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ABSTRACT: A thermodynamic analysis using isothermal titration calorimetry (ITC) has been performed to
examine the binding interaction between the SH2 (Src homology 2) domain of growth factor receptor
binding protein 2 (Grb2-SH2) and one of its phosphotyrosine (pY) polypeptide ligands. Interaction of
the Shc-derived phosphotyrosine hexapeptide Ac-SpYVNVQ-NH2 with Grb2-SH2 was both enthalpically
and entropically favorable (∆H ) -7.55 kcal mol-1, -T∆S) -1.46 kcal mol-1 , ∆G ) -9.01 kcal
mol-1, T ) 20 °C). ITC experiments using five alanine-substituted peptides were performed to examine
the role of each side chain in binding. The results were consistent with homology models of the Grb2-
SH2-Shc hexapeptide complex which identified several possible hydrogen bonds between Grb2-SH2
and the phosphotyrosine and conserved asparagine(+2) side chains of the Shc hexapeptide. These studies
also demonstrated that the hydrophobic valine(+1) side chain contributes significantly to the favorable
entropic component of binding. The thermodynamic and structural data are consistent with a Grb2-SH2
recognition motif of pY-hydrophobic-N-X (where X is any amino acid residue). The measured heat
capacity of binding (∆Cp ) -146 cal mol-1 K-1) was very similar to computed values using semiempirical
estimates (∆Cp ) -106 to-193 cal mol-1 K-1) derived from apolar and polar accessible surface area
values calculated from several homology models of the Grb2-SH2-Shc hexapeptide complex. The
homology model which most closely reproduced the measured∆Cp value is also the model which had
the lowest RMS deviation from the subsequently determined crystal structure. Calculations based on the
thermodynamic data and these semiempirical estimates indicated that the binding event involves burial of
nearly comparable apolar (677 Å2) and polar (609 Å2) surface areas.

Srchomology 2 (SH2)1 domains are modular components
of intracellular proteins which promote signal transduction
from the plasma membrane through the cytoplasm to the
nucleus. Signaling is achieved by SH2 recognition of
phosphotyrosine- (pY) containing sequences on a variety of
activated proteins (Sadowskyet al., 1986). Structural studies
of several SH2 domains both with and without bound peptide
reveal a highly conserved three-dimensional fold (Waksman
et al., 1992, 1993; Ecket al., 1993; Pascalet al., 1994; Lee
et al., 1994a; Xuet al., 1995). The∼100 residue SH2
domains also possess similar features for the recognition of
the phosphotyrosine-containing peptide. The SH2 domain-
pY interaction is stabilized by a network of hydrogen bonds
arising from conserved arginine, serine, and threonine side
chains and peptide backbone atoms. In addition to interac-
tions with the pY residue, peptide recognition also involves
three to four additional residues on the C-terminal side of
the pY (pY-X-X-X) (Pawson & Schlessinger, 1993; Pawson,
1995). SH2 domains can be classified by the type of residue

preferred at each position of the polypeptide ligand (Songy-
anget al., 1993, 1994). For example, the class ISrckinase
SH2 domain family recognizes polypeptides containing pY-
hydrophilic-hydrophilic-hydrophobic residues, while class III
SH2 domains such asSyp require motifs containing pY-
hydrophobic-X-hydrophobic (where X represents any resi-
due).

Several groups have recently used isothermal titration
calorimetry (ITC) to examine the interaction between pY
peptide ligands and SH2 domain proteins. Lemmon and
Ladbury (1994) determined the affinity and thermodynamic
binding parameters for several phosphotyrosine-containing
ligands binding to the p56lck (lck) SH2 domain. These
different peptides bound with a similar change in free energy
(∆G∼-7.0 kcal mol-1, Kd∼5 µM); however, the enthalpic
and entropic contributions to binding were very different.
Ligand binding to either the isolated SH2 domain or an
extended construct containing both the SH2 and SH3
domains (SH2-SH3) gave similar∆G values, indicating that
peptide binding to the SH2 domain is relatively independent
of other domains in the protein. ITC studies performed with
pY peptide ligands and the SH2 domains fromSrcand p85
detected larger∆G values,∼-8.6 kcal mol-1 (Kd∼0.5µM;
Ladburyet al., 1995) and correspondingly larger favorable
enthalpic contributions (∆H ∼-9 kcal mol-1). The ther-
modynamic information obtained from these initial ITC
binding studies has provided a framework from which more
detailed studies can be designed.
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Here we report ITC and homology modeling studies
undertaken to deconvolute the thermodynamic contributions
of each side chain involved in pY polypeptide binding to
the SH2 domain of growth factor receptor protein 2 (Grb2).
Grb2, an adapter protein consisting of one SH2 domain and
twoSrchomology 3 (SH3) domains, is critical for promoting
signal transduction from epidermal growth factor, platelet-
derived growth factor, fibroblast growth factors, and insulin
(Lowensteinet al., 1992; Wardet al., 1996; Skolniket al.,
1993; Rozakis-Adcocket al., 1992). The SH2 domain binds
to phosphotyrosine regions on either the C-terminal end of
epidermal growth factor receptor (EGF-R) (binding sites:
EpY1068INQS, EpY1114LNTV) or to the receptor-bound Shc
protein (binding site: SpY317VNVQ) (Ward et al., 1996;
Skolniket al., 1993; Rozakis-Adcocket al., 1993). The SH3
domains of Grb2 also bind the nucleotide exchange factor
Son of sevenless (Sos) protein (Eganet al., 1993; Liet al.,
1993). The receptor-facilitated membrane proximal location
of the Grb2-Sos complex enables Sos to associate and
activate the plasma membrane associated p21ras (Ras) G
protein by exchanging GDP for GTP. Activation of Ras
stimulates the MAP kinase cascade, allowing signal trans-
duction from the cell surface receptors to the nucleus where
cell proliferation and differentiation are initiated. Uncon-
trolled cell proliferation and tumor formation resulting from
the expression of oncogene ligands such as that reported for
Shc and the fusion protein BCR-Abl, which has been linked
to chronic myeloid leukemia, might be blocked if the
interactions between the Grb2-SH2 domain and its pY
ligands are inhibited (Pendergastet al., 1993; Maruet al.,
1995, Maruet al., 1996).

