTA and 5 mM b-
mercaptoethanol at pH 8.0), or alternatively, in Phosphate buffer (50 mM so-
dium phosphate, 200 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at
pH 8.0). The protein samples were subsequently concentrated to 100–300 lM
using the Amicon Ultra-15 centrifugal filter units (MMCO 30 kDa) and de-gassed
using the ThermoVac accessory for 10 min. The experiments were initiated by
injecting 25 � 10 ll injections of 100–300 lM of recombinant Grb2 from the
syringe into the calorimetric cell containing 1.8 ml of the same buffer, used
for protein dialysis, at a fixed temperature in the narrow range 10–30 �C. The
change in thermal power as a function of each injection was automatically re-
corded using Microcal ORIGIN software and the raw data were further pro-
cessed to yield binding isotherms of heat uptake per injection as a function
of monomer concentration. The heats of mixing and dilution were subtracted
from the heat of dimer dissociation per injection by carrying out a control
experiment in which the appropriate buffer in the calorimetric cell was titrated
against concentrated thioredoxin containing a C-terminal His-tag (Trx-His) from
the syringe in an identical manner. Control experiments involving the injection
of concentrated Trx-His into the appropriate buffer alone or containing Grb2 in
the calorimetric cell produced similar heats to those observed for the injection
of buffer into buffer, implying that neither Trx-tag nor His-tag interacts with
Grb2. To extract various thermodynamic parameters, the binding isotherms
were iteratively fit in Microcal Origin using non-linear least squares-regression
analysis to the following sigmoidal function:

qðiÞ ¼ DH 1þ exp ðC � KdÞ½ =f �f g= ð2Þ

where q(i) is the heat uptake (kcal/mol) for the ith injection (the Y-axis variable), C is
the total monomer-equivalent concentration of the dimer (lM) injected into the
calorimetric cell after ith injection (the X-axis variable), DH is the total enthalpy of
dimer dissociation (kcal/mol), Kd is the apparent equilibrium dissociation constant
of the dimer (lM) and f is the steepness factor (lM), related to the number of moles
of dimer injected per unit volume of the calorimetric cell for the ith injection, of the
sigmoidal curve for the dissociation of Grb2 dimer into monomers. The above model
is the simplest mathematical function that best describes our data and the resulting
fit directly generated the thermodynamic parameters Kd and DH for the dissociation
of Grb2 dimer into monomers. The free energy change (DG) upon dimer dissociation
was calculated from the relationship:

DG ¼ RTlnKd ð3Þ

where R is the universal molar gas constant (1.99 cal/K/mol), T is the absolute
temperature in Kelvins and Kd is in the units of mol/L. The entropic
contribution (TDS) to the free energy of binding was calculated from the
relationship:

TDS ¼ DH � DG ð4Þ

where DH and DG are as defined above. Heat capacity change (DCp) upon dimer dis-
sociation was calculated by measuring DH as a function of temperature (T) in the
narrow range 10–30 �C with the slope of the DH versus T plot yielding the value of
DCp.

SASA calculations

The magnitude of polar and apolar solvent-accessible surface area (SASA)
becoming occluded upon the formation of Grb2 dimer from monomers was calcu-
lated from thermodynamic data and compared to that determined from the 3D
structures of Grb2 dimer and monomers [29].
For calculation of change in polar SASA (DSASApolar) and apolar SASA
(DSASAapolar) upon Grb2 dimerization from thermodynamic data, it was assumed
that DCp and DH at 60 �C (DH60) are additive and linearly depend on the change
in DSASApolar and DSASAapolar as embodied in the following empirically-derived
expressions [31–34]:

DCp ¼ a DSASApolar
� �

þ b DSASAapolar
� �

ð5Þ
DH60 ¼ c DSASApolar

� �
þ d DSASAapolar
� �

ð6Þ

where a, b, c and d are empirically-determined co-efficients 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 co-efficients, 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 pro-
teins from which these constants are derived [31–33]. DCp for the dissociation of
Grb2 dimer was calculated from the slope of a plot of DH versus T in the narrow tem-
perature range 10–30 �C using ITC instrument. DH60 for the dissociation of Grb2 di-
mer was calculated by extrapolation of a plot of DH versus T in the narrow
temperature range 10–30 �C, using ITC instrument, to 60 �C. With DCp and DH60

experimentally determined using ITC and the knowledge of co-efficients a–d from
empirical models [31–34], Eqs. (5) and (6) were simultaneously solved to obtain
the magnitudes of DSASApolar and DSASAapolar independent of structural information
upon the dissociation of Grb2 dimer into monomers.

Changes in DSASApolar and DSASAapolar upon Grb2 dimerization from 3D struc-
tural data were calculated using the following relationships:

DSASApolar ¼ SASAdp
� �

—2 SASAmp
� �

ð7Þ
DSASAapolar ¼ SASAda½ �—2 SASAma½ � ð8Þ

where SASAdp and SASAda are the polar and apolar SASA of Grb2 dimer, and SASAmp

and SASAma are the polar and apolar SASA of Grb2 monomer. SASAdp and SASAda

were calculated from the 3D structural model of Grb2 dimer (see below), SASAmp

and SASAma were calculated from the 3D structural model of Grb2 monomer assum-
ing it retained the same conformation as that observed in the dimer for the Rigid
Body model (see below), while SASAmp and SASAma were calculated from the 3D
structural model of Grb2 monomer assuming it adopted a different conformational
when in isolation for the Flexible Body model (see below). All SASA calculations were
performed using the online software GETAREA with a probe radius of 1.4 Å [35].

