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ABSTRACT: A thermodynamic analysis using isothermal titration calorimetry (ITC) has been performed to
examine the binding interaction between the SI32c(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-Nith Grb2-SH2 was both enthalpically

and entropically favorableAH = —7.55 kcal mot?, —=TAS = —1.46 kcal mof! , AG = —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 asparagi)efjde chains of the Shc hexapeptide. These studies
also demonstrated that the hydrophobic vahnEY 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 binding4AC, = —146 cal mot! K~1) was very similar to computed values using semiempirical
estimates AC, = —106 to—193 cal mot! K1) derived from apolar and polar accessible surface area
values calculated from several homology models of the Grb2-S$#2 hexapeptide complex. The
homology model which most closely reproduced the measf@gvalue 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 (6772)%nd polar (609 A) surface areas.

Srchomology 2 (SHZ) domains are modular components preferred at each position of the polypeptide ligand (Songy-
of intracellular proteins which promote signal transduction anget al,, 1993, 1994). For example, the clasSrtkinase
from the plasma membrane through the cytoplasm to the SH2 domain family recognizes polypeptides containing pY-
nucleus. Signaling is achieved by SH2 recognition of hydrophilic-hydrophilic-hydrophobic residues, while class IlI
phosphotyrosine- (pY) containing sequences on a variety of SH2 domains such aSyp require motifs containing pY-
activated proteins (Sadowsky al, 1986). Structural studies  hydrophobic-X-hydrophobic (where X represents any resi-
of several SH2 domains both with and without bound peptide due).
reveal a highly conserved three-dimensional fold (Waksman
et al, 1992, 1993; Eclet al., 1993; Pascadt 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 (AG N_7'0. keal mc.)fl’ .Kd NS”M.)’ however, the enthalplc
three to four additional residues on the C-terminal side of a_nd entropic contrlb_utlons to _bmdmg were very o_hfferent.
the pY (pY-X-X-X) (Pawson & Schlessinger, 1993; Pawson, Ligand binding to either the_ isolated SH2 domain or an
1995). SH2 domains can be classified by the type of residueeXtenfj‘ad construct conta'lnl'ng both the. SHZ 'and SH3

domains (SH2 SH3) gave similaAG values, indicating that

* Send correspondence to this author at Schering-Plough Researchpept'de blndln_g to_ the SH2 dea'” IS relatlvely mdepend(_ent
Institute, K15-2-2945, Kenilworth, NJ 07033: telephone, (908) 298- Of other domains in the protein. ITC studies performed with
3429; FAX, (908) 298-4844; email, william.windsor@spcorp.com. pY peptide ligands and the SH2 domains fr&@m and p85

® Abstract published iAdvance ACS Abstract@ugust 1, 1997. —— 1 ~ .
1 Abbreviations: ITC, isothermal titration calorimetry; SH8rc detected largeAG values~—8.6 kcal mot ™ (Kq ~0.5uM;

homology domain; Grb2-SH2, growth factor receptor binding protein Ladburyet al, 1995) and correspondingly larger favorable
2; SH3, Src homology domain 3; pY, phosphotyrosine; pY317, Ac-  enthalpic contributionsAH ~—9 kcal mof?). The ther-

ggg@xmggu& ﬁ((jrlz))AA '2%"2((%0)\\//&\68'“:22 xgiégﬁ ﬁg' modynamic information obtained from these initial ITC
S(pY)VNAQ-NHz Q(+4)A, Ac-S(pY)VNVA-NH.; ASA, accessible  Pinding studies has provided a framework from which more

surface area. detailed studies can be designed.

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 p%6 (Ick) SH2 domain. These
different peptides bound with a similar change in free energy
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Here we report ITC and homology modeling studies MATERIALS AND METHODS

undertaken to deconvolute the thermodynamic contributions )
of each side chain involved in pY polypeptide binding to Grb2-SH2. The DNA construct for the Grb2-SH2 domain

the SH2 domain of growth factor receptor protein 2 (Grb2). contained the primary amino acid sequence 583 and was
Grb2, an adapter protein consisting of one SH2 domain and€*Pressed irescherichia coli(SG1309,lon) using a T5
two Srchomology 3 (SH3) domains, is critical for promoting  Promoter on plasmid QE60 (Lowenstesnal, 1992). The
signal transduction from epidermal growth factor, platelet- C€llS were grown to an ODE00 of 1.0 and then induced for

derived growth factor, fibroblast growth factors, and insulin 4 h _With 1 mM IPTG. Th_e cells were harvestgd by
(Lowensteinet al., 1992; Wardet al., 1996; Skolniket al, centrifugation, resuspended in buffer A (25 mM Tris and

1993; Rozakis-Adcockt al, 1992). The SH2 domain binds 25 mM NacCl, pH 7.5) containing a protease inhibitor cocktail
to phosphotyrosine regions on either the C-terminal end of (0-5 #9/mL Pefabloc, 0.5ug/mL Leupeptin, 0.7ug/mL
epidermal growth factor receptor (EGF-R) (binding sites: pepstatin A, 2“9/”?L aprptmln,_l_.ng/mL E64’ and 1 _mM
EpYi10sdNQS, EpYi11NTV) or to the receptor-bound Shc EDTA), and lysed in a microfluidizer. Following centrifuga-