The ligand specificity of the Grb2-SH2 domain signifi-
cantly differs from that of theSrcor lckSH2 domains. The
Grb2-SH2 consensus recognition sequence is pY-X-N-X,
where the specificity site is located at the second residue
instead of the third residue C-terminal to the pY as observed
for the Src SH2 domain (Songyanget al., 1994; Wardet
al., 1996). To elucidate the role of each peptide residue in
complex formation between the Grb2-SH2 domain and
peptide ligand, an extensive thermodynamic analysis of this
interaction was performed. Isothermal titration calorimetric
measurements using the native Shc ligand, Ac-SpYVNVQ-
NH2, and five different alanine-substituted polypeptides were
conducted, and here we report values for the changes in free
energy of binding (∆G), enthalpy (∆H), and entropy (∆S)
for each ligand. The heat of ionization (∆Hion) was also
determined to deconvolute the enthalpy of binding from
buffer-related protonation and deprotonation reactions coupled
to complexation.

Grb2-SH2 homology models were constructed for visual
inspection of the interactions and to provide a framework
for computation of thermodynamic binding parameters. The
homology models, based on the known structures ofSrcand
Syp, were built using three different homology modeling
methods. From these structures, semiempirical calculations
were performed to estimate the heat capacity, enthalpies, and
entropies of binding using several methodologies (Murphy
& Freire, 1992; Spolaret al., 1992; Murphyet al., 1993;
Gomez & Freire, 1995; Myerset al., 1995). Here we
compare the calculated values to those determined by
isothermal titration calorimetry and suggest that this com-
parison is helpful in the identification of more native-like
homology models.

MATERIALS AND METHODS

Grb2-SH2. The DNA construct for the Grb2-SH2 domain
contained the primary amino acid sequence 53-163 and was
expressed inEscherichia coli(SG1309,lon-) using a T5
promoter on plasmid QE60 (Lowensteinet al., 1992). The
cells were grown to an OD600 of 1.0 and then induced for
4 h with 1 mM IPTG. The cells were harvested by
centrifugation, resuspended in buffer A (25 mM Tris and
25 mM NaCl, pH 7.5) containing a protease inhibitor cocktail
(0.5 µg/mL Pefabloc, 0.5µg/mL Leupeptin, 0.7µg/mL
pepstatin A, 2µg/mL aprotinin, 1.0µg/mL E64, and 1 mM
EDTA), and lysed in a microfluidizer. Following centrifuga-
tion of the cell lysate, the supernatant containing soluble
Grb2-SH2 was applied to a phosphotyrosine-agarose col-
umn, which was then washed with buffer A and eluted with
buffer B (25 mM Tris and 200 mM NaCl, pH 7.5). Fractions
containing Grb2-SH2 were concentrated and applied to a
Mono-Q column (Pharmacia, Piscataway, NJ). The column
was washed with buffer B, and the Grb2-SH2 samples
(>95% pure) were recovered from the unbound fractions.
These fractions were dialyzed against 50 mM HEPES, pH
7.0, loaded onto a Mono-S column (Pharmacia, Piscataway,
NJ), and eluted with a 0-500 mM NaCl gradient. The Grb2-
SH2 samples eluting at∼180 mM NaCl were>98% pure,
based on SDS-PAGE Coomassie-stained gels and amino
acid composition analysis. The extinction coefficient, de-
termined from its absorbance spectrum and a concentration
determination from amino acid analysis, isε(280)) 1.2 mg-1

cm2 (15 600 M-1 cm-1).
Peptides.Peptides were synthesized in our laboratory or

by AnaSpec Inc. (San Jose, CA) using Fmoc solid-phase
peptide synthesis with the following protecting groups:tert-
butyl for serine and tyrosine, and trityl for asparagine and
glutamine. Fmoc-phosphotyrosine was used without side
chain protection. Peptide N- and C-termini were capped with
acetate and amide groups, respectively. Peptide sequences
were confirmed by mass spectrometry and amino acid
analysis. An extinction coefficient for each peptide was
determined from the absorbance at 280 nm and the peptide
concentration determined by amino acid analysis. Extinction
coefficient values ranged between 600 and 700 M-1 cm-1,
and are approximately half the value for anL-tyrosine residue
at pH 7.0. The following are the primary sequence and code
for each peptide used in this study: native sequence pY317,
Ac-S(pY)VNVQ-NH2; alanine substitutions S(-1)A, Ac-
A(pY)VNVQ-NH2; V(+1)A, Ac-S(pY)ANVQ-NH2; N(+2)A,
Ac-S(pY)VAVQ-NH2; V(+3)A, Ac-S(pY)VNAQ-NH2;
Q(+4)A, Ac-S(pY)VNVA-NH2.
Isothermal Titration Calorimetry.Titrations were per-

