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Abstract The solution structure of the growth factor

receptor-bound protein 2 (Grb2) SH2 domain complexed

with a high-affinity inhibitor containing a non-phosphorus

phosphate mimetic within a macrocyclic platform was

determined by nuclear magnetic resonance (NMR) spec-

troscopy. Unambiguous assignments of the bound inhibitor

and intermolecular NOEs between the Grb2 SH2 domain

and the inhibitor was accomplished using perdeuterated

Grb2 SH2 protein. The well-defined solution structure of

the complex was obtained and compared to those by X-ray

crystallography. Since the crystal structure of the Grb2

SH2 domain formed a domain-swapped dimer and several

inhibitors were bound to a hinge region, there were

appreciable differences between the solution and crystal

structures. Based on the binding interactions between the

inhibitor and the Grb2 SH2 domain in solution, we pro-

posed a design of second-generation inhibitors that could

be expected to have higher affinity.

Keywords Perdeuterated Grb2 SH2 � Solution structure �
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Introduction

Growth factor receptor-bound protein 2 (Grb2) (Lowen-

stein et al. 1992) is an adaptor protein having an SH3-SH2-

SH3 domain structure. The two SH3 domains of Grb2 bind

to proline-rich sequences in the carboxyl terminal region of

the nucleotide exchange factor, Sos, in the cytosol (Li et al.

1993; Buday and Downward 1993; Gale et al. 1993). After

EGF stimulation, the Grb2 SH2 domain binds to the EGF

receptor directly or indirectly through proteins such as Shc,

FAK, Syp, and IRS-1, by recognizing phosphotyrosine

(pTyr)-containing sequences. It then relocates Sos close to

the plasma membrane where interaction with Ras can occur

(Rozakis-Adcock et al. 1992; Skolnik et al. 1993a, b;

Pronk et al. 1994; Schlaepfer et al. 1994). Thus, Grb2

mediates signal transduction from a variety of extracellular

stimuli to Ras. Overexpression of Grb2 has been correlated

with liver tumorigenesis in mice and the proliferation of

human breast cancer cells (Daly et al. 1994; Yip et al.

2000). Therefore, the development of Grb2 SH2 domain-

binding inhibitors could be an effective approach to block

the growth of malignant cells.

SH2 domains constitute a characteristic family of pro-

tein–protein interaction modules that mediate the formation

of multi-protein complexes during cell signaling

(Marengere and Pawson 1994). SH2 domains recognize

pTyr residues in combination with several additional resi-

dues C-terminal to the pTyr. Consensus pTyr-containing

sequences binding to the Grb2 SH2 domain have been

extensively studied by site-directed mutagenesis, phos-

phopeptide inhibition, and peptide library screening

(Songyang et al. 1994), and the recognition motif is

accepted as pTyr-(Leu/Val)-Asn-(Val/Pro). The Asn resi-

due at the pTyr?2 position is essential, implying that Grb2

SH2 domains recognize pTyr-containing sequences in a
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sequence-specific manner. The recognition modes of pTyr-

containing peptides by SH2 domains have been extensively

studied by X-ray crystallography and NMR spectroscopy

(Kuriyan and Cowburn 1997) and most SH2 domains bind

their peptide ligands in an extended conformation. In con-

trast, the Grb2 SH2 domain binds high affinity ligands in

b-turn conformations (Rahuel et al. 1996; Ogura et al. 1999).

This unique binding mode suggests that highly specific

inhibitors could be developed for this domain (Burke 2006).

A pTyr-containing tripeptide, Ac-pTyr-Ile-Asn-NH2,

originally reported by Novartis Corp. with micromolar

affinity to the Grb2 SH2 domain, was a starting point for

the improvement of binding affinity (Furet et al. 1997).

First, the (pTyr?1) Ile was replaced by an aminocyclo-

hexane carboxylic acid (Ac6c), which adopted a right-

handed 310 helical backbone conformation that stabilized

the type-I b-turn and maintained multiple hydrophobic

contacts with the surface of the Grb2 SH2 domain (Garcia-

Echeverria et al. 1998). The crystal structure of the Grb2

SH2-tripeptide complex also indicated that the C-terminal

portion of bound Ac-pTyr-Ile-Asn-NH2 forms van der

Waals contacts with hydrophobic patches on the surface of

the SH2 domain (Furet et al. 1999). Thus, the addition of

3-naphthalene-1-yl-propyl functionality at the C-terminus

improved the binding affinity by 25-fold (Furet et al.