; PN e . tion of the cell lysate, the supernatant containing soluble
protein (binding site: Sp¥/VNVQ) (Ward et al., 1996; . .
Skolniket al, 1993: Rozakis-Adcockt al, 1993). The SH3 ~ C'P2-SH2 was applied to a phosphotyrosiagarose col-

domains of Grb2 also bind the nucleotide exchange factor Y™ which was thgn washed with buffer A and eluted' with
Son of sevenless (Sos) protein (Eggtral., 1993; Lietgal., buffer B (25 mM Tris and 200 mM NaCl, pH 7.5). Fractions

1993). The receptor-facilitated membrane proximal location containing Grb2-SH2 were concentrated and applied to a
of the Grb2-Sos complex enables Sos to associate and Mono-Q column (Pharmacia, Piscataway, NJ). The column

: : was washed with buffer B, and the Grb2-SH2 samples
activate the plasma membrane associated*pPRas) G ' .
protein by ex?:hanging GDP for GTP. Activgggn 3f Ras (>95% pure) were recovered from the unbound fractions.

stimulates the MAP kinase cascade, allowing signal trans- These fractions were dialyzed against 50 mM HEPES, pH

X 7.0, loaded onto a Mono-S column (Pharmacia, Piscataway,
duction from the cell surface receptors to the nucleus where .,y - o teq with a-6500 mM NaCl gradient. The Grb2-
cell proliferation and differentiation are initiated. Uncon-

I 0,
trolled cell proliferation and tumor formation resulting from SH2 samples eluting a¢180 mM NaCl were>98% pure,

. : based on SDSPAGE Coomassie-stained gels and amino
the expression of oncogene ligands such as that reported for,

; - . . acid composition analysis. The extinction coefficient, de-
t?)h%ﬁpodn?ze;:ilse:?o? dprl?a ISII(ZE;R-Q%h\;Vht;Zh tr)]liscli)eedenifl 'QEZd termined from its absorbance spectrum and a concentration
L 1 1 1 1 1 fr 1
interactions between the Grb2-SH2 domain and its pY determination from amino acid analysis¢(280)= 1.2 mg

1 —1
ligands are inhibited (Pendergastal., 1993; Maruet al., o (15, 600 M 'cm ) hesi ) |
1995, Maruet al, 1996). Peptides. Peptides were synthesized in our laboratory or

by AnaSpec Inc. (San Jose, CA) using Fmoc solid-phase

The ligand specificity of the Grb2-SH2 domain signifi- peptide synthesis with the following protecting groupsst-

cantly differs from that of thé&rcor Ick SH2 domains. The v for serine and tyrosine, and trityl for asparagine and
Grb2-SH2 consensus recognition sequence is pY-X-N-X, g tamine. Fmoc-phosphotyrosine was used without side
where the specificity site is located at the second residue qp5in protection. Peptide N- and C-termini were capped with
instead of the third residue C-terminal to the pY as observed 5.gtate and amide groups, respectively. Peptide sequences
for the Src SH2 domain (Songyangt al, 1994; Wardet  \yere confirmed by mass spectrometry and amino acid
al., 1996). To elucidate the role of each peptide residue in gnaiysis. An extinction coefficient for each peptide was
complex formation between the Grb2-SH2 domain and getermined from the absorbance at 280 nm and the peptide
peptide ligand, an extensive thermodynamic analysis of this concentration determined by amino acid analysis. Extinction
interaction was performed. Isothermal titration calorimetric qefficient values ranged between 600 and 700 km,
measurements using the native Shc ligand, Ac-SpYVNVQ- and are approximately half the value foriatyrosine residue
NH., and five different alanine-substituted polypeptides were ¢ pH 7.0. The following are the primary sequence and code
conducted, and here we report values for the changes in fregqr each peptide used in this study: native sequence pY317,
energy of binding 4G), enthalpy fH), and entropy 4S) Ac-S(pY)VNVQ-NH,; alanine substitutions S(1)A, Ac-

for each ligand. The heat of ionizatiolfli,,) was also A(PY)VNVQ-NH;; V(+1)A, Ac-S(pY)ANVQ-NH; N(+2)A,

determined to deconvolute the enthalpy of binding from Ac-S(pY)VAVQ-NH,; V(+3)A, Ac-S(pY)VNAQ-NH;
buffer-related protonation and deprotonation reactions coupledQ(+4)A, Ac-S(pY)VNVA-NH..