formed using a MCS isothermal titration calorimeter (Mi-
croCal Corp. Northampton, MA) (Wisemanet al., 1989).
Grb2-SH2 was dialyzed overnight with two exchanges of
buffer (1/1000 v/v). To reduce errors arising from heats of
dilution due to buffer differences between samples in the
syringe and the stirred vessel, the lyophilized peptide ligands
were suspended in the dialysate from the Grb2-SH2 sample.
Protein samples were routinely centrifuged, and both peptide
and protein solutions were degassed prior to loading into
the syringe and reaction cell. Protein and peptide concentra-
tions were determined using measuredA280 values and the
extinction coefficients described above. Peptide ligands
(100-250 µM) were titrated into the protein-containing
sample cell using a 250µL syringe. Binding curves usually
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involved the addition of 20 10µL injections which enabled
50% saturation to occur by the tenth injection. The heats
of dilution, obtained by titrating the identical peptide solution
into the reaction cell containing only the sample buffer, were
subtracted prior to analysis. Heats of dilution were typically
-0.05µcal/s, and were similar to those seen in the 19th and
20th titrations in Figure 1 (top). The syringe mixing speed
was 400 rpm as recommended by the vendor, and data were
recorded at the 20% reference offset in order to maximize
the signal-to-noise ratio. The temperature-dependent binding
studies were conducted after the instrument had been
equilibrated overnight at the required temperature. Nonlinear
least squares analysis of the binding curve was performed
using the ITC fitting algorithm included with the instrument
(ITC Origin program, V2.8, MicroCal, Northampton, MA).
The data fit well to a single binding site mechanism.
Sufficient sample was prepared to conduct three separate
titrations whose averaged values are reported here.
Computational Methods.Calculations were performed on

Silicon Graphics Indigo2 or Challenge computers running
the IRIX 5.x operating system. Energy minimizations were
performed with the Insight II/DISCOVER program (release
2.3.5, 1994, Biosym/MSI) using the cvff force field except
for the phosphotyrosine. A-2 charge on the phosphate was
assumed, and partial charges were assigned using Mulliken/
MNDO with the SPARTAN V3.0 (Wavefunction, Inc., 1994)
program. The overall charges were+2 for the protein and
-2 for the peptide.

Three pairs of homology models of the Grb2-SH2 domain
(one ligand free and one peptide-containing complex) were
built using the Homology (release 2.3.5, 1994, Biosym/MSI),
Consensus (release 2.3.5, 1994, Biosym/MSI), and LOOK
(Version 2.0beta, 1995, Molecular Applications Group)
modeling programs. The crystal structures of theSyp(Lee
et al., 1994a) andSrc(Waksmanet al., 1993) SH2 domains
were used as homology templates, and the Grb2-SH2
sequence was aligned using the primary sequence-to-
structural assignments of Leeet al. (1994a). The peptide
extracted from theSyp cocrystal structure was used as a
template to build the bound conformation of the pY317
peptide. Initial docking of this peptide to the SH2 domain
models was guided by the ligand interactions described for
theSypandSrccomplex structures and by reported interac-
tions between the ligand asparagine residue and the Grb2-
SH2 structure (Pavlovskyet al., 1995). During minimization
of the models for each complex, constraints were used
between the pTyr of the peptide and SerâB7, Arg âB5, and
His âD4 of the protein and between the Asn(+2) of the
peptide and LysâD6 and LeuâE4 of the protein.
Solvent accessible surface areas were calculated using a

1.4 Å probe with the Biosym SOLVATION module (Delphi
and Solvation User Guide, release 2.3.5, 1994, Biosym/MSI)
and programs developed locally. The conformation of the
free peptide was modeled by energy minimizing the template
peptide in a 10 Å bath of explicit water.
Following rigid-body docking of the peptide, minimization

of the complex structures included a 2 kcal mol-1 Å-2 penalty
for distances greater than 5 Å between the following pairs
of atoms: SerâB7 HG-peptide P, ArgâB5 NH1-peptide
P, ArgâB5 NH2-peptide P, HisâD4 CB-peptide Tyr CZ,
His âD4 CB-peptide Tyr CG, LysâD6 HN-peptide Asn
OD1, and LeuâE4 O-peptide Asn ND2.
To estimate the configurational contribution to∆S of

binding using the approach of Leeet al. (1994), it is
necessary to calculate the surface areas of free, bound, and
extended surface areas of individual side chains on the
peptide as well as the protein. Conformations for the
extended side chains (Xaa) were modeled by minimizing Ala-
Xaa-Ala in a 10 Å bath of explicit water.

RESULTS

Binding Thermodynamics of NatiVe Ligand. A thermo-
dynamic description for the binding of the pY317 phospho-
tyrosine hexapeptide (Ac-SpYVNVQ-NH2) to the Grb2-SH2
domain was determined using isothermal titration calorim-
etry. Figure 1 (top) shows the heat of reaction for 20
titrations of pY317 into a solution of Grb2-SH2. The binding
reaction is exothermic, and the integrated heats of reaction
for the data in Figure 1 (top) are shown as a binding curve
in Figure 1 (bottom). A nonlinear least squares fit of the
binding curve provides values for the stoichiometry of
binding (n, ligand:protein), equilibrium binding constant (Kb),
and change in enthalpy (∆H). A thermodynamic description
of binding is obtained from these parameters including the
free energy of binding,∆G, and change in entropy of
reaction,∆S:

whereR is the gas constant andT is the temperature in
Kelvin.

FIGURE 1: (Top) Exothermic heats of reaction (µcal/s) measured
for 20 injections of the pY317 peptide into a Grb2-SH2 sample.
Ten microliter additions of pY317 (250µM) were injected into a
1.34 mL solution of Grb2-SH2 (13.6µM). Saturation of binding
sites is observed for titrations beyond 55 min. The flat baseline at
0.0µcal/s was obtained from the raw data by subtracting a computed
baseline for each injection utilizing the pre- and postinjection data.
(Bottom) Integrated values for heats of reaction normalized by the
amount of ligand injected (kcal/mol of peptide) vs molar ratio of
pY317-Grb2-SH2. Data were corrected for heats of dilution by
subtracting a blank titration performed by injecting an equivalent
amount of the pY317 peptide solution into the sample cell
containing buffer only. The solid line is the best fit to the data for
a single binding site model using a nonlinear least squares fit to
solve for n (number of binding sites),Kb (equilibrium binding
constant), and∆H (change in enthalpy of reaction):n ) 0.961(
0.007,Kb ) (4.21( 0.41)× 106 M-1 (Kd ) 0.24 µM), ∆H )
-8.02( 0.08 kcal mol-1. Buffer: 50 mM Hepes, 0.15 M NaCl,
pH 7.5 at 20°C.