Structural modeling

3D structures of Grb2 monomers alone and as a dimer were modeled using the
MODELLER software based on homology modeling [36]. The model of Grb2 dimer
was obtained using the crystal structure of Grb2, but lacking residues 28–33 in a
loop in the nSH3 domain as a result of lack of electron density, as a template (with
a PDB code of 1GRI). The Rigid Body model of Grb2 monomer, assuming it retained
the same conformation as that observed in the dimer, was obtained using atomic
coordinates of only one monomer in the crystal structure of Grb2 (with a PDB code
of 1GRI). The Flexible Body model of Grb2 monomer, assuming it adopted a differ-
ent conformation when in isolation, was obtained using atomic coordinates of nSH2
and cSH3 domains of one monomer and the atomic coordinates of SH2 domain from
the other monomer in the crystal structure of Grb2 (with a PDB code of 1GRI). In the
Flexible Body model of Grb2 monomer, the residues in the inter-domain loops were
allowed to float freely without a template so as to enable them to adopt the energy-
minimized conformations consistent with the re-arrangement of the SH2 domain
relative to nSH3 and cSH3 domains. In each case, a total of 100 structural models
were calculated and the structure with the lowest energy, as judged by the MOD-
ELLER Objective Function, was selected for further energy minimization in MODEL-
LER prior to analysis. The structures were rendered using the RIBBONS software
[37]. All calculations were performed on the lowest energy structural model.

Results and discussion

Grb2 exists in monomer–dimer equilibrium

In an attempt to determine the extent to which Grb2 may
dimerize in solution, we analyzed the oligomeric state of full-
length recombinant Grb2 on Superdex200 column using size-
exclusion chromatography (SEC). Our SEC analysis reveals that
Grb2 exists in two distinct species with apparent molecular masses
of 43 and 90 kDa (Fig. 1a). The molecular mass of recombinant
Grb2 obtained from its amino acid sequence analysis is 43.3 kDa.
Thus, the most straightforward interpretation of our data is that
the two species of Grb2, as observed in our SEC analysis, most
likely represent the monomeric and dimeric states of the protein
in agreement with the crystal structure of Grb2 [29]. To shed fur-
ther light on the dimerization of Grb2, we analyzed the potential
of monomeric and dimeric species to exchange with each other.



Fig. 1. Biophysical analysis of monomer–dimer equilibrium in Grb2. (a) SEC analysis of Grb2 oligomerization. Protein markers of known molecular masses or recombinant
Grb2 were applied onto a Hiload Superdex200 column coupled to a GE AKTA FPLC system. The proteins were eluted with the same buffer and the elution profiles for protein
markers (black) and Grb2 (red) were recorded with a UV monitor at 280 nm (top). A plot of the logarithm of the molecular mass of known protein markers versus their elution
volume was fit to a straight line using linear regression analysis (bottom). The numerals indicate the elution volumes of protein markers of known molecular masses as
follows: (1) 128-kDa dimeric albumin; (2) 64-kDa monomeric albumin; (3) 48-kDa ovalbumin; (4) 20-kDa chymotrypsinogen; and (5) 16-kDa ribonuclease. Extrapolation of
the elutions volumes of Grb2 peaks (red) observed in the elution profile (top) on the logarithmic plot (bottom) yielded apparent molecular masses of 90 and 43 kDa—which
are in remarkable agreement with the calculated molecular masses of dimeric (86.6 kDa) and monomeric (43.3 kDa) recombinant Grb2. (b) MALDI-TOF analysis of Grb2
oligomerization. SEC fractions eluting as an apparent monomer (top) and as an apparent dimer (bottom) were further subjected to MALDI-TOF mass spectrometry. The
multiply charged ions of Grb2 monomer and dimer observed in the MALDI-TOF analysis are indicated. (c) AUC analysis of Grb2 oligomerization. Distribution of Grb2
concentration, expressed as absorbance at 280 nm (Ar) as a function of radius (r) at centrifugal equilibrium in the cell at a rotor speed of 17,000 rpm at 4 �C (open squares) is
shown in the lower panel. The data shown are for the initial concentration of 10 lM of Grb2 loaded into the centrifugal cell. The solid line in the lower panel shows the fit of
the data to a reversible monomer–dimer model using Eq. (1). The quality of the fit is indicated by the residuals shown in the upper panel. The net distribution of Grb2
observed experimentally was decomposed into the distribution of individual monomer (short dash) and dimer (long dash) as shown in the lower panel. The monomer and
dimer distributions shown are not corrected for baseline offset The baseline correction was found to be approximately proportional to the initial loadings for all cells and thus
appears to primarily represent non-sedimentable absorbance, although some may be artifactual. The contribution of non-sedimentable absorbance is apparent from its value
at the initial point of the total gradient. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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The species eluting as an apparent dimer and as an apparent
monomer were recovered and concentrated separately and then
re-injected onto Superdex200 column. Both species generated elu-
tion profiles containing a mixture of monomeric and dimeric spe-
cies, implying that Grb2 exists in reversible monomer–dimer
equilibrium. Although SEC analysis is highly dependent upon
molecular shape, the knowledge that Grb2 is a compact globular
protein with a tightly packed 3D structure speaks volumes in
support of our conclusion that the two species with apparent
molecular masses of 43 and 90 kDa observed here most likely
represent Grb2 in its monomeric and dimeric conformation.

In support of the observation that Grb2 may exist in monomer–
dimer equilibrium, we also performed MALDI-TOF analysis on the
two species of Grb2 observed in SEC analysis (Fig. 1b). MALDI-TOF
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analysis of the species eluting as an apparent monomer led to
observation of a dominant ion of 43.3 kDa and a less dominant
ion of 21.7 kDa, implying that these ions correspond to singly-
charged Grb2 monomer and doubly-charged Grb2 monomer,
respectively. In contrast, MALDI-TOF analysis of the species eluting
as an apparent dimer led to observation of a dominant ion of
43.3 kDa and less dominant ions with molecular masses of
21.7 kDa and 86.5 kDa, implying that the dominant ion corre-
sponds to singly-charged Grb2 monomer, while the less dominant
ions correspond to doubly-charged Grb2 monomer and singly-
charged Grb2 dimer, respectively. Non-covalent protein dimers
do not usually survive the MALDI-TOF process but the fact that
we have been able to observe Grb2 dimer in such an analysis sug-
gests that Grb2 dimer must be a highly stable species despite its
rapid exchange with its monomeric counterpart.