to complexation. Isothermal Titration Calorimetry. Titrations were per-
Grb2-SH2 homology models were constructed for visual formed using a MCS isothermal titration calorimeter (Mi-
inspection of the interactions and to provide a framework croCal Corp. Northampton, MA) (Wisemagt al., 1989).
for computation of thermodynamic binding parameters. The Grb2-SH2 was dialyzed overnight with two exchanges of
homology models, based on the known structureSrofind buffer (1/1000 v/v). To reduce errors arising from heats of
Syp were built using three different homology modeling dilution due to buffer differences between samples in the
methods. From these structures, semiempirical calculationssyringe and the stirred vessel, the lyophilized peptide ligands
were performed to estimate the heat capacity, enthalpies, andvere suspended in the dialysate from the Grb2-SH2 sample.
entropies of binding using several methodologies (Murphy Protein samples were routinely centrifuged, and both peptide
& Freire, 1992; Spolaet al,, 1992; Murphyet al.,, 1993; and protein solutions were degassed prior to loading into
Gomez & Freire, 1995; Myer®t al, 1995). Here we the syringe and reaction cell. Protein and peptide concentra-
compare the calculated values to those determined bytions were determined using measureg, values and the
isothermal titration calorimetry and suggest that this com- extinction coefficients described above. Peptide ligands
parison is helpful in the identification of more native-like (100-250 uM) were titrated into the protein-containing
homology models. sample cell using a 25 syringe. Binding curves usually
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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/MS]),
Consensus (release 2.3.5, 1994, Biosym/MSI), and LOOK
(Version 2.0beta, 1995, Molecular Applications Group)
modeling programs. The crystal structures of 8y (Lee
et al, 1994a) an&rc(Waksmaret al., 1993) SH2 domains
were used as homology templates, and the Grb2-SH2
sequence was aligned using the primary sequence-to-
structural assignments of Led 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
the SypandSrc complex structures and by reported interac-
tions between the ligand asparagine residue and the Grb2-
SH2 structure (Pavlovskst al., 1995). During minimization

T T T T
1.0 1.5 20 25

Molar Ratio (pY317:Grb2-SH2)
Ficure 1: (Top) Exothermic heats of reactioncal/s) measured

for 20 injections of the pY317 peptide into a Grb2-SH2 sample. - )
Ten microliter additions of pY317 (250M) were injected into a Solvent accessible surface areas were calculated using a

1.34 mL solution of Grb2-SH2 (13.6M). Saturation of binding 1.4 A probe with the Biosym SOLVATION module (Delphi

sites is observed for titrations beyond 55 min. The flat baseline at gnd Solvation User Guide. release 2.3.5. 1994 Biosym/MSI)
0.0ucalls was obtained from the raw data by subtracting a computed ' ' o

baseline for each injection utilizing the pre- and postinjection data. and programs developed locally. Thg (_:or_wfprmatlon of the
(Bottom) Integrated values for heats of reaction normalized by the free peptide was modeled by energy minimizing the template
amount of ligand injected (kcal/mol of peptide) vs molar ratio of peptide in a 10 A bath of explicit water.

pY317-Grb2-SH2. Data were corrected for heats of dilution by Following rigid-body docking of the peptide, minimization
subtracting a blank titration performed by injecting an equivalent ofthe complex structures include 2 kcal mot? A-2 penalty

amount of the pY317 peptide solution into the sample cell : h :

containing buffer%nly. Thpe Fs)olid line is the best fit to the gata for for distances greater theb A between the following pairs

a single binding site model using a nonlinear least squares fit to Of atoms: SepB7 HG—peptide P, Arg3B5 NH1—peptide

solve forn (number of binding sites)K, (equilibrium binding P, Arg5B5 NH2—peptide P, HigiD4 CB—peptide Tyr CZ,

80(;105;3201 ang\zHl(ihgnfle in igéha@%/ C:(f rea%tigzhl\:/l 0-2311 His D4 CB—peptide Tyr CG, Lyg3D6 HN—peptide Asn

. = . . X = U. - H

~8.02 ibo.os(z kcal mot, )Buffer: 50 m(Md Hepes, 61')5 M NaCl, oDi, anc_j LeysE4 O—pe_ptlde Asn ND2. I

pH 7.5 at 20°C. ‘To estimate the configurational contribution S of
binding using the approach of Leet al. (1994), it is

involved the addition of 20 1@L injections which enabled  necessary to calculate the surface areas of free, bound, and

50% saturation to occur by the tenth injection. The heats extended surface areas of individual side chains on the

of dilution, obtained by titrating the identical peptide solution peptide as well as the protein. Conformations for the

into the reaction cell containing only the sample buffer, were extended side chains (Xaa) were modeled by minimizing Ala-

subtracted prior to analysis. Heats of dilution were typically Xaa-Ala in a 10 A bath of explicit water.