∆G) -RT ln(Kb) (1)

∆G) ∆H - T∆S (2)
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The solid line shown in Figure 1 (bottom) is the best fit
for one of the reactions performed at 20°C, and a summary
of the average binding parameters for triplicate reactions,
including the dissociation constant (Kd), is presented in Table
1. These data show that the free energy of binding (∆G )
-9.01 kcal mol-1) is favored by both enthalpic (∆H ) -7.55
kcal mol-1) and entropic contributions (-T∆S) -1.46 kcal
mol-1).
The total heat of reaction recorded during ligand binding

is derived from all processes that contribute heat to the
system. For this reason the observed enthalpy of reaction
(∆H) is composed of the ligand binding heat of reaction
(∆Hreact) and other factors. A frequent contribution to∆H
is the heat arising from the buffer due to protonation and
deprotonation events during the binding step. This nonspe-
cific buffer contribution is usually referred to as the heat of
ionization (∆Hion). With this term the observed ligand
binding heat of reaction can be described as

where nH+ is the number of protons contributing to the
reaction.
To elucidate the contribution of∆Hion and the value of

nH+, we performed the binding reaction at pH 7.5 in two
additional buffer systems and examined the relationship
between the value of∆H with respect to the known heat of
reaction for all three buffers (Christensenet al., 1976;
Murphyet al., 1993; Gomez & Freire, 1995). This relation-
ship is presented in Figure 2, and the results show that the
value of∆H, at pH 7.5, is independent of∆Hion of the buffer.
Thus, the binding reaction of pY317 with Grb2-SH2 occurs
in the absence of a significant protonation event, i.e.nH+ ∼
0, and that∆H ) ∆Hreact.
Temperature Dependence of Ligand Binding:∆Cp of

Binding. Titrations were also performed between 15 and
35 °C to determine the change in heat capacity,∆Cp, upon
ligand binding. ∆Cp was calculated from the dependence
of ∆Hreacton temperature (Table 1 and Figure 3) and based
on the slope has a value of-146 cal mol-1 K-1. The size
and sign of∆Cp are consistent with a binding interaction
that involves a net increase in buried apolar surface area.
A summary of the temperature-dependent thermodynamics

of binding is shown in Table 1 and Figure 3. These values
indicate that while the∆G of binding becomes slightly more
favorable (5%) with increasing temperature, the enthalpy
contribution becomes much more favorable (∼40%). This
favorable increase in enthalpy is nearly completely offset
by unfavorable entropic effects. For example, at 15°C ∆H
) -6.99 kcal mol-1 and-T∆S) -1.93 kcal mol-1, while
the values at 35°C are∆H ) -9.86 kcal mol-1 and-T∆S
) +0.45 kcal mol-1.

pY317 Polypeptide Side Chain Contributions to Binding:
Alanine Substitutions.The specificity for ligand binding to
Grb2-SH2 requires phosphotyrosine and asparagine, with a
consensus primary sequence of pY-X-N-X. However, the
individual contributions of pY and N to the energetics of
binding are unclear. In addition, the contribution of the side
chains for the remaining residues (X) is also unknown. To
identify the thermodynamic contributions of binding by each
of the side chains in the pY317 ligand, we performed
additional binding studies using five different peptides
containing a single alanine substitution for each of the native
residues.
A summary of thermodynamic binding parameters for the

alanine-substituted peptides is presented in Table 2. Starting
from the N-terminus of the peptide, we determined that there
was no significant difference in the thermodynamics of
binding for the serine-to-alanine substituted ligand, S(-1)A.
This was consistent with the molecular model of the complex
which showed minimal interactions between the side chain
of serine and Grb2-SH2 (see homology modeling section
and Figure 5). We could not perform binding studies with
the alanine-substituted phosphotyrosine (pY/A) ligand due
to its low solubility and weak affinity. However, from a
limited binding study we determined that the affinity of the
more soluble ligand NH2-SYVNVQ-COOH (unblocked N-
and C-terminus and containing a tyrosine residue) was very
weak (Kd ∼1-10 mM).
The thermodynamics of binding for the V(+1)A peptide

was unexpected. The favorable entropic contribution to

Table 1: Thermodynamic Parameters for the Binding of Shc Peptide pY317 to Grb2-SH2

temp (°C) Kb (10-6
M

-1) Kd (µM) ∆G (kcal mol-1) ∆H (kcal mol-1) -T∆S(kcal mol-1) ∆S(cal mol-1 K-1)

15 6.06 (1.78) 0.17 -8.92 (0.16) -6.99 (0.32) -1.93 (0.47) 6.7 (1.6)
20 5.31 (1.05) 0.19 -9.01 (0.12) -7.55 (0.43) -1.46 (0.55) 5.0 (1.9)
25 4.92 (0.14) 0.20 -9.12 (0.02) -7.94 (0.15) -1.18 (0.15) 4.0 (0.5)
30 4.32 (0.64) 0.23 -9.20 (0.09) -9.13 (0.22) -0.06 (0.28) 0.2 (0.9)
35 4.73 (0.41) 0.21 -9.41 (0.06) -9.86 (0.37) +0.45 (0.42) -1.5 (1.4)

a Binding studies were performed using pY317 (Ac-SpYVNVQ-NH2) in 50 mM Hepes and 0.15 M NaCl, pH 7.5. The reported values are the
average of three experiments and the errors represent(1 SD. The stoichiometry,n, was also fit and had values between 0.9 and 1.1 for each
analysis.