1998). As the protein tyrosine phosphatase activity is

constitutively high in the cytosol, the stability of the

phosphate linkage is a major concern in vivo. Substitution

of pTyr with phosphonomethyl phenylalanine (Pmp) led to

protection from phosphatase-mediated hydrolysis with lit-

tle loss of binding affinity (Domchek et al. 1992). Finally,

in order to stabilize a b-turn conformation, the linear

peptide backbone was constrained by macrocyclization

(Gao et al. 2001a, b). The resulting cyclic analogue

exhibited approximately 100-fold higher binding affinity

in vitro relative to its linear counterpart (Gao et al. 2001a).

Therefore, we decided to solve the structure of the

macrocyclic inhibitor bound to the Grb2 SH2 domain in

order to gain insights into the physical basis of this high

affinity binding.

Recently, Phan and co-workers reported the X-ray

crystal structure of a high-affinity inhibitor complexed with

the Grb2 SH2 domain (Phan et al. 2005; PDB ID 2AOB).

Although the inhibitor used in the X-ray crystallography

was subtly different at the periphery than the NMR

inhibitor; the phosphonomethyl group was replaced with a

malonyl group and a a-CH2CO2H moiety was added in the

pTyr-mimicking portion. Interestingly, two SH2 domains

exchanged helices with each other to form a domain-

swapped dimer. Moreover, inhibitors were bound to addi-

tional sites around the hinge as well as within the canonical

pTyr binding site of the SH2 domain. Since these structural

features might be induced by crystallization effects, we

undertook a solution structural study of the Grb2 SH2

domain bound to the high-affinity inhibitor by NMR

spectroscopy.

Materials and methods

Protein expression and purification

The Grb2 SH2 domain (residues 58–159) was expressed

and purified as described previously (Tsuchiya et al. 1999).

Briefly, the Grb2 SH2 domain cloned into a pGEX-4T-2

vector (GE Healthcare Bio-Sciences) was expressed as a

GST fusion protein in Escherichia coli BL21(DE3). For

preparation of the 13C/15N labeled protein, transformed

cells were grown in M9 minimal medium containing
15NH4Cl (1 g/l), Celtone-CN (Spectra Stable Isotopes)

(1 g/l) and 13C6-glucose (4 g/l). The GST fusion protein

was purified using Glutathione Sepharose 4B beads (GE

Healthcare Bio-Sciences) and was cleaved with trypsin.

The Grb2 SH2 domain was further purified using a

Resource S column (GE Healthcare Bio-Sciences) and a

Superdex 75 column (GE Healthcare Bio-Sciences). To

prepare the 2H/15N-labeled Grb2 SH2 domain, cells were

grown in a medium containing 99% 2H2O, Celtone-DN

(Spectra Stable Isotopes), and 2H-glucose. The protein was

concentrated by a Centriprep YM-3 (Amicon) to a final

concentration of 0.5 mM.

Analytical size exclusion chromatography

Size exclusion chromatography was carried out at 25�C

using a Superdex 75 10/300 GL column attached to an

ÄKTA Purifier (GE Healthcare Bio-Sciences). Sample

solution containing 0.1 mM of purified Grb2 SH2 domain

and 0.9 mM of the macrocyclic inhibitor was passed over

the Superdex column equilibrated with phosphate-buffered

salines (pH 7.4). The sample solution (0.1 ml) was eluted

at flow rate of 0.8 ml/min, and the fractions were moni-

tored by absorbance at 280 nm. The column was calibrated

using the following molecular mass standards: bovine

serum albumin (67 kDa), ovalbumin (43 kDa), chymo-

trypsinogen (25 kDa), and RNase A (13.7 kDa) (GE

Healthcare Bio-Sciences). A standard curve for molecular

mass was constructed by plotting molecular mass against

retention volume.

NMR spectroscopy

The macrocyclic inhibitor, prepared as described previ-

ously (Gao et al. 2001b), was dissolved in 20 mM sodium

phosphate buffer (pH 6.3) to a final concentration of

10 mM. NMR samples contained 0.5 mM Grb2 SH2
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domain, with the inhibitor solution added at a concentra-

tion of 0.75 mM in order to saturate the Grb2 SH2 domain

with the inhibitor. The buffer system consisted of 20 mM

phosphate buffer (pH 6.3), 150 mM NaCl, and 0.05%

NaN3.