—0.05ucalls, and were similar to those seen in the 19th and

20th titrations in Figure 1 (top). The syringe mixing speed RESULTS

was 400 rpm as recommended by the vendor, and data were Binding Thermodynamics of Naé Ligand. A thermo-

recorded at the 20% reference offset in order to maximize dynamic description for the binding of the pY317 phospho-
the signal-to-noise ratio. The temperature-dependent bindingtyrosine hexapeptide (Ac-SpYVNVQ-Njto the Grb2-SH2
studies were conducted after the instrument had beengomain was determined using isothermal titration calorim-
equilibrated overnight at the required temperature. Nonlinearetry_ Figure 1 (top) shows the heat of reaction for 20
least squares analysis of the binding curve was performediitrations of pY317 into a solution of Grb2-SH2. The binding
using the ITC fitting algorithm included with the instrument  reaction is exothermic, and the integrated heats of reaction
(ITC Origin program, V2.8, MicroCal, Northampton, MA).  for the data in Figure 1 (top) are shown as a binding curve
The data fit well to a single binding site mechanism. iy Figure 1 (bottom). A nonlinear least squares fit of the
Sufficient sample was prepared to conduct three separatepinding curve provides values for the stoichiometry of
titrations whose averaged values are reported here. binding (, ligand:protein), equilibrium binding constart,
_(;omputatiopal MethodsCaIcuIations were performed on  and change in enthalppAH). A thermodynamic description
Silicon Graphics Indigo2 or Challenge computers running of binding is obtained from these parameters including the

the IRIX 5.x operating system. Energy minimizations were free energy of bindingAG, and change in entropy of
performed with the Insight II/DISCOVER program (release reaction, AS:

2.3.5, 1994, Biosym/MSI) using the cvff force field except

0.0 05 3.0 of the models for each complex, constraints were used

between the pTyr of the peptide and $&7, Arg 5B5, and
His fD4 of the protein and between the Asi®) of the
peptide and Lyg$D6 and LeuBE4 of the protein.

for the phosphotyrosine. A2 charge on the phosphate was AG = —RTIn(Ky) 1)
assumed, and partial charges were assigned using Mulliken/ .
MNDO with the SPARTAN V3.0 (Wavefunction, Inc., 1994) AG=AH—TAS (2)

program. The overall charges wef@ for the protein and

where R is the gas constant anfl is the temperature in
—2 for the peptide.

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

temp (C) Kp (1075 Kg (uM) AG (kcal mol?) AH (kcal mol?) —TAS (kcal mol?) AS(cal molt K1)
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)

aBinding studies were performed using pY317 (Ac-SpYVNVQ-Nkh 50 mM Hepes and 0.15 M NacCl, pH 7.5. The reported values are the
average of three experiments and the errors represgérsD. The stoichiometryn, was also fit and had values between 0.9 and 1.1 for each
analysis.

The solid line shown in Figure 1 (bottom) is the best fit S

for one of the reactions performed at 20, and a summary
of the average binding parameters for triplicate reactions, sl
including the dissociation constamty, is presented in Table

1. These data show that the free energy of bindihG &
—9.01 kcal mot?) is favored by both enthalpic\H = —7.55
kcal molt) and entropic contributions{TAS= —1.46 kcal
mol™1).

The total heat of reaction recorded during ligand binding
is derived from all processes that contribute heat to the q
system. For this reason the observed enthalpy of reaction 9t
(AH) is composed of the ligand binding heat of reaction [
(AHreae) and other factors. A frequent contribution Ad1
is the heat arising from the buffer due to protonation and 0, T s s 10
deprotonation events during the binding step. This nonspe-
cific buffer contribution is usually referred to as the heat of
ionization (AHicn). With this term the observed ligand

AH (kcal/mol)
& 4

AHion of Buffer (kcal/mol) )

Ficure 2: Estimate of the ligand binding induced heat of ionization.
The observed reaction enthalpies are plotted vs heats of ionization

binding heat of reaction can be described as for three different buffers. The slope of the line, which is
proportional to the degree of protonation or deprotonation upon
AH = AH T Ny AH, 3) ligand binding, is 0.05 and indicates that pY317 binding is not

coupled to a protonation reaction. Buffers: PIPRS,, = 2.72
. o kcal mol%; Hepes AHion, = 4.97 kcal mot?; imidazole,AHion =
where ny* is the number of protons contributing to the 8.77 kcal mot?. Reactions were performed in 50 mM buffer, 0.15
reaction. M NaCl, pH 7.5 at 20°C.

To elucidate the contribution ohHion and the value of pY317 Polypeptide Side Chain Contributions to Binding:
ny+, we performed the binding reaction at pH 7.5 in tWO  Ajanine SubstitutionsThe specificity for ligand binding to
additional buffer systems and examined the relationship g yo.gH2 requires phosphotyrosine and asparagine, with a
between the value okH with respect to the known heat of  .;nsensus primary sequence of pY-X-N-X. However, the
reaction for all three buffers (Christense al, 1976; individual contributions of pY and N to the energetics of
Murphy et al, 1993; Gomez & Freire, 1995). This relation-  inging are unclear. In addition, the contribution of the side
ship is presented in Figure 2, and the results show that thechaing for the remaining residues (X) is also unknown. To
value ofAH, at pH 7.5, is independent &fHion of the buffer. iqenify the thermodynamic contributions of binding by each
Thus, the binding reaction of pY317 with Grb2-SH2 occurs ¢ the side chains in the pY317 ligand, we performed
in the absence of a significant protonation event,ri.e.~ additional binding studies using five different peptides
0, and thatAH = AHreact containing a single alanine substitution for each of the native

Temperature Dependence of Ligand Bindin§C, of residues.