To further analyze the ability of Grb2 to dimerize, we carried
out sedimentation equilibrium experiments using analytical ultra-
centrifugation (AUC) at various concentrations of Grb2 in the range
0.1–10 lM (Fig. 1c). The distribution of Grb2 concentration as a
function of centrifugal radius in these experiments could not be
described by either a homogeneous monomer or dimer but gave
excellent fits to a reversible monomer–dimer equilibrium model.
Our results thus demonstrate unequivocally that Grb2 exists in
monomer–dimer equilibrium at all concentrations analyzed and
that there is no evidence of the presence of any higher-order pro-
tein aggregate. The global analysis of the distribution of Grb2 at
various protein concentrations in the ultracentrifuge cell at equi-
librium using the monomer–dimer model, as described by Eq.
(1), yielded a value of 5 lM for the apparent dimer dissociation
constant (Kd) at 4 �C.

Entropy drives the dissociation of Grb2 dimer into monomers

To characterize the Grb2 monomer–dimer equilibrium in ther-
modynamic terms, we employed the powerful technique of iso-
thermal titration calorimetry (ITC). Because thermodynamic
parameters can be dependent upon the varying ionization of par-
Fig. 2. ITC analysis of the dissociation of Grb2 dimer into monomers. (a) Three hundred
diluted by making 25� 10 ll injections into the calorimetric cell containing the same bu
buffer in the injection syringe were diluted by making 25� 10 ll injections into the calorim
the x-axis is the monomer-equivalent of Grb2 monomers formed upon Grb2 dissociat
systematic uncertainties in the measurement. The solid lines represent the fit of the da
ticular buffers, we performed our ITC measurements in both Tris
and Phosphate buffers.

Our ITC data indicate that the dissociation of Grb2 dimer into
monomers is under entropic control and accompanied by an unfa-
vorable gain of enthalpy (Fig. 2). It has been suggested that the sig-
moidal nature of ITC isotherms may result from the dissociation of
higher-order multimers into dimers and monomers [38]. In light of
the fact that Grb2 only exists in monomer–dimer equilibrium as
evidenced by our SEC, MALDI-TOF and AUC analysis (Fig. 1), we
attribute this sigmoidal behavior to the rather weak nature of
Grb2 dimers. For such weak dimers, the first few injections in an
ITC experiment will be expected to result in similar heat uptake
due to the fact that every dimer injected into the calorimetric cell
will completely dissociate. However, as the concentration of the
monomers in the calorimetric cell rises after the first few injec-
tions, the additional injections will progressively result in the low-
ering of heat uptake due to the decreased tendency of dimers to
dissociate into monomers. The heat uptake will eventually level
out as the concentration of monomers reaches in excess of the di-
mer dissociation constant toward the final few injections. Such dis-
sociation of weak dimers will be expected to generate a sigmoidal
response curve. In contrast, the ITC isotherms will be expected to
obey hyperbolic behavior for the dissociation of strong dimers—
each successive injection at the start of an ITC experiment will
be expected to result in a slightly lower heat uptake due to the ten-
dency of dimers not to fully dissociate even at lower monomer
concentrations in the calorimetric cell. The heat uptake will con-
tinue to decrease slowly with further injections and eventually le-
vel out as the concentration of monomers in the calorimetric cell
reaches beyond the dimer dissociation constant.

To extract various thermodynamic parameters, the ITC iso-
therms were best fit to a sigmoidal function given in Eq. (2),
assuming a model-independent approach to the analysis of disso-
ciation of Grb2 dimer into monomers. Table 1 presents the results
of such an analysis. As shown in Table 1, the dissociation of Grb2
dimer into monomers exhibits thermodynamic signatures in both
Tris and Phosphate buffers that are virtually indistinguishable.
Although the possibility that enthalpy change could also be a driv-
micromolar monomer-equivalent Grb2 in Tris buffer in the injection syringe were
ffer at 25 �C. (b) Two hundred micromolar monomer-equivalent Grb2 in Phosphate

etric cell containing the same buffer at 25 �C. In each case, protein concentration on
ion. The first injection and the corresponding heat uptake are not shown due to

ta to the sigmoidal function given in expression (2).



Table 1
Experimentally determined thermodynamic parameters for the dissociation of Grb2
dimer obtained from ITC measurements at 25 �C in Tris and Phosphate buffers

Kd (lM) DH (kcal mol�1) TDS (kcal mol�1) DG (kcal mol�1)

Tris 31.0 ± 0.9 +5.57 ± 0.35 +11.73 ± 0.35 �6.16 ± 0.02
Phosphate 19.6 ± 0.4 +5.40 ± 0.17 +11.80 ± 0.17 �6.43 ± 0.01

The values for the various parameters were obtained from the fit of the sigmoidal
function given in Eq. (2) to the binding isotherms shown in Fig. 2. Errors were
calculated from three to four independent measurements. All errors are given to
one standard deviation. Tris buffer was 50 mM Tris, 200 mM NaCl, 1 mM EDTA and
5 mM b-mercaptoethanol at pH 8.0. Phosphate buffer was 50 mM Sodium phos-
phate, 200 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at pH 8.0.