NMR experiments were run on Varian Unity Inova 800

and 600 MHz spectrometers at 25�C, using a triple-reso-

nance probe equipped with a pulsed-field Z-axis gradient

coil. Chemical shift assignments and acquisition of NOEs

of the Grb2 SH2 domain were accomplished using a series

of 3D heteronuclear experiments, according to a standard

spectral data recorded on the 13C/15N-labeled Grb2 SH2

domain protein complexed with the inhibitor in a 90%

H2O/10% 2H2O solution.

To complete the chemical shift assignments of the

inhibitor bound to the Grb2 SH2 domain, 2D NOESY, 2D

DQF-COSY and 2D TOCSY spectra were recorded of the

inhibitor complexed with the 2H/15N-labeled Grb2 SH2

domain dissolved in a 2H2O solution, and 2D 15N-filtered

TOCSY and 2D 15N-filtered NOESY (Ogura et al. 1996)

spectra were measured in a 90% H2O solution.

Intermolecular NOEs between the Grb2 SH2 domain

and the inhibitor were obtained from a 3D 13C-filtered

NOESY (Ogura et al. 1996) experiment recorded on the
13C/15N-labeled Grb2 SH2 domain complexed with the

inhibitor dissolved in a 90% H2O/10% 2H2O solution and a

3D 15N-edited NOESY experiment was recorded on the
2H/15N-labeled Grb2 SH2 domain complexed with the

inhibitor dissolved in a 90% H2O/10% 2H2O solution.

NMR data were processed using NMRPipe (Delaglio et al.

1995) and analyzed using in house software, Olivia (http://

fermi.pharm.hokudai.ac.jp/olivia/).

Structure calculations

Structures were calculated using the program Cyana version

2.0 (Guntert 2004). As the first step in the calculation, an

initial protein structure without the inhibitor was minimized

until the rmsd of the main chain atoms was reduced to

\1.0 Å. After evaluating assignments of NOEs and elimi-

nating violated restraints, the final structure calculation of

the protein–ligand complex was accomplished. To calculate

the molecular complex of proteins and small organic

compounds using Cyana, a residue library of the small

molecule was defined and appended into a standard

cyana.lib file. First, a PDB-formatted structural model of

the inhibitor was created using the Dundee PRODRG2 ser-

ver (http://davapc1.bioch.dundee.ac.uk/programs/prodrg/).

Next, the resulting PDB file was manually converted into a

Residue Library-formatted file in Cyana. Several key

intermolecular distance restraints, which were mainly

adopted from 15N-edited NOESY spectrum recorded on the
2H/15N-labeled Grb2 SH2 domain complexed with the

inhibitor, were loosely applied for the first structure calcu-

lation of the complex. After the preliminary structures of the

molecular complex were determined, additional protein–

ligand intermolecular distance restraints derived from 3D
13C-filtered NOESY data and the ligand–ligand intramo-

lecular distance restraints were derived from the 2D NOESY

data were incorporated into the Cyana calculations as

manually added restraints between 3 and 6 Å with a rough

calibration based on the NOE crosspeak intensity.

Dihedral angle restraints (62 / and 62 w angles) were

obtained by analysis of N, Ca, Cb, and Ha chemical shifts

using the program TALOS (Cornilescu et al. 1999). Thirty-

five hydrogen-bonding restraints were incorporated in the

standard manner based on the preliminary structures and

typical SH2 domain folding topology. A total of seven

iterations for structural calculations and distance restraint

assignments were run with Cyana on a parallel processing

computer system equipped with 10 CPUs. One hundred

structures were calculated, and the 20 structures having the

lowest energies were adopted. The quality of each structure

was assessed using the program Procheck-NMR (Las-

kowski et al. 1996). A list of all restraints and structural

statistics is presented in Table 1. Figures were prepared

using the programs PyMOL (http://pymol.sourceforge.net/)

and MOLMOL (Koradi et al. 1996).