Blndlng Titrations were also performed between 15 and A summary of thermodynamic bmdmg parameters for the
35 °C to determine the change in heat capack{,, upon alanine-substituted peptides is presented in Table 2. Starting
ligand binding. AC, was calculated from the dependence from the N-terminus of the peptide, we determined that there
of AHeacion temperature (Table 1 and Figure 3) and based was no significant difference in the thermodynamics of
on the slope has a value ef146 cal mot! K™% The size  pinding for the serine-to-alanine substituted ligand; HA.

and sign ofAC, are consistent with a binding interaction  This was consistent with the molecular model of the complex
that involves a net increase in buried apolar surface area. which showed minimal interactions between the side chain

A summary of the temperature-dependent thermodynamicsof serine and Grb2-SH2 (see homology modeling section
of binding is shown in Table 1 and Figure 3. These values and Figure 5). We could not perform binding studies with
indicate that while the\G of binding becomes slightly more  the alanine-substituted phosphotyrosine (pY/A) ligand due
favorable (5%) with increasing temperature, the enthalpy to its low solubility and weak affinity. However, from a

contribution becomes much more favorable10%). This limited binding study we determined that the affinity of the
favorable increase in enthalpy is nearly completely offset more soluble ligand NHSYVNVQ-COOH (unblocked N-

by unfavorable entropic effects. For example, atCAH and C-terminus and containing a tyrosine residue) was very
= —6.99 kcal mof! and—TAS = —1.93 kcal mot?, while weak Ky ~1—10 mM).

the values at 38C areAH = —9.86 kcal mott and—TAS The thermodynamics of binding for the ¥{)A peptide

= +0.45 kcal mot™. was unexpected. The favorable entropic contribution to
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4 loss in enthalpic contributions, the association remained
[ entropically favorable{TAS = —2.67 kcal mot?) .

| I o a8 Substitution of the second valine ¥8)A caused a slight
decrease iMAG which is due to a decrease in favorable
enthalpic interactionsAAH = +1.58 kcal mot?). Finally,

the thermodynamics of binding for the ©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-SHY317 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
FiIGUrRe 3: Temperature-dependent energetics of binding for Grb2- Grb2-SH2 domam were Con.StrUCtEd' The three.homOIOgy
SH2 and pY317: comparison of computed and experimentally Models were built using different methodologies. The
determined thermodynamic binding parameters. The experimentalConsensusnodel was generated using distance geometry
data, AH (solid squares)~TAS (solid circles), andAG (solid methods (Havel & Snow, 1991) with distance constraints
triangles), are shown along with a solid line representing a linear gerived from previously determined homology structures.

least squares fit to the data which assumes a linear temperatur s
dependence (see Table 1). The heat capacity of bindv@)( The Homologymodel used traditional methodology (Greer,

determined from the slope f@xH, has a value of-146 cal mot* 1981) where the structurally conserved regions were built
K~1. ITC binding reactions were performed from 15 to®5at 5 from homologous structures and the loops were modeled
°C intervals under solution conditions described in Figure 1. The from a larger database of loop conformations. T@OK
LOOK homology model structure-based valuesAdt, ~TAS and model was constructed using an automated segment algo-

AG, derived from egs (1, 2, 4, 5, and 6), are shown as thin dotted . . .
lines with open symbols corresponding to the experimental data "IthM and a database of highly refined known structures

(see Tables 3 and 4). Error bars represent standard deviations fronfLevitt et al,, 1992).
three experiments. All of the homology models have the same overall
o i ) topology (Figure 4). The & RMS differences for secondary
binding seen in the native substrate, pY3tTAS= —1.46 structural elements are 1.51 A (LOOK vs Homology), 1.61
kcal mof™, Table 2), becomes unfavorable for thet)A A (LOOK vs Consensus) and 1.74 A (Consensus vs
substitution -TAS = +0.81 kcal mof?). The sign and  pomology). Pairwise RMS deviations for complex models
magnitude of theA\AH and—ATASvalues 1 and+2.27 416162, 1.62, and 1.46 A, respectively. Differences between
kcal mol™, respectively) for the V{1)A peptide are  the models are in the BG loop and, to a lesser extent, in the
cpns_lstent with the_release pf an ordgred water molecule upongc loop and the C-terminus beyond GRG3 (Figure 4).
binding of the native peptide (Dunitz, 1993). Presumably \wpile the differences in the BG loop conformation alter the
when the alanine-substituted peptide is bound, both the syctyre of the Asnt2) site, the putative interactions of
alanine methyl group and water molecule can simultaneous agn(+2) with the backbone of LygD6 and Ley3E4 (Figure

Energetics (kcal / mot)