Fig. 3. Dependence of thermodynamic parameters Kd, DH, TDS and DG on temper-
ature for the dissociation of Grb2 dimer into monomers. Monomer-equivalent Grb2
(100–300 lM) in Tris buffer (d) or Phosphate buffer (N) in the injection syringe
were diluted by making 25� 10 ll injections into the calorimetric cell containing an
identical buffer at various temperatures in the range 10–30 �C. To determine the
various thermodynamic parameters, the ITC isotherms were fit to the sigmoidal
function given by the expression (2). Each data point is the arithmetic mean of 2–3
experiments. All error bars are given to one standard deviation. The solid lines show
linear fits to the data points.
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ing force cannot be ruled out, the dissociation of protein dimers
into monomers has been hitherto observed to be an exclusively en-
tropy-driven affair accompanied by unfavorable enthalpic changes
[38–40]. Such unfavorable enthalpic changes are believed to result
from the disruption of an extensive network of electrostatic inter-
actions, hydrogen bonding and hydrophobic forces at the mono-
mer–monomer interface upon dimer dissociation. The crystal
structure of Grb2 dimer indeed shows the burial of large hydro-
phobic surface area upon dimerization and it is thus likely that
the unfavorable gain in enthalpy observed here is due to the dis-
ruption of intermolecular interactions at the monomer–monomer
interface [29].

What might be the molecular basis of favorable entropic contri-
butions to the free energy upon the dissociation of Grb2 dimer into
monomers? Net entropic changes upon the dissociation of protein
dimer into monomers are likely to result from interplay between
the following three major entropic forces DSsolv, DSconf and DSmix.
DSsolv is the unfavorable entropy change due to reduction in the de-
grees of freedom of solvent molecules as a result of hydration of
molecular surfaces, particularly around apolar groups, upon dimer
dissociation. DSconf is the favorable entropic change that arises
from the enhancement of conformational degrees of freedom of
the backbone and sidechain atoms upon the dissociation of dimer
into monomers. The monomers may also undergo some degree of
conformational change upon dissociation, which is also likely to
contribute favorably to DSconf. Finally, DSmix is the favorable entro-
pic change due to the enhancement in the translational, rotational
and vibrational degrees of freedom of monomers upon dimer dis-
sociation. Several lines of evidence suggest that DSmix typically
contributes no more than about �10 cal/mol/K of entropy penalty
to the overall entropic change upon molecular associations [41–
44]. To reverse this statement, one could gain up to +10 cal/mol/
K in entropy contributions to the free energy of molecular dissoci-
ations. In the case of Grb2 dimer dissociation, the entropic contri-
bution to the free energy is approximately +80 cal/mol/K for the
dissociation of each dimer—a value that is much larger than the
favorable DSmix contribution likely to result from the dissociation
of two molecules. On the basis of the foregoing argument, we attri-
bute the favorable entropy gain observed here upon the dissocia-
tion of Grb2 dimer into monomers to the increase in the
conformational degrees of freedom of backbone and sidechain
atoms as embodied in the term DSconf.

Enthalpy and entropy have compensatory effects on the temperature-
dependency of dimerization

Thermodynamic behavior of monomer–dimer equilibria can be
highly dependent on the ambient temperature and knowledge of
how thermodynamics vary as a function of temperature can pro-
vide invaluable insights into the mechanism of protein oligomeri-
zation. In an effort to determine the effect of temperature on the
various thermodynamic parameters, we analyzed the dissociation
of Grb2 dimer into monomers in the narrow temperature range
10–30 �C (Fig. 3). Our data indicate that both the enthalpic (DH)
and entropic (TDS) contributions to the overall free energy of disso-
ciation (DG) show strong temperature-dependence and that both
DH and TDS largely compensate for each other to generate DG that
is virtually independent of temperature—while DH and TDS experi-
ence over 10 kcal/mol change in their contributions to dimer disso-
ciation in going from 10 to 30 �C, DG gains no more than 0.5 kcal/
mol over the same temperature range. Consistent with this obser-
vation is the relatively constant nature of the apparent dissociation
constant (�20–30 lM) over the same temperature range. We lim-
ited our investigations of the effect of temperature on the thermo-
dynamics of Grb2 dimer dissociation within this narrow
temperature range due to a number of technical hurdles; below a
temperature of 10 �C, the low signal-to-noise ratio observed is
highly undesirable, while above a temperature of 30 �C, the ITC sig-
nal in the form of thermal power becomes significantly attenuated
such that measurements become less reliable. Despite these limi-
tations, our data suggest that within this temperature range, the
dissociation of Grb2 dimer into monomers is overwhelmingly dri-
ven by favorable entropic changes accompanied by unfavorable
enthalpic contributions to the overall free energy of dissociation.



Table 2
Experimentally determined thermodynamic parameters for the dissociation of Grb2
dimer obtained from ITC measurements at various temperatures in the range 10–
30 �C in Tris and Phosphate buffers

TH (�C) TS (�C) DH60

(kcal mol�1)
DCp

(kcal mol�1 K�1)

Tris +38.35 ± 1.10 +55.48 ± 2.50 �8.61 ± 1.13 �0.40 ± 0.03
Phosphate +39.11 ± 1.79 +58.51 ± 3.36 �8.52 ± 1.45 �0.41 ± 0.03

The values for TH, the temperature at which DH is zero, were obtained from the
extrapolation of linear fits to the DH versus temperature plots (Fig. 3). The values for
TS, the temperature at which TDS is zero, were obtained from the extrapolation of
linear fits to the TDS versus temperature plots (Fig. 3). The values for DH60, the
enthalpy at 60 �C, were obtained from the extrapolation of linear fits to the DH
versus temperature plots (Fig. 3). The values for DCp, the heat capacity change, were
obtained from the slopes of linear fits to the DH versus temperature plots (Fig. 3).
Errors were calculated from three to four independent measurements. All errors are
given to one standard deviation. Tris buffer was 50 mM Tris, 200 mM NaCl, 1 mM
EDTA and 5 mM b-mercaptoethanol at pH 8.0. Phosphate buffer was 50 mM Sodium
phosphate, 200 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at pH 8.0.