Table 1 NMR-derived restraints and structural statistics

NOE upper distance restraints

Short-range (|i - j| \ 2) 834

Medium-range (2 B |i - j| B 4) 217

Long-range (|i - j| [ 4) 518

Total 1569

Dihedral angle restraints (w and /) 124

Hydrogen bonds restraints 35

Distance restraints

Protein–ligand 84

Ligand–ligand 96

CYANA target function value (Å2) 0.14

Number of violations

Distance violations ([0.30 Å) 0

Dihedral angle violations (5.0�) 0

RMSD deviation from the averaged coordinates (Å)a

Backbone atoms 0.51

Heavy atoms 0.90

Ramachandran analysisb

Residues in most favored regions 76.1%

Residues in additional allowed regions 23.9%

Residues in generously allowed regions 0.0%

Residues in disallowed regions 0.0%

a For residues 61–150
b For residues 60–159
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Results and discussion

Molecular mass in solution

Because Grb2 SH2 and the macrocyclic inhibitor complex

existed as an intertwisted dimer in the crystal state (Phan

et al. 2005), we first investigated whether Grb2 SH2 and the

macrocyclic inhibitor complex for NMR analysis could

form a dimer or not in solution. Analytical size exclusion

chromatography of purified Grb2 SH2 and the macrocyclic

inhibitor complex indicated that the complex formed a

single species with no evidence of aggregation (Fig. 1).

Calibration with molecular weight standards showed that

Grb2 SH2 and the macrocyclic inhibitor complex corre-

sponded to a globular protein of *9 kDa, roughly

consistent with the molecular mass calculated by the amino

acid sequence and chemical formula of the macrocyclic

inhibitor (*12 kDa). Moreover, It should be noted that the

line widths of the Grb2 SH2 NMR resonances bound to the

macrocyclic inhibitor were sufficiently small relevant to

those of the molecular weight of the complex, so that we

excluded the possibility of the dimer formation in solution.

These results suggested that the domain-swapped dimer

observed in the crystal structure was not formed in solution.

NMR assignments of the Grb2 SH2 domain complexed

with the inhibitor

The 1H, 13C, and 15N chemical shifts of the Grb2 SH2

domain complexed with the inhibitor were assigned from an

array of heteronuclear multidimensional NMR experiments.

Backbone sequential assignments for the protein were

obtained by a conventional strategy using a combination of

four triple-resonance experiments, 3D HN(CO)CA, 3D

HNCA, 3D CBCA(CO)NH, and 3D CBCANH. Assign-

ments of side chain atoms were completed by 3D

HBHA(CO)NH, 3D HN(CA)HA, 3D C(CO)NH, and 4D

HCCH-TOCSY spectra (Olejniczak et al. 1992).

NMR assignment of the inhibitor complexed

with the Grb2 SH2 domain

In order to determine the structure of a protein-inhibitor

complex, it is essential to distinguish the NMR signals of

each component. Generally, in the case of a molecular

complex of a 13C/15N labeled protein and an unlabeled

inhibitor, the following steps are required. First, the NMR

signals of the labeled protein are assigned using a series of

triple resonance spectra. Next, the assignments of the

unlabeled inhibitor in the complex are accomplished using

a suite of filtering experiments. Although several filtering

pulse schemes have been proposed (Breeze 2000), all of

these schemes are based on utilizing large one-bond het-

eronuclear J couplings. For systems containing a wide

range of one-bond J coupling constants, the filtering pro-

cess should be repeated using different durations to

eliminate undesirable signals, although repetition of the

pulse schemes decreases the intensity of desirable signals.

Therefore, it is generally difficult to eliminate undesirable

signals completely while retaining desirable signals with

reasonable signal-to-noise ratios. To overcome this prob-

lem, we utilized perdeuterated proteins to identify signals

derived from inhibitors bound to proteins which have been

successfully applied to the NMR analysis of protein–pro-

tein and protein–peptide interactions (Walters et al. 1997,

Schwarz-Linek et al. 2003). We prepared NMR samples of

the 15N/2H-labeled Grb2 SH2 domain complexed with the

high-affinity inhibitor dissolved in 2H2O and 90% H2O/

10% 2H2O. Perdeuteration of the Grb2 SH2 domain com-

pletely eliminated the signals derived from the protein in
2H2O solution, so that all the resonances were derived from

the inhibitor complexed with the Grb2 SH2 domain, thus

simplifying the assignment process of the inhibitor. Fig-

ure 2 showed a comparison of 2D NOESY spectra (in
2H2O) of the inhibitor complexed with the 15N-labeled SH2

protein (Fig. 2a) and 15N/2H-labeled SH2 protein (Fig. 2b).