285 290 295 300 305 310
Temperature (K)

occupy a surface pocket. 5) were similar in the three models. As expected, the
The substitution of alanine for asparagine, H2{A, phosphotyrosine site in this model is very similar to the
resulted in a large, 2000-fold, decrease in affinityg = phosphotyrosine binding site in ti®&yp(Leeet al., 1994a)

—4.62 kcal mot?). The total decrease in free energy of and Src (Waksmanet al, 1993) structures on which the
binding (AAG) relative to the native substrate (pY317) was model is based (Figure 5). The phosphate group interacts
+4.39 kcal mof! and was primarily due to a loss in  with SerSC3, Arg3B5, Ser BC2, SeB7, and the backbone
favorable enthalpy contributionA AH = +5.6 kcal mot™). of Glu BC1. The Asn side chain at2 forms hydrogen
The importance of asparagine in binding is consistent with bonds with the side chain of Ly#D6 and backbone carbonyl

its strict conservation in the sequence of native ligands, andof Leu SE4 (Figure 5). The @ RMS deviations between
the calorimetric results with the alanine-substituted peptide the SH2 domain in the unliganded and liganded forms are
presumably reflect a loss in hydrogen-bonds between the1.14 A for the model built with LOOK and 1.27 A for the
asparagine side chain and Grb2-SH2 (Figure 5). Despite theConsensus and 1.14 A for the Homology models. After

Table 2: Thermodynamic Parameters for the Binding of Native and Alanine-Substituted Shc Peptides to Grb2-SH2

peptide Kq (M) AG (kcal mol?) AH (kcal mol?) —TAS (kcal moi?) AS(cal molrtK™1)
Ac-S-pY-V-N-V-Q-NH, 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-NH, 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-NH, 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-NH, 359. —4.62 (0.08) —1.95 (0.02) —2.67 (0.07) 9.1(0.2)
Ac-S-pY-V-N-A-Q-NH, 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-NH, 0.30 —8.72(0.11) —7.14 (0.56) —1.58 (0.67) 5.4 (2.3)

aBinding studies were performed in 50 mM Hepes and 0.15 M NaCl, pH 7.5 &€ 20he reported values are the average of three experiments
except for line 4, which is from two experiments. The reporedvalues were calculated from thg, values which were fit directly from the
binding analysis. The errors represert SD. The stoichiometryn, was also fit and had values between 0.9 and 1.1 for each analysis.
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Ficure 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-terminugA, oA, 5B, fC, B(D—D"), BE, F, a(B—B') — SG(B strand not shown), and C-terminus.

The N- and C-terminal polypeptide regions are colored blue and red, respectively. The heligestardis are colored green and yellow,
respectively. Strands-AD form the centras-sheet. (B, bottom) Superposition of the LOOK (green), Consensus (orange), and Homology
(purple) models and the crystallographically determined structure (yellow) (Maiginalh 1995).

et al.,, 1995). The & RMS differences for secondary
structural elements between the crystal structure and the
homology models are 1.54 A (Consensus), 1.74 A (Homol-
ogy), and 1.29 A (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 ParametersThe value ofAC, associated
with peptide-protein interactions as well as téH and the
solvent contribution to the total entropy terS, 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; Spolat al., 1992;
Murphy et al.,, 1993; Gomez & Freire, 1995; Myegt al.,
1995). According to Freire and coworkers, the relationship
betweenAC, and the solvent accessible surface area is

Ficure 5: LOOK-derived model of the interaction between the

pY317 peptide ligand and the Grb2-SH2 domain. The solvent- AC._ = 0.45AASA
accessible surface is colored to illustrate the hydrogen bonds with P

Asn(+2). The SH2 backbone amide NH is blue and carbonyl O

atoms of LysfD6 and LeufSE4 are red. As expected, the . .
phosphotyrosine site in this model is very similar to that of the whereAASAzpo andAASA are the changes in accessible

structures on which the model is based (Eeal, 1994a; Waksman  surface area upon binding for apolar and polar residues,
et al, 1993). The phosphate group interacts with 8€8, Arg respectively. ACyion iS the heat capacity change due to
fBS, Ser BC2, SefB7, and the backbone of Glu BC1. protonation and deprotonation reactions coupled to the ligand
completion of this work, the crystallographic coordinates of binding step. Since the value ofi+ for Grb2 is nearly 0 at
the uncomplexed Grb2-SH2 domain were released (MaignanpH 7.5, as shown above, the value €, o, is also 0.