∆H ) ∆Hreact+ nH+∆Hion (3)

FIGURE2: Estimate of the ligand binding induced heat of ionization.
The observed reaction enthalpies are plotted vs heats of ionization
for three different buffers. The slope of the line, which is
proportional to the degree of protonation or deprotonation upon
ligand binding, is 0.05 and indicates that pY317 binding is not
coupled to a protonation reaction. Buffers: PIPES,∆Hion ) 2.72
kcal mol-1; Hepes,∆Hion ) 4.97 kcal mol-1; imidazole,∆Hion )
8.77 kcal mol-1. Reactions were performed in 50 mM buffer, 0.15
M NaCl, pH 7.5 at 20°C.
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binding seen in the native substrate, pY317 (-T∆S) -1.46
kcal mol-1, Table 2), becomes unfavorable for the V(+1)A
substitution (-T∆S ) +0.81 kcal mol-1). The sign and
magnitude of the∆∆H and-∆T∆Svalues (-1 and+2.27
kcal mol-1, respectively) for the V(+1)A peptide are
consistent with the release of an ordered water molecule upon
binding of the native peptide (Dunitz, 1993). Presumably
when the alanine-substituted peptide is bound, both the
alanine methyl group and water molecule can simultaneous
occupy a surface pocket.

The substitution of alanine for asparagine, N(+2)A,
resulted in a large, 2000-fold, decrease in affinity (∆G )
-4.62 kcal mol-1). The total decrease in free energy of
binding (∆∆G) relative to the native substrate (pY317) was
+4.39 kcal mol-1 and was primarily due to a loss in
favorable enthalpy contributions (∆∆H ) +5.6 kcal mol-1).
The importance of asparagine in binding is consistent with
its strict conservation in the sequence of native ligands, and
the calorimetric results with the alanine-substituted peptide
presumably reflect a loss in hydrogen-bonds between the
asparagine side chain and Grb2-SH2 (Figure 5). Despite the

loss in enthalpic contributions, the association remained
entropically favorable (-T∆S) -2.67 kcal mol-1) .

Substitution of the second valine V(+3)A caused a slight
decrease in∆G which is due to a decrease in favorable
enthalpic interactions (∆∆H ) +1.58 kcal mol-1). Finally,
the thermodynamics of binding for the Q(+4)A substrate
and the native ligand are nearly identical. This implies that
the glutamine side chain is not critical for complex formation.
Taken together, these analyses have identified the side chains
of pY, V(+1), and N(+2) as the most critical for binding of
the Shc peptide to Grb2-SH2.

Homology Modeling of the Grb2-SH2-pY317 Complex.
To enable an evaluation of the molecular interactions on the
surface of the SH2 domain that would promote ligand
binding and to compute binding parameters for comparison
to experimentally observed values, homology models of the
Grb2-SH2 domain were constructed. The three homology
models were built using different methodologies. The
Consensusmodel was generated using distance geometry
methods (Havel & Snow, 1991) with distance constraints
derived from previously determined homology structures.
TheHomologymodel used traditional methodology (Greer,
1981) where the structurally conserved regions were built
from homologous structures and the loops were modeled
from a larger database of loop conformations. TheLOOK
model was constructed using an automated segment algo-
rithm and a database of highly refined known structures
(Levitt et al., 1992).

All of the homology models have the same overall
topology (Figure 4). The CR RMS differences for secondary
structural elements are 1.51 Å (LOOK vs Homology), 1.61
Å (LOOK vs Consensus) and 1.74 Å (Consensus vs
Homology). Pairwise RMS deviations for complex models
are 1.62, 1.62, and 1.46 Å, respectively. Differences between
the models are in the BG loop and, to a lesser extent, in the
BC loop and the C-terminus beyond GluâG3 (Figure 4).
While the differences in the BG loop conformation alter the
structure of the Asn(+2) site, the putative interactions of
Asn(+2) with the backbone of LysâD6 and LeuâE4 (Figure
5) were similar in the three models. As expected, the
phosphotyrosine site in this model is very similar to the
phosphotyrosine binding site in theSyp(Leeet al., 1994a)
and Src (Waksmanet al., 1993) structures on which the
model is based (Figure 5). The phosphate group interacts
with SerâC3, ArgâB5, Ser BC2, SerâB7, and the backbone
of Glu BC1. The Asn side chain at+2 forms hydrogen
bonds with the side chain of LysâD6 and backbone carbonyl
of Leu âE4 (Figure 5). The CR RMS deviations between
the SH2 domain in the unliganded and liganded forms are
1.14 Å for the model built with LOOK and 1.27 Å for the
Consensus and 1.14 Å for the Homology models. After

FIGURE 3: Temperature-dependent energetics of binding for Grb2-
SH2 and pY317: comparison of computed and experimentally
determined thermodynamic binding parameters. The experimental
data,∆H (solid squares),-T∆S (solid circles), and∆G (solid
triangles), are shown along with a solid line representing a linear
least squares fit to the data which assumes a linear temperature
dependence (see Table 1). The heat capacity of binding (∆Cp),
determined from the slope for∆H, has a value of-146 cal mol-1
K-1. ITC binding reactions were performed from 15 to 35°C at 5
°C intervals under solution conditions described in Figure 1. The
LOOK homology model structure-based values for∆H,-T∆S, and
∆G, derived from eqs (1, 2, 4, 5, and 6), are shown as thin dotted
lines with open symbols corresponding to the experimental data
(see Tables 3 and 4). Error bars represent standard deviations from
three experiments.