Figure 2a showed many NOE cross peaks that included

intramolecular NOE connectivities within the Grb2 SH2

domain and the inhibitor as well as intermolecular NOE

connectivities. Therefore, it was difficult to assign the

resonances of the inhibitor unambiguously using the NO-

ESY spectrum. In Fig. 2b, on the other hand, due to

perdeuteration of the protein, intramolecular NOE cross

peaks derived from the inhibitor alone could be observed
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Fig. 1 Analytical size exclusion chromatography profile for Grb2

SH2 and the macrocyclic inhibitor complex. The inset showed the

calibration curve for molecular mass using standard proteins: bovine

serum albumin (67 kDa, point 1), ovalbumin (43 kDa, point 2),

chymotrypsinogen (25 kDa, point 3), and RNase A (13.7 kDa, point

4). Grb2 SH2 and the macrocyclic inhibitor complex eluted at a

position corresponding to a molecular mass of *9 kDa
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but those related to the SH2 domain were completely

eliminated. Figure 3 showed an example of intramolecular

NOE assignments of the inhibitor bound to the Grb2 SH2

domain together with the chemical structure of the inhib-

itor. Thus, the assignments of the non-exchangeable

protons of the inhibitor bound to the protein were accom-

plished uniquely using the conventional 2D DQF-COSY,

TOCSY, and NOESY spectrum in 2H2O solution. More-

over, the amide proton assignments of the inhibitor were

carried out using 2D 15N-filtered TOCSY and NOESY

spectra measured in a 90% H2O/10% 2H2O solution (data

not shown). Thus, using 15N/2H-labeled protein, we

completed the proton assignments of the inhibitor bound to

the Grb2 SH2 domain unambiguously.

Identification of intermolecular NOE correlations

between the inhibitor and the Grb2 SH2 domain

We measured the two data sets of 3D NOESY spectra to

detect intermolecular distance correlations for the structure

determination of the inhibitor-Grb2 SH2 domain complex.

Figure 4a showed strip plots of 1H-1H planes extracted

from the 3D 13C-filtered NOESY (Ogura et al. 1996)

spectrum of the inhibitor bound to the 13C/15N-labeled
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Fig. 2 Selective observations of intramolecular NOE cross peaks

within the inhibitor bound to Grb2 SH2. (a) 2D NOESY spectrum

recorded using a complex of the inhibitor and 15N-labeled Grb2 SH2

in a 2H2O solution, where intramolecular cross peaks derived from

both the inhibitor and the protein and intermolecular cross peaks

between the inhibitor and the protein were observed simultaneously.

(b) 2D NOESY spectrum recorded using a complex of the inhibitor

and 2H/15N-labeled Grb2 SH2 domain in a 2H2O solution. Cross

peaks derived from the inhibitor were selectively observed
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Fig. 3 (a) Chemical structure of the inhibitor in which the protons

were labeled. All proton signals were assigned by NMR. In the

inhibitor used for the X-ray study, the phosphonomethyl group was

replaced with a malonyl group and a-CH2CO2H was attached to the

pTyr-mimicking portion. (b) Expanded view of 2D NOESY spectrum

recorded using the complex of the inhibitor and 2H/15N-labeled Grb2

SH2 domain in a 2H2O solution. Inter- and intra-residue NOE

connectivity of the inhibitor was labeled
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Grb2 SH2 domain dissolved in a 90% H2O/10% 2H2O

solution. In this spectrum, Pmpd and Pmpe protons of the

inhibitor showed strong intermolecular NOE cross peaks

with Ser96, His107, Phe108, and Lys109 of the Grb2 SH2

domain. These NOE correlations showed that the Pmp

moiety of the inhibitor was bound to the pTyr-binding site

of the protein. There were many intermolecular NOE sig-

nals between the inhibitor and the residues of the bD-strand

of the protein. The main and side chain protons of Phe108

showed strong NOE correlations with the Pmp and Asn

(pTyr?2) residue of the inhibitor. Lys109 showed a large

number of NOE correlations with Pmp, the naphthylpro-

pylamide group (NPA) (pTyr?3), and the three-carbon

chain moiety (3CC). Moreover, Leu111 and Trp121

showed multiple NOE correlations with NPA (pTyr?3)

and Asn (pTyr?2), respectively.