0.26AASA,, + AC, 0, (4)

apol
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Table 3: Solvent Accessible Surface Areas and Structure-Based
Semi-Empirical Estimates okC,

homology modeks experimental

Homology Consensus LOOK result$
ASAq0 Grb2 (A2) 2307 2174 2270
ASAap Grb2 (A2 3777 3511 3620
ASAL pY317 (A2) 586 586 586
ASAap pY317 (A2 636 636 636
ASAp. complex ( 2161 2350 2208
ASAapocomplex (8) 3563 3676 3597
AASAL (RY -731 —410  —647 —609
AASAz (A2) —851 —-471  —659 —677
AC, (cal moFt K1) —193 —106 —128 —146

2The homology model-derived values fOASAy, and AASAapol
were calculated using complex (Grb2 + pY317) ASA values for
the polar and apolar surfaces, respectively. The valus@j 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-SH2pY317 complex” The
experimentally derived values foAASAy and AASAg. were
calculated using the equations from Murphy and Freire (1992) as
described in the text (egs 4 and 5).

A similar relationship was observed between the value of
the change in enthalpy at 6C, AH(60), and the accessible
surface area:

AH(60) = (3L.AAASA,, — 8.44AASA, ) + AH,, (5)

where the value oAHi,n has been determined to be 0 at pH
7.5.

Methods to estimate the total entropic contributing
involve summation of entropic changes due to solvation
(ASwon), configurational AS.ond), ionization AS.) and
rotational/translationalAS:) contributions as shown in the
following equation:

AS= ASsolv + ASconf-i_ ASon + AS1 (6)
The solvent contribution (or hydrophobic effeaSon, Was
estimated from the relationshipsS;oy = AC, In(T/385.15).
In addition, AS,ont Was calculated on the basis of the work
of Lee et al. (1994b), andS,, was experimentally deter-
mined to be 0 (see above). Also, given the 1:1 binding
stoichiometry, we assume a value-68 cal K™* mol™? for
the change in overall rotational/translational entrof\f:
(Murphy et al., 1993).

McNemar et al.

The calculated structure-based valuesAASA, and
AASA,p. 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 valueAASA,
andAASA, . are—647 and—659 A2 respectively). Using
the experimentally derived values AC, andAH and eqs 4
and 5 we calculated experimental values AASA,, and
AASA,p. We obtained values of 609 and—677 A? for
AASAp and AASA., 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 valueAG§, as
well asAH, AS andAG 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 fAC, 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 experimeni&}, andAG
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
AG = —9.0 kcal mot! at 20°C. This interaction was both
enthalpically AH = —7.55 kcal mot!) and entropically
(—=TAS = —1.46 kcal mot?) favored. The corresponding

Table 4: Structure-Based Semiempirical Estimatealdf AS, and AG?

homology models

experimental

Homology Consensus LOOK results
AHbinding (kcal/mol) —8.06 —4.66 —9.61 —7.55
AHion (kcal/mol) 0 0 0 0
total AH (20 °C, kcal/mol) —8.06 —4.66 —-9.61 —-7.55
ASson (cal molFt K1) 53 29 35 40
AS:t (cal moirt K1) -8 -8 -8
ASsonf (cal molt K1) —-29 -31 -31
ASon (Ca| mol? Kil) 0 0 0 0
total AS(20°C, cal moit K1) 16 -10 —4 5
total —=TAS(20°C, kcal mof™) —4.59 3 1.2 —1.46
total AG (20 °C, kcal moi™) —12.66 —1.66 —8.4 —-9.01

a All values are for 20°C. The AH structure-based values for the homology models were calculated usidgAtBa values reported in Table
3 and eq 5 from the text (Murphy & Freire, 1992; Murpéyal, 1993). TheAH values were corrected to 2C using theAC, value from eq 4
and the equationAH(20) = AH(60) —40AC,. Entropy values were calculated as described in the text (eq 6), as well as by Gomez and Freire

(1995) and Leeet al. (1994).
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dissociation constanKg) is 0.19uM and is similar to the  alanine-substituted peptide are consistent with displacement
K4 (0.38u4M) measured by Lemmoet al. (1994) for binding of a water molecule by the valine side chain (Dunitz, 1993).
of a related peptide (EGF-R, PVPp¢dNQSVPKRK) to The observed preference for hydrophobic residues by Grb2
the intact SH3-SH2—-SH3 Grb2 molecule. Thus, the similar at the 1) site likely reflects their ability to displace bound
affinity of peptides for the isolated SH2 domain and the intact solvent molecules. In the homology models, @GD3 is
SH3—-SH2-SH3 molecule suggests that peptide binding to positioned such that it could play a role in ordering the water
the SH2 domain is relatively independent of the SH3 molecule. Together, these data could easily be incorporated
domains. Lemmon and Ladbury (1994) also observed nearlyinto a structure-based drug design cycle. In contrast, the
identical affinities and enthalpies for phosphotyrosine polypep- V(+3)A peptide shows neither the appropriate changes in
tides binding to constructs of thek SH2 protein containing  the thermodynamics of binding nor appropriate binding sites
either the two-domain SH3SH2 (63-228) protein or the  on the surface of the model for a water molecule to be
isolated SH2 (123228) domain. These results are consis- displaced by V{3) upon binding. This result is consistent
tent with the recently determined three-dimensional structure with the wide range of residues tolerated at the3) site.