Table 2: Thermodynamic Parameters for the Binding of Native and Alanine-Substituted Shc Peptides to Grb2-SH2a

peptide Kd (µM) ∆G (kcal mol-1) ∆H (kcal mol-1) -T∆S(kcal mol-1) ∆S(cal mol-1K-1)

Ac-S-pY-V-N-V-Q-NH2 0.19 -9.01 (0.12) -7.55 (0.43) -1.46 (0.55) 5.0 (1.9)
Ac-A-pY-V-N-V-Q-NH2 0.20 -8.95 (0.13) -7.19 (0.37) -1.75 (0.50) 6.0 (1.7)
Ac-S-pY-A-N-V-Q-NH2 1.63 -7.73 (0.05) -8.54 (0.01) +0.81 (0.06) -2.8 (0.2)
Ac-S-pY-V-A-V-Q-NH2 359. -4.62 (0.08) -1.95 (0.02) -2.67 (0.07) 9.1 (0.2)
Ac-S-pY-V-N-A-Q-NH2 0.77 -8.17 (0.08) -5.97 (0.19) -2.21 (0.27) 7.5 (0.9)
Ac-S-pY-V-N-V-A-NH2 0.30 -8.72 (0.11) -7.14 (0.56) -1.58 (0.67) 5.4 (2.3)
a Binding studies were performed in 50 mM Hepes and 0.15 M NaCl, pH 7.5 at 20°C. The reported values are the average of three experiments

except for line 4, which is from two experiments. The reportedKd values were calculated from theKb values which were fit directly from the
binding analysis. The errors represent(1 SD. The stoichiometry,n, was also fit and had values between 0.9 and 1.1 for each analysis.
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completion of this work, the crystallographic coordinates of
the uncomplexed Grb2-SH2 domain were released (Maignan

et al., 1995). The CR RMS differences for secondary
structural elements between the crystal structure and the
homology models are 1.54 Å (Consensus), 1.74 Å (Homol-
ogy), and 1.29 Å (LOOK) (Figure 4B). The largest structural
differences occur in the BG loop and the C-terminus (Figure
4B).

Structure-Based Semiempirical Estimates of Thermody-
namic Binding Parameters.The value of∆Cp associated
with peptide-protein interactions as well as the∆H and the
solvent contribution to the total entropy term,∆Ssolv, can be
approximated, from the three-dimensional structure of the
protein-ligand complex, as a simple function of the change
in the polar and apolar surface areas associated with the
binding event (Murphy & Freire, 1992; Spolaret al., 1992;
Murphy et al., 1993; Gomez & Freire, 1995; Myerset al.,
1995). According to Freire and coworkers, the relationship
between∆Cp and the solvent accessible surface area is

where∆ASAapol and∆ASApol are the changes in accessible
surface area upon binding for apolar and polar residues,
respectively. ∆Cp,ion is the heat capacity change due to
protonation and deprotonation reactions coupled to the ligand
binding step. Since the value ofnH+ for Grb2 is nearly 0 at
pH 7.5, as shown above, the value for∆Cp,ion is also 0.

FIGURE 4: Structure of Grb2-SH2 domain. (A, top) Stereo diagram of the LOOK model. The following Grb2-SH2 structural elements are
shown in the figure from right to left: N-terminus,âA, RA, âB, âC,â(D-D′), âE,âF,R(B-B′) - âG(â strand not shown), and C-terminus.
The N- and C-terminal polypeptide regions are colored blue and red, respectively. The helices andâ-strands are colored green and yellow,
respectively. Strands A-D form the centralâ-sheet. (B, bottom) Superposition of the LOOK (green), Consensus (orange), and Homology
(purple) models and the crystallographically determined structure (yellow) (Maignanet al., 1995).

FIGURE 5: LOOK-derived model of the interaction between the
pY317 peptide ligand and the Grb2-SH2 domain. The solvent-
accessible surface is colored to illustrate the hydrogen bonds with
Asn(+2). The SH2 backbone amide NH is blue and carbonyl O
atoms of Lys âD6 and Leu âE4 are red. As expected, the
phosphotyrosine site in this model is very similar to that of the
structures on which the model is based (Leeet al., 1994a; Waksman
et al., 1993). The phosphate group interacts with SerâC3, Arg
âB5, Ser BC2, SerâB7, and the backbone of Glu BC1.

∆Cp ) 0.45∆ASAapol- 0.26∆ASApol + ∆Cp,ion (4)
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A similar relationship was observed between the value of
the change in enthalpy at 60°C,∆H(60), and the accessible
surface area:

where the value of∆Hion has been determined to be 0 at pH
7.5.
Methods to estimate the total entropic contribution,∆S,

involve summation of entropic changes due to solvation
(∆Ssolv), configurational (∆Sconf), ionization (∆Sion) and
rotational/translational (∆Srt) contributions as shown in the
following equation:

The solvent contribution (or hydrophobic effect),∆Ssolv, was
estimated from the relationship:∆Ssolv ) ∆Cp ln(T/385.15).
In addition,∆Sconf was calculated on the basis of the work
of Lee et al. (1994b), and∆Sion was experimentally deter-
mined to be 0 (see above). Also, given the 1:1 binding
stoichiometry, we assume a value of-8 cal K-1 mol-1 for
the change in overall rotational/translational entropy,∆Srt
(Murphy et al., 1993).

The calculated structure-based values of∆ASApol and
∆ASAapol for each homology model are presented in Table
3. The results demonstrate that the ligand binding event
involves the burial of nearly equal amounts of polar and
apolar surface areas (e.g., LOOK-derived values of∆ASApol

and∆ASAapol are-647 and-659 Å2, respectively). Using
the experimentally derived values of∆Cp and∆H and eqs 4
and 5 we calculated experimental values for∆ASApol and
∆ASAapol. We obtained values of-609 and-677 Å2 for
∆ASApol and ∆ASAapol, respectively (Table 3), which
suggests that ligand binding involves nearly identical extents
of burial for polar and apolar surfaces and this result is
consistent with the homology model results.
The methodology, equations, and values described above

were used to estimate structure-derived values of∆Cp, as
well as∆H, ∆S, and∆G values of binding as a function of
temperature (Tables 3 and 4 and Figure 3). The calculated
values were then compared to the results obtained by
isothermal titration calorimetry (Table 1 and Figure 3).
While none of the models quantitatively reproduces the
experimental results, all correctly reproduce the trends that
binding is enthalpically favored and that the entropic effects
of complex formation are small. Further, since the correct
sign and approximate magnitude for∆Cp can be calculated
from the models, the temperature dependence of both the
entropy and enthalpy of binding is modeled correctly.
We selected the LOOK models for more extensive

comparison to the experimentally-derived information be-
cause calculated values derived from these structures showed
slightly better agreement with the experimental∆Cp and∆G
of binding, and with the surface area changes estimated from
the calorimetric data (see Discussion).