Table 3
Changes in polar SASA (DSASApolar), apolar SASA (DSASAapolar) and total SASA
(DSASAtotal) upon the dimerization of Grb2 obtained from thermodynamic and
structural data

Method: Thermodynamic Structural

Buffer/model: Tris Phosphate Rigid Body Flexible Body

DSASApolar (Å2) �693 �699 �2070 �964
DSASAapolar (Å2) �1553 �1587 �2711 �1432
DSASAtotal (Å2) �2246 �2286 �4781 �2396

DSASA values based on thermodynamic data were obtained from the measurement
of DCp and DH60 for the dimer dissociation of Grb2 in Tris and Phosphate buffers
(Fig. 3) using expressions (4) and (5), while DSASA values based on structural data
were derived from 3D structural models of Grb2 dimer and monomer (Fig. 4) using
expressions (6) and (7). For DSASA values calculated from structural data, two
models were assumed—the Rigid Body model and the Flexible Body model. In the
Rigid Body model, it was assumed that the monomers undergo no conformational
change upon dimerization and that the two monomers essentially come into con-
tact with each other as rigid bodies. In the Flexible Body model, it was assumed that
the monomers undergo conformational change and domain swapping upon
dimerization (see text for full explanation). DSASA values calculated from ther-
modynamic data make no assumptions and are thus model-independent. Tris buffer
was 50 mM Tris, 200 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at pH 8.0.
Phosphate buffer was 50 mM Sodium phosphate, 200 mM NaCl, 1 mM EDTA and
5 mM b-mercaptoethanol at pH 8.0.
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The linear and opposing dependence of DH and TDS as a func-
tion of temperature, while maintaining a more or less constant
DG, is a common feature observed in protein folding and binding
reactions [32,34,45]. This phenomenon gives rise to two key tem-
perature points TH and TS—the temperatures where enthalpic
(DH) and entropic (TDS) contributions to the free energy of binding
or dissociation change sign, respectively. Thus, in the case of the
dissociation of Grb2 dimer into monomers, DH will become nega-
tive and hence thermodynamically favorable above TH, while TDS
will become negative and hence thermodynamically unfavorable
above TS. Table 2 provides the values for TH and TS accompanying
the dissociation of Grb2 dimer into monomers. As evidenced in Ta-
ble 2, TH for the dissociation of Grb2 into monomers is virtually
equal to the physiological temperature of 37 �C within the experi-
mental error of these measurements. This salient observation im-
plies that the dissociation of Grb2 dimer into monomers under
physiological temperatures will not be accompanied by unfavor-
able enthalpic changes and that enthalpic contributions to the free
energy of dissociation will become favorable at temperatures
above 37 �C. In contrast, the entropic contributions to the free en-
ergy of Grb2 dissociation will remain highly favorable at physio-
logical temperatures and may only act in an opposing manner at
temperatures greater than about 55 �C.

It is thus interesting to note that while Grb2 dimer dissociation
is enthalpically unfavorable at room temperature, the enthalpic
contribution to the free energy will become favorable at tempera-
tures above the physiological temperature of 37 �C. At tempera-
tures above 55 �C, enthalpy change will be the sole factor
favoring the dissociation of Grb2 dimer into monomers, while at
the same time, compensating the unfavorable contributions from
entropic changes. The favorable enthalpic contributions to the free
energy of dissociation at higher temperatures are likely to result
from the increase in the kinetic energy of the system due to lower-
ing of the activation energy for the disruption of intermolecular
interactions at the monomer-monomer interface. On the same to-
ken, the unfavorable entropic contributions to the free energy of
dissociation at higher temperatures most likely arise from the
change in the DSconf component of the overall entropy change of
the system. Unlike at room temperature, the change in DSconf is un-
likely to be the major factor behind favorable entropic contribu-
tions at higher temperatures due to an increase in the kinetic
energy of the system; this is likely to cancel out any advantage
of monomers over the dimer in terms of the conformational de-
grees of freedom available to backbone and sidechain atoms at
higher temperatures. As a consequence of decreased or negligible
contributions from changes in the conformational degrees of free-
dom available to backbone and sidechain atoms upon dimer disso-
ciation, the hydration of molecular surfaces at the monomer–
monomer interface upon dissociation may provide the major
source of entropic penalty at higher temperatures.

Grb2 monomers undergo domain swapping upon dimerization

The temperature-dependence of DH is related to heat capacity
of binding (DCp) by Kirchhoff’s relationship DCp = d(DH)/dT; the
slope of a plot of DH versus temperature equates to DCp. Heat
capacity is an important thermodynamic parameter in that it is re-
lated to the extent of the burial, occlusion and dehydration of
molecular surfaces from surrounding solvent molecules upon
intermolecular association. This is technically referred to as the
change in solvent-accessible surface area (DSASA) [32,46–48]. As
such, this information is critical to understanding the mechanism
of molecular recognition and, in the context of protein oligomeri-
zation, such information can further help us pinpoint any confor-
mational changes involved in the association of protein
monomers into dimer.

In an attempt to understand how the association of monomers
into dimer affects SASA, we calculated values for DCp in the neigh-
borhood of around �400 cal/mol/K from the slope of DH versus
temperature plots obtained for the dissociation of Grb2 dimer into
monomers (Fig. 3 and Table 2). What might be the significance of
such small negative values of DCp observed here? A positive value
of DCp implies that the occlusion of polar surfaces dominates the
intermolecular association over apolar surfaces [32,49,50]. The fact
that DCp possesses small negative values suggests that the occlu-
sion of apolar surfaces does not play a significant role in the dimer-
ization of Grb2. This thermodynamic observation is in stark
contrast to the 3D crystal structure of Grb2 dimer, in which protein
monomers appear to bury a rather large hydrophobic surface area
upon dimerization [29]. Could this discrepancy be due to some sort
of protein conformational changes in the monomers upon dimer-
ization? Experimental determination of the magnitude of DCp com-
bined with DH60 (enthalpy change at 60 �C), as listed in Table 2, has
been widely used to quantitatively calculate changes in polar SASA
(DSASApolar), apolar SASA (DSASAapolar) and total SASA (DSASAtotal)
upon intermolecular associations [31–34,44,51]. Such changes in
SASA upon the dimerization of Grb2 from our thermodynamic
measurements are reported in Table 3.