In order to detect the intermolecular NOE correlations

between the amide protons of the protein and the inhibitor,

we utilized a 3D 15N-edited NOESY spectrum measured

using a sample of the inhibitor complexed with the 15N/2H-

labeled Grb2 SH2 domain dissolved in a 90% H2O/10%

2H2O solution. Due to the replacement of the non-

exchangeable protons with deuterons, NOE cross peaks in

the 3D NOESY spectrum were only derived from corre-

lations between solvent-exchangeable (i.e., amide) protons

of the Grb2 SH2 domain and the inhibitor protons.

Therefore, the assignments of the intermolecular NOEs

were significantly simplified. Figure 4b showed a com-

parison of cross-sections in the 3D 15N-edited NOESY

spectrum corresponding to the amide protons of His107,

Phe108, and Lys109 recorded using the inhibitor com-

plexed with the 15N-labeled (left strips) and 15N/2H-labeled

(right strips) Grb2 SH2 domain in a 90% H2O solution.

While the NOESY strips recorded using the 15N-labeled

protein showed many cross peaks derived from the intra-

molecular NOE correlations within the protein, use of the
15N/2H-labeled Grb2 SH2 could eliminate intramolecular

cross peaks within the protein and give intermolecular

NOE cross peaks between the Grb2 SH2 domain and the

inhibitor. Moreover, because the proton density of the Grb2

SH2 was reduced by deuteration, a number of long range

intermolecular NOE correlations were detected. Thus,
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Fig. 4 (a) Strip plots of 1H-1H planes extracted from a 3D 13C-filtered

NOESY spectrum recorded using the complex of the inhibitor and
13C/15N-labeled Grb2 SH2 domain in a 90% H2O solution. Signals at

4.75 ppm on the F3-axis arised from the solvent. The resonance

assignments and corresponding 1H and 13C chemical shifts of Grb2

SH2 domain were given in each strip. Intermolecular NOE correla-

tions between the inhibitor and Grb2 SH2 domain were annotated.

(b) Strip plots of 1H-1H planes extracted from 3D 15N-edited NOESY

recorded using a complex of the inhibitor and the 2H/15N-labeled Grb2

SH2 domain in a 90% H2O solution. Intermolecular NOE correlations

between amide protons of Grb2 SH2 and the inhibitor were labeled.

Note that the intramolecular NOE correlations of amide-amide pairs of

Grb2 SH2 domain were also observed. Signals at 4.75 ppm on the

F1-axis arised from the solvent. Asterisk showed the artifact noise
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protein deuteration greatly simplified the assignment pro-

cess of the intermolecular NOEs and facilitates

unambiguous assignments of the inhibitor.

It should be mentioned here that perdeuterated proteins

were useful especially for the assignments of protein-bound

inhibitors such as medium-sized synthetic organic com-

pounds and natural products, which could not be labeled

with stable isotopes.

Structural description of the Grb2 SH2 domain

complexed with the inhibitor

An overlay of the structures of the Grb2 SH2 domain and

the inhibitor complex was shown in Fig. 5a. The atomic

rmsd about the mean coordinates including the protein

residues from Phe61 to Asp150 and the inhibitor, was

0.51 ± 0.07 Å for the backbone atoms and 0.90 ± 0.08 Å

for all heavy atoms, where the backbone of the inhibitor

was regarded as the macrocyclic frame. The Grb2 SH2

domain and the inhibitor have well defined structure.

The topology of the Grb2 SH2 domain was very similar

to those of other SH2 domains. Figure 5b showed a ribbon

diagram of the NMR-derived minimized mean structure of

the Grb2 SH2 domain complexed with the inhibitor. The

structure consisted of a three-stranded antiparallel b-sheet,

composed of strands bB, bC and bD, which were flanked

by two a-helices, aA and aB. The central b-sheet was

extended by two short parallel strands (bA and bG) located

on the opposite side to the inhibitor-binding site. The

protein also contained a second, smaller b-sheet-like

structure composed of strands bD0, bE and bF. The ele-

mentary residues constituting the secondary structure were,

from N-terminus to C-terminus, 61–62 (bA), 67–77 (aA),

82–87 (bB), 95–100 (bC), 105–110 (bD), 111–112 (bD0),
118–119 (bE), 124–125 (bF), 128–138 (aB), 149–150

(bG). These were the same as the previously reported

solution structures of Grb2 SH2 domain in both peptide-

bound and peptide-free states (Thornton et al. 1996).