DISCUSSION

A thermodynamic analysis for the binding of a phospho-
tyrosine peptide from Shc protein (pY317) to the SH2
domain of Grb2 has been conducted using isothermal titration
calorimetry, and the experimental results have been compared
to values calculated using three-dimensional homology
models of the Grb2-SH2 domain. The results from ITC
experiments indicated the binding reaction occurred with a
stoichiometry of one pY peptide to one SH2 domain with
∆G ) -9.0 kcal mol-1 at 20°C. This interaction was both
enthalpically (∆H ) -7.55 kcal mol-1) and entropically
(-T∆S) -1.46 kcal mol-1) favored. The corresponding

Table 3: Solvent Accessible Surface Areas and Structure-Based
Semi-Empirical Estimates of∆Cp

homology modelsa

Homology Consensus LOOK
experimental
resultsb

ASApol Grb2 (Å2) 2307 2174 2270
ASAapolGrb2 (Å2) 3777 3511 3620
ASApol pY317 (Å2) 586 586 586
ASAapol pY317 (Å2) 636 636 636
ASApol complex (Å2) 2161 2350 2208
ASAapol complex (Å2) 3563 3676 3597
∆ASApol (Å2) -731 -410 -647 -609
∆ASAapol (Å2) -851 -471 -659 -677

∆Cp (cal mol-1 K-1) -193 -106 -128 -146
a The homology model-derived values for∆ASApol and∆ASAapol

were calculated using complex- (Grb2 + pY317) ASA values for
the polar and apolar surfaces, respectively. The value of∆Cp for the
homology models was calculated using eq 4. Abbreviations: Grb2,
unliganded structure of Grb2-SH2; pY317, structure of the pY317
ligand; complex, structure of the Grb2-SH2+ pY317 complex.b The
experimentally derived values for∆ASApol and ∆ASAapol were
calculated using the equations from Murphy and Freire (1992) as
described in the text (eqs 4 and 5).

Table 4: Structure-Based Semiempirical Estimates of∆H, ∆S, and∆Ga

homology models

Homology Consensus LOOK
experimental

results

∆Hbinding (kcal/mol) -8.06 -4.66 -9.61 -7.55
∆Hion (kcal/mol) 0 0 0 0
total∆H (20 °C, kcal/mol) -8.06 -4.66 -9.61 -7.55
∆Ssolv (cal mol-1 K-1) 53 29 35 40
∆Srt (cal mol-1 K-1) -8 -8 -8
∆Sconf (cal mol-1 K-1) -29 -31 -31
∆Sion (cal mol-1 K-1) 0 0 0 0
total∆S(20 °C, cal mol-1 K-1) 16 -10 -4 5

total-T∆S(20 °C, kcal mol-1) -4.59 3 1.2 -1.46

total∆G (20 °C, kcal mol-1) -12.66 -1.66 -8.4 -9.01
a All values are for 20°C. The∆H structure-based values for the homology models were calculated using the∆ASA values reported in Table

3 and eq 5 from the text (Murphy & Freire, 1992; Murphyet al., 1993). The∆H values were corrected to 20°C using the∆Cp value from eq 4
and the equation:∆H(20) ) ∆H(60) -40∆Cp. Entropy values were calculated as described in the text (eq 6), as well as by Gomez and Freire
(1995) and Leeet al. (1994).

∆H(60)) (31.4∆ASApol - 8.44∆ASAapol) + ∆Hion (5)

∆S) ∆Ssolv + ∆Sconf + ∆Sion + ∆Srt (6)
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dissociation constant (Kd) is 0.19µM and is similar to the
Kd (0.38µM) measured by Lemmonet al. (1994) for binding
of a related peptide (EGF-R, PVPpY1068INQSVPKRK) to
the intact SH3-SH2-SH3 Grb2 molecule. Thus, the similar
affinity of peptides for the isolated SH2 domain and the intact
SH3-SH2-SH3 molecule suggests that peptide binding to
the SH2 domain is relatively independent of the SH3
domains. Lemmon and Ladbury (1994) also observed nearly
identical affinities and enthalpies for phosphotyrosine polypep-
tides binding to constructs of thelckSH2 protein containing
either the two-domain SH3-SH2 (63-228) protein or the
isolated SH2 (123-228) domain. These results are consis-
tent with the recently determined three-dimensional structure
of the full-length Grb2 molecule (SH3-SH2-SH3) which
shows three loosely associated domains (Maignanet al.,
1995).
The binding study by Lemmonet al. (1994), using the

intact Grb2 molecule (SH3-SH2-SH3) to determine the
affinity of the pY peptide, was performed using the surface
plasmon resonance technique because ITC measurements
using their peptide apparently generated low values of∆H
(∼-1 kcal mol-1). This result is surprising since our pY317
peptide gave a large value of∆H (-7.55 kcal mol-1).
Cussacet al. (1994) used fluorescence enhancement tech-
niques to measure the affinity of Grb2 ligands. These studies
showed that peptide ligands containing sequences similar to
those used in our study (Shc, PSpY317VNVQN; and human
growth factor receptor, ATpY1374VNVKS) hadKd values of
18 and 80 nM, respectively. In both studies, differences in
measured affinities could reflect variations in either the length
or composition of the peptide ligands or, in the latter case,
differences in phosphotyrosine molar extinction coefficient
used for concentration determinations.
The alanine substitution study reported here shows that