In accordance with the crystal structure of Grb2, whereby the
protein crystallized as a dimer with twofold axis of symmetry
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[29], the monomers would adopt a rather open conformation par-
ticularly with respect to the orientation of the SH2 domain relative
to the SH3 domains assuming no conformational change upon di-
mer dissociation. Given the rather large inter-domain loops (be-
tween 13 and 24 residues), the scenario of Grb2 not undergoing
any conformational change upon dimer dissociation would be very
unrealistic. Rather, a more likely scenario would be the one where
the domains undergo some degree of rearrangement relative to
each other such that the monomeric protein adopts a more com-
pact and globular shape. To test that this is so, we also determined
changes in SASA upon the dimerization of Grb2 from structural
data independent of our thermodynamic measurements. To calcu-
late changes in SASA upon the dimerization of Grb2 from structural
data, we assumed two models of dimerization—the Rigid Body
model and the Flexible Body model. In the Rigid Body model, it
was assumed that the monomers do not undergo any conforma-
tional change whatsoever upon dimerization and that the domains
within each monomer and dimer retain the same conformations
relative to each other as those observed in the crystal dimeric unit
with twofold axis of symmetry [29]. In the Flexible Body model, it
was assumed that the monomers undergo domain swapping upon
dimerization so as to preserve the cSH3–SH2 domain–domain
interactions.

The Grb2 dimer is largely held together by two major mono-
mer–monomer contacts at the cSH3(A)–SH2(B) and cSH3(B)–
SH2(A) interfaces, where A and B in the parenthesis refer to mono-
mers A and B within Grb2 dimer. Given the large and flexible nat-
ure of inter-domain loops in Grb2 [52], we reasoned that the
cSH3(A)–SH2(B) and cSH3(B)–SH2(A) inter-monomer contacts
could be swapped by cSH3(A)–SH2(A) and cSH3(B)–SH2(B) inter-
domain contacts within monomers A and B, respectively, upon
Grb2 dimer dissociation. In other words, the cSH3–SH2 inter-
monomer contacts, between cSH3 domain of one monomer and
the SH2 domain of the other monomer and vice versa, that hold
the two monomers together to form a dimer could re-establish
their respective interactions between cSH3 and SH2 domains with-
in the same monomer due to the flexibility of the inter-domain
loops upon Grb2 dimer dissociation. The fact that the cSH3 and
SH2 domains are tethered together via a flexible loop (23 residues)
implies that the cSH3–SH2 interactions within the same monomer
could in fact be much stronger—due to entropic advantage—than
the interactions between cSH3 domain of one monomer and SH2
domain of the other monomer and vice versa. Thus, the dimeriza-
tion of Grb2 would require that the cSH3–SH2 interactions within
the same monomer be disrupted and then re-established in an in-
ter-monomer context. The energetic cost of re-building such cSH3–
SH2 contacts in an inter-monomer context would then have to be
recovered and it may well be that the functional benefits of dimer-
ization outweigh this energetic penalty. Protein dimerization im-
parts additional advantages, such as enhanced stability and
greater specificity, and as such, what may seem Grb2’s extravagant
pursuit in search of becoming dimerized, could in fact be a blessing
in disguise in the context of attaining high fidelity in cellular
signaling.

If the Grb2 monomers were to undergo above-mentioned
cSH3–SH2 domain swapping, that would involve breaking up of
cSH3–SH2 contacts within each monomer and then re-establishing
these contacts between the cSH3 domain of one monomer and the
SH2 domain of the other monomer, upon dimerization, the extent
of the burial of surface area would be expected to be different from
the situation where they do not undergo domain swapping and
simply come together as rigid bodies. Table 3 summarizes and
compares values for DSASApolar, DSASAapolar and DSASAtotal upon
the dimerization of Grb2, as calculated from our thermodynamic
measurements using ITC and structural data obtained from 3D
structural models based on the known crystal structure of Grb2
[29]. Our analysis shows that there are significant deviations be-
tween the values calculated from thermodynamic data and the Ri-
gid Body model of dimerization. In contrast, the values determined
from thermodynamic data agree par excellence with those calcu-
lated from the Flexible Body model. While the changes in SASA
determined from thermodynamic data deviate by more than
100% relative to those determined from structural data assuming
the Rigid Body model, these values agree within about 10% to those
calculated from structural data assuming the Flexible Body model.
The small anomalies in the values for changes in SASA between
those obtained from thermodynamic data versus those calculated
from structural data assuming the Flexible Body model are likely
due to errors in the atomic coordinates of the structural models
of the monomers; although somewhat similar, the SH2 and SH3
domains may not exactly adopt the orientations relative to each
other in the monomers as described by our Flexible Body model.
An alternative explanation for the discrepancy observed between
the values for changes in SASA between those obtained from ther-
modynamic data versus those calculated from structural data
assuming the Flexible Body model may also be due to poor param-
eterization of the empirical models that couple heat capacity
changes to changes in SASA upon intermolecular associations
[31–34,44,51].

In short, we believe that the significant overestimation of
changes in SASA calculated from structural data assuming the Rigid
Body model are due to the unrealistic assumption that the mono-
mers do not experience any conformational change or domain
swapping upon dimerization. This is particularly significant in light
of the large flexible inter-domain loops, which are likely to favor
cSH3–SH2 domain swapping once the dimer contacts at the mono-
mer–monomer interface are removed. This likely scenario bears
fruit in our Flexible Body model, which seems to fully account
for our thermodynamic data reported here.