of the full-length Grb2 molecule (SH3SH2—SH3) which These thermodynamic and structural studies are consistent

shows three loosely associated domains (Maigegl., with a Grb2-SH2 recognition motif of pY-hydrophobic-N-X
1995). (where X is any amino acid).
The binding study by Lemmoet al. (1994), using the The accuracy of three-dimensional homology models

intact Grb2 molecule (SH3SH2-SH3) to determine the  depends on the extent of sequence homology, the degree of
affinity of the pY peptide, was performed using the surface structural conservation, and the availability of experimental
plasmon resonance technique because ITC measurementsonstraints to ensure accurate representation of the binding
using their peptide apparently generated low valueAldf site. The high sequence homology and structural conserva-
(~—1 kcal molt). This result is surprising since our pY317 tion among SH2 domains give confidence that the models
peptide gave a large value &fH (—7.55 kcal mot?). used here are accurate. In this case, construction of the
Cussacet al. (1994) used fluorescence enhancement tech- peptide-SH2 domain complex was additionally guided by
nigues to measure the affinity of Grb2 ligands. These studiesa short communication (Pavlovslet al., 1995) describing
showed that peptide ligands containing sequences similar tothe intermolecular hydrogen bonds between theé 2(side
those used in our study (Shc, PSg¥NVQN; and human chain and Grb2-SH2 domain. Here we propose that con-
growth factor receptor, ATp¥7s/NVKS) had Ky values of struction of homology models be additionally evaluated by
18 and 80 nM, respectively. In both studies, differences in the agreement between experimentally measured and calcu-
measured affinities could reflect variations in either the length lated thermodynamic parameters associated with ligand
or composition of the peptide ligands or, in the latter case, binding reactions. As shown in Tables 3 and 4, values of
differences in phosphotyrosine molar extinction coefficient AC, and AH depend on the homology model used in the
used for concentration determinations. calculation. An evaluation of the data in these tables shows
The alanine substitution study reported here shows thatthat the values calculated using the model built with LOOK
binding of the native peptide is favored by enthalpic are closest to those observed experimentally.
contributions arising primarily from the phosphotyrosine and At a qualitative level, calculations using each of the models
the N(2) residues. A significant portion of the phospho- providedAC, values (-106 to —193 cal mot! K1) well
tyrosine contribution may reside in the phosphate moiety within the range of the experimentally determined value of
since preliminary studies indicate that the tyrosine-containing —146 cal mot! K~1. The models also predict enthalpically
ligand (NH-SYVNVQ-COOH) had aK4 of only ~1—-10 favored peptide binding (Table 4). Although the magnitude
mM and a low value ofAH, ~—1 kcal mol?! (data not of the entropic contribution to binding is model dependent,
shown). The large decrease in affinity and low value\bf all models correctly predict that the entropic contribution is
for the NH-SYVNVQ-COOH peptide is consistent with the  small compared to the enthalpic contribution. Similarities
loss of an extensive network of hydrogen bonds to the between the value and temperature dependence of the model-
phosphate moiety as is typically seen in pepti@i2 dependent and experimentally derived results are apparent
domain structures. In the LOOK complex model, for in Figure 3.
example, there are nine hydrogen bonds between the pY and Two other groups have derived similar semiempirical
the protein. Although the phosphate group is critical for high functions relatingAC, to a function of AASAap and
affinity of the pY-containing polypeptides, a phosphotyrosine AASAy.. Spolaret al. (1992) developed eq 7 and Myess
amino acid residue alone exhibits poor binding affinky, al. (1995) recently developed eq 8. Th&C, values
~1-5 mM (Lemmon & Ladbury, 1994; Burket al., 1995).

Results from the alanine scanning experiments are con- AC,= O'Sl(AASAapoD o 0'14(AASApoI) (7)
sistent with the homology models. Substitution of theHR _ _
residue for alanine decreased the affinit2,000-fold. The AC, = 0.280\ASAp0) — 0.09(ASA,) ®)
lower affinity (Kg ~0.36 mM) reflects decreases &xH of calculated from eq 7 and 8 using the solvent-accessible

binding from —7.55 kcal mot? for N(+2) to —1.95 kcal surface areas from the LOOK model (Table 4) ar&25
mol~! for N(+2)A. The large changes in both the affinity and—130 cal mof! K1, respectively. Both agree with the
and enthalpy of binding for the N{2)A ligand are consistent  values of—128 cal mof* K~ calculated using eq 4 (Murphy
with the loss of two hydrogen bonds between the asparagine& Freire, 1992; Murphyet al,, 1993) and the measured.46
side chain and the Ly8D6 backbone amide proton and Leu cal molt K=1. The low values ofAC, determined either
BE4 backbone carbonyl (Figure 5). by experimentation or from the homology models and the
Perhaps the most interesting and unexpected observatiorcorresponding accessible surface areas are consistent for a
pertains to the thermodynamic binding properties for the binding interaction which involves the burying of nearly
V(+1)A peptide. The calorimetric data for the native and equal amounts of polar and apolar surface areas (Table 3).
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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(H#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-
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