binding of the native peptide is favored by enthalpic
contributions arising primarily from the phosphotyrosine and
the N(+2) residues. A significant portion of the phospho-
tyrosine contribution may reside in the phosphate moiety
since preliminary studies indicate that the tyrosine-containing
ligand (NH2-SYVNVQ-COOH) had aKd of only ∼1-10
mM and a low value of∆H, ∼-1 kcal mol-1 (data not
shown). The large decrease in affinity and low value of∆H
for the NH2-SYVNVQ-COOH peptide is consistent with the
loss of an extensive network of hydrogen bonds to the
phosphate moiety as is typically seen in peptide-SH2
domain structures. In the LOOK complex model, for
example, there are nine hydrogen bonds between the pY and
the protein. Although the phosphate group is critical for high
affinity of the pY-containing polypeptides, a phosphotyrosine
amino acid residue alone exhibits poor binding affinity,Kd

∼1-5 mM (Lemmon & Ladbury, 1994; Burkeet al., 1995).
Results from the alanine scanning experiments are con-

sistent with the homology models. Substitution of the N(+2)
residue for alanine decreased the affinity∼2,000-fold. The
lower affinity (Kd ∼0.36 mM) reflects decreases in∆H of
binding from-7.55 kcal mol-1 for N(+2) to -1.95 kcal
mol-1 for N(+2)A. The large changes in both the affinity
and enthalpy of binding for the N(+2)A ligand are consistent
with the loss of two hydrogen bonds between the asparagine
side chain and the LysâD6 backbone amide proton and Leu
âE4 backbone carbonyl (Figure 5).
Perhaps the most interesting and unexpected observation

pertains to the thermodynamic binding properties for the
V(+1)A peptide. The calorimetric data for the native and

alanine-substituted peptide are consistent with displacement
of a water molecule by the valine side chain (Dunitz, 1993).
The observed preference for hydrophobic residues by Grb2
at the (+1) site likely reflects their ability to displace bound
solvent molecules. In the homology models, GlnâD3 is
positioned such that it could play a role in ordering the water
molecule. Together, these data could easily be incorporated
into a structure-based drug design cycle. In contrast, the
V(+3)A peptide shows neither the appropriate changes in
the thermodynamics of binding nor appropriate binding sites
on the surface of the model for a water molecule to be
displaced by V(+3) upon binding. This result is consistent
with the wide range of residues tolerated at the (+3) site.
These thermodynamic and structural studies are consistent
with a Grb2-SH2 recognition motif of pY-hydrophobic-N-X
(where X is any amino acid).
The accuracy of three-dimensional homology models

depends on the extent of sequence homology, the degree of
structural conservation, and the availability of experimental
constraints to ensure accurate representation of the binding
site. The high sequence homology and structural conserva-
tion among SH2 domains give confidence that the models
used here are accurate. In this case, construction of the
peptide-SH2 domain complex was additionally guided by
a short communication (Pavlovskyet al., 1995) describing
the intermolecular hydrogen bonds between the N(+2) side
chain and Grb2-SH2 domain. Here we propose that con-
struction of homology models be additionally evaluated by
the agreement between experimentally measured and calcu-
lated thermodynamic parameters associated with ligand
binding reactions. As shown in Tables 3 and 4, values of
∆Cp and∆H depend on the homology model used in the
calculation. An evaluation of the data in these tables shows
that the values calculated using the model built with LOOK
are closest to those observed experimentally.
At a qualitative level, calculations using each of the models

provided∆Cp values (-106 to-193 cal mol-1 K-1) well
within the range of the experimentally determined value of
-146 cal mol-1 K-1. The models also predict enthalpically
favored peptide binding (Table 4). Although the magnitude
of the entropic contribution to binding is model dependent,
all models correctly predict that the entropic contribution is
small compared to the enthalpic contribution. Similarities
between the value and temperature dependence of the model-
dependent and experimentally derived results are apparent
in Figure 3.
Two other groups have derived similar semiempirical

functions relating∆Cp to a function of ∆ASAapol and
∆ASApol. Spolaret al. (1992) developed eq 7 and Myerset
al. (1995) recently developed eq 8. The∆Cp values

calculated from eq 7 and 8 using the solvent-accessible
surface areas from the LOOK model (Table 4) are-125
and-130 cal mol-1 K-1, respectively. Both agree with the
values of-128 cal mol-1 K-1 calculated using eq 4 (Murphy
& Freire, 1992; Murphyet al., 1993) and the measured-146
cal mol-1 K-1. The low values of∆Cp determined either
by experimentation or from the homology models and the
corresponding accessible surface areas are consistent for a
binding interaction which involves the burying of nearly
equal amounts of polar and apolar surface areas (Table 3).

∆Cp ) 0.31(∆ASAapol) - 0.14(∆ASApol) (7)

∆Cp ) 0.28(∆ASAapol) - 0.09(∆ASApol) (8)
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In conclusion, we have demonstrated that phosphotyrosine-
dependent binding to the Grb2-SH2 domain is favored by
enthalpic contributions arising primarily from the pY and
N(+2) residues and that significant entropic contributions
arise from V(+1). On the basis of the comparison of the
thermodynamics of binding and the homology models, it
appears that design of a small molecule antagonist with
specificity targeting the Grb2-SH2 domain should include
the pY, V(+1), and N(+2) ligand binding sites (Figure 5).
In addition, we have shown that the thermodynamics of
binding a short phosphotyrosine polypeptide can be calcu-
lated with moderate success using the empirical formulations
relating ligand affinity to the change in accessible surface
areas for apolar and polar atoms upon complex formation.
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