Structural modeling allows rationalization of thermodynamic data

In an attempt to rationalize our thermodynamic data in struc-
tural terms, we modeled 3D structures of Grb2 as a dimer and as
a monomer that adopts the same conformation as that observed
in the dimer structure as well as an alternative conformation con-
sistent with our thermodynamic data discussed above (Fig. 4). All
three structures were modeled using the crystal structure of
Grb2 dimer as a template [29]. The necessity for modeling the
structure of Grb2 dimer arose due to the absence of residues 28–
33 in a loop in the nSH3 domain as a result of lack of electron den-
sity for these residues in the crystal structure. As evident, in the
Grb2 dimer, the two monomers are related by a twofold axis of
symmetry and pack tightly against each other burying a total sur-
face area of about 4800 Å2 at the monomer–monomer interface
(Fig. 4a). The monomers are largely held together by molecular
interaction provided by cSH3 domain of one monomer and SH2 do-
main of the other monomer at the cSH3(A)–SH2(B) and cSH3(B)–
SH2(A) interfaces, where A and B in the parenthesis refer to mono-
mers A and B within Grb2 dimer. Furthermore, the dimer is also
stabilized by domain–domain interactions between cSH3 domains
from each monomer. However, the nSH3 domains are positioned
well away from the monomer–monomer interface and thus do
not participate in the dimerization process. Furthermore, such
exquisite packing of monomers ensures that the ligand binding
pockets of all three domains—nSH3, SH2 and cSH3—in each mono-
mer are solvent-exposed and thus fully accessible to engage in pro-
tein–protein interactions with the cellular partners of Grb2.

It has been suggested that the monomers may maintain the
same conformation and the relative orientation of their domains
when in isolation [29]. However, a quick survey of the monomer
conformation suggests that at least some degree of conformational



Fig. 4. Three-dimensional modeled structures of Grb2 in dimeric and monomeric forms with arrow-headed black spheres directing the ligand-binding sites within SH2 and
SH3 domains. (a) Modeled structure of Grb2 dimer. One monomer is shown in red and the other in green. The three domains nSH3, SH2 and cSH3 are labeled. The structure
was modeled using the crystal structure of Grb2 dimer as a template (with a PDB code of 1GRI). The only notable difference in the modeled structure and the crystal structure
is the construction of a loop in the nSH3 domain (residues 28–33) that was missing in the crystal structure due to poor electron density. (b) Modeled structure of Grb2
monomer assuming no conformational change upon dimer dissociation. The nSH3 domain is shown in blue, the SH2 domain in brown and the cSH3 domain in cyan. The
inter-domain loops nSH3–SH2 and SH2–cSH3 are colored gray. The structure was modeled using only the monomeric unit in the crystal structure of Grb2 dimer as a template
(with a PDB code of 1GRI). Additionally, residues 28–33 missing in the crystal structure due to poor electron density were built. (c) Modeled structure of Grb2 monomer
assuming conformational change upon dimer dissociation as a result of cSH3–SH2 domain swapping. The nSH3 domain is shown in blue, the SH2 domain in brown and the
cSH3 domain in cyan. The inter-domain loops nSH3–SH2 and SH2–cSH3 are colored gray. The structure was modeled using the crystal structure of Grb2 dimer as a template
(with a PDB code of 1GRI) but with atomic coordinates derived from only the nSH3 and cSH3 domains of one monomer and the SH2 domain of the other monomer. The
residues in the inter-domain loops were allowed to float freely so as enable them to adopt optimal conformations during the modeling process. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)
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change is likely to occur upon the dissociation of Grb2 dimer. Thus,
while the SH3 domains within the monomer are somewhat packed
against each other, the SH2 domain makes no contact with either
SH3 domain and it is simply held at an interfacial distance of about
30 Å by the nSH3–SH2 loop (13 residues) and the SH2–cSH3 loop
(24 residues) (Fig. 4b). If the monomers were to adopt this confor-
mation when in isolation, the flexibility of the inter-domain loops
would imply that the SH2 domain is able to adopt multiple orien-
tations and that it could also yo–yo relative to the SH3 domains.
This hypothesis is further supported by our heat capacity measure-
ments, which suggest that the total surface area buried upon Grb2
dimerization is close to 2300 Å2 instead of 4800 Å2 obtained from
structural analysis alone assuming no conformational changes in
the monomers upon Grb2 dimerization (Table 3). In light of the
foregoing argument, the most straightforward interpretation of
this discrepancy is that the SH2 domain is unlikely to be fully sol-
vent-exposed and most likely packs against either the nSH3 do-
main or the cSH3 domain or both in the isolated monomers.
Given that the cSH3-SH2 domain-domain interactions appear to
be the dominant force holding the monomers together into a di-
mer, it is plausible to speculate that the cSH3 and SH2 domains
could also re-establish such contact in the context of an isolated
monomer (Fig. 4c). To paraphrase this slightly, the SH2 domain
may pack against the cSH3 domain within the same isolated mono-
mer in a manner akin to the domain-domain interactions observed
between the SH2 domain of one monomer and the cSH3 domain of
the other monomer within the Grb2 dimer. To accomplish such do-
main swapping, the SH2 domain will have to undergo two spatial
transformations; to rotate clockwise by �180� about an axis paral-
lel to the nSH3–cSH3 plane followed by a second clockwise rota-
tion of �180� about an axis perpendicular to the nSH3–cSH3
plane (Fig. 4b and c). The large and flexible nature of inter-domain
loops nSH3–SH2 and SH2–cSH3 would ensure that this is not only
kinetically feasible but the tethering of SH2 and cSH3 domains
within the same isolated monomer would also be entropically
more favorable than the coming together of SH2 domain of one
monomer and the cSH3 domain of the other monomer in the con-
text of a dimer.

In so doing, the SH2–cSH3 packing within each isolated mono-
mer would bury surface area of approximately 1200 Å2 at the do-
main–domain interface, or a total surface area of about 2400 Å2

between two isolated monomers. Thus, upon Grb2 dimerization,
the disruption of SH2–cSH3 contacts within both isolated mono-
mers would initially result in the exposure of surface area of about
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2400 Å2 and hence a deficit of surface area of about 2400 Å2 prior
to re-establishing the SH2–cSH3 contacts across each monomer
to generate the dimer in order to pay for this deficit. The total sur-
face area buried upon Grb2 dimerization is about 4800 Å2 assum-
ing no conformational change in the monomers. However, after
paying a deficit of surface area of about 2400 Å2 exposed upon
the disruption of SH2–cSH3 contacts within each isolated mono-
mer, the overall surface area buried upon Grb2 dimerization would
equate to about 4800 Å2 minus 2400 Å2. Thus, a value of 2400 Å2

would be expected to be the overall burial of surface area being re-
corded in our heat capacity measurements reported here. A value
of about 2300 Å2 deduced from such measurements is in an excel-
lent agreement with a value of 2400 Å2 derived from structural
data for Grb2 dimerization on the basis of the assumption that
such dimerization proceeds via cSH3–SH2 domain swapping. Such
conformational change that Grb2 may have to undergo upon
dimerization, in agreement with our thermodynamic data reported
here, can be best visualized in the form of a movie accessible at
http://labs.med.miami.edu/farooq/movies/Grb2Dimer.

It should be noted here that the isolated SH2 domain of Grb2
can also dimerize by virtue of its ability to undergo domain swap-
ping [53–55]. Here, the dimerization is achieved through the abil-
ity of the C-terminal a-helix from each SH2 domain to swap in an
inter-domain manner so as to generate an intertwined SH2 dimer
that exhibits lower affinity for cognate ligands relative to SH2
monomer. This observation is in contrast to the model presented
above for the dimerization of Grb2 in which the SH2 domain sim-
ply swaps its interactions with the cSH3 domain from being in an
intra-molecular contact in the context of Grb2 monomer to being
in an inter-molecular contact in the Grb2 dimer without blocking
access to ligand binding sites. Although ligand binding affinity to
SH2 and SH3 domains has not been measured in the context of
full-length protein, it is unlikely that Grb2 dimerization would
lower the ligand binding affinity in a manner akin to that observed
for the SH2 domain-swapped dimer. On the contrary, the SH2 and
SH3 domains in the context of Grb2 dimer are likely to bind with
much higher affinity to multivalent ligands due to entropic advan-
tage. That such a scenario may prevail warrants further studies on
the role of Grb2 dimerization in cellular signaling.
Conclusions

Elucidating protein–protein interactions in thermodynamic
terms offers molecular insights into the mechanisms of life at a le-
vel second to none. Although Grb2 has been perceived as a central
player in cellular signaling since its discovery over a decade ago
[2,4,29], little is known about the role of oligomerization in the
biological function of Grb2. This is particularly significant given
that Grb2 is one of only a handful of adaptor modular proteins
for which complete 3D structure has been solved to atomic resolu-
tion and it is often tipped as the best characterized adaptor protein
in cellular signaling [29]. The ability of proteins to undergo oligo-
merization comes at a price but that is worth paying for in ex-
change for functional advantages that include but are not limited
to enhanced stability, greater specificity and selectivity toward
cognate ligands, and increased ability to participate in signal
amplification—a feature that is a hallmark of cellular signaling
and perturbations to which can make the difference between a
healthy and diseased cell.

In this study, using an array of biophysical methods, we have
shown that Grb2 exists in a dynamic equilibrium between dimer
and monomers with the equilibrium well in favor of the latter spe-
cies under low protein concentrations that are likely to be encoun-
tered under normal functioning of the cellular machinery.
Although the Grb2 monomer–dimer equilibrium is likely to be in
favor of the monomer in quiescent cells, rapid expression and rise
in Grb2 concentration upon mitogenic stimulation is likely to shift
this equilibrium in favor of the dimer. Other factors within the cell
are also likely to affect the Grb2 monomer–dimer equilibrium.
Studies on cultured mammalian cells indicate that phosphoryla-
tion of both Y239 and Y317 in p52Shc is required for efficient for-
mation of p52Shc–Grb2–Sos complex [10]. Thus, the requirement
of two rather than one phosphorylation site in p52Shc for Grb2
recruitment may shift the Grb2 monomer–dimer equilibrium in fa-
vor of the dimer due to the fact that SH2 domains in dimeric Grb2
are likely to bind to two phosphorylation sites in p52Shc with
much greater affinity and specificity than a single SH2 domain in
monomeric Grb2 and as a consequence of this differential binding,
the existence of Grb2 dimer over monomers will be highly favored
over both thermodynamic and kinetic grounds not to mention the
functional advantages that such a mechanism may impart upon
cellular signaling.

Our study also demonstrates exquisitely how thermodynamic
information can be employed to corroborate or refute structural
data. Although Grb2 crystallizes as a dimer with a twofold axis of
symmetry [29], the assumption that the monomers within this di-
mer may retain the same conformation in isolation is unlikely to
bear fruit due to the large and flexible inter-domain loops. Our
thermodynamic data indeed suggest strongly that the monomers
are likely to undergo cSH3–SH2 domain swapping and thus adopt
a more compact structure than that observed in the Grb2 dimer.
Given that the structure of Grb2 in its monomeric state is not avail-
able and that it may not be practically surmountable in the fore-
seeable future due to the requirement of protein at high
concentrations, conditions under which it predominantly exists
as a dimer, for structural analysis by both the X-ray and NMR
methodologies, the relevance of our thermodynamic studies pre-
sented here could not be overemphasized.

In short, our data demonstrate unequivocally that Grb2 exists in
monomer-dimer equilibrium in solution and that it is likely to un-
dergo cSH3–SH2 domain swapping upon dimerization. This salient
observation has profound impacts for furthering our understand-
ing of the role of Grb2 in cellular signaling and for the possible
therapeutic intervention of Grb2 in signaling cascades that result
in oncogenic transformation of cells. Many drugs are designed to
interfere with protein oligomerization or lead to disruption of pro-
tein–protein interfaces. Our demonstration that Grb2 exists in
monomer–dimer equilibrium may open up new avenues of drug
design for disrupting Grb2 dimerization, such as targeting the
monomeric conformation of Grb2 so as to prevent its dimerization,
and thus could lead to the development of novel anti-cancer drugs
with low toxicity coupled with more effectiveness.
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