Specific interactions between Grb2 SH2 domain

and the inhibitor

Figure 5b also showed the residues (with labels) that had

appreciable NOE interactions and, therefore, had close

contact with the inhibitor. The pTyr-binding pocket of the

Grb2 SH2 domain was formed by the positively charged

residues Arg67 (aA2), Arg86 (bB5), His107 (bD4) and

Lys109 (bD6). In addition, Ser96 (bC3) also participated in

the pocket. The aromatic ring of the pTyr-mimetic residue

(Pmp) lay close to the bC and bD strands and had many

NOEs with residues in the pocket, Ser96 (bC3), His107

(bD4), Phe108 (bD5) and Lys109 (bD6). The guanidium

groups of the arginine residues in the pTyr-binding site

could not be assigned under the present solution conditions.

Although direct NOEs between the guanidium groups and

the Pmp group of the inhibitor could not be obtained, the

Pmp was clearly located proximal to Arg86 (bB5) at the

bottom of the pTyr-binding pocket. The aromatic side

Q106

W121

F108

H107
R67

R86

S96
K109L111

αA
αB

βA

βB

βC

βD

βD'

βF

βE

βG

(a) (b)

Fig. 5 (a) Superposition of the 20 lowest energy structures of the

Grb2 SH2 domain complexed with the inhibitor. Residues 60–152 of

the Grb2 SH2 domain and the inhibitor were colored blue and red,

respectively. Structures were superimposed by least square fit to

average N, Ca, and C0 coordinates of residues 60–152 of the Grb2

SH2 domain. (b) Ribbon model of the minimized and averaged

structure of Grb2 SH2 domain complexed with the inhibitor (blue),

where the side chains of protein residues involved in the binding

interactions were shown in green. The regular secondary structural

elements of Grb2 SH2 domain were labeled
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chain of the Pmp residue was bound to the pTyr-binding

pocket formed by a cluster of positively charged side

chains as shown in Fig. 5b.

The Ac6c (pTyr?1) residue of the inhibitor had inter-

molecular NOEs with Gln106 (bD3), His107 (bD4) and

Phe108 (bD5) (Fig. 6a). The binding of Ac6c (pTyr?1) to

the Grb2 SH2 domain was mainly due to van der Waals

interactions and, thus, the hydrophobic residue was

required at the pTyr?1 position for specific binding. As

shown in Fig. 6a, the cyclohexane ring of the Ac6c moiety

was well situated in a groove, formed by the hydrophobic

moiety of Gln106, His107, and Phe108.

The asparagine (pTyr?2) of the ligand peptide was

known as an essential residue for specific binding to the

Grb2 SH2 domain. The aliphatic protons of this residue had

strong intermolecular NOE interactions with the side chain

of Trp121 (EF1). The Hd of the Asn also had an intermo-

lecular NOE interaction with the amide proton of Lys109

(bD6). However, because of lack of assignment of Leu120,

we could not detect intermolecular NOE interactions

between the Hd of the Asn (pTyr?2) and the Ha of Leu120,

which were observed in the solution structure of a Grb2

SH2 domain complexed with a Shc-derived ligand peptide

(Ogura et al. 1999). The NMR signals of the Hd protons of

the Asn (pTyr?2) residue were shifted markedly to lower

field (8.80 and 8.15 ppm, respectively). This lower-field

shift was due to electric field effects, suggesting that these

protons form hydrogen bonds with the carbonyl groups of

the Grb2 SH2 domain as shown in Fig. 6b. These hydrogen

bonds between Asn-residue of the ligand and Lys109 have

been detected on the crystal structure of Grb2 SH2 and the

ligand peptide complex (Rahuel et al. 1996).

The side chain of the naphthylpropylamide group

(pTyr?3) had multiple NOE contacts with both Lys109

and Leu111 (Fig. 6c). This residue at pTyr?3 was not

conserved or type-conserved in peptidic ligands, but

hydrophobic residues were preferred for specific binding

with the Grb2 SH2 domain. In the present structure, we

confirmed that the naphthyl group had hydrophobic

interactions with the side chain of Leu111. Actually, the

Hd1 and Hd2 protons of Leu111 were high field shifted to

-0.31 and -0.19 ppm, respectively, consistent with mag-

netic shielding effects by the naphthyl ring.

The three-carbon chain moiety (3CC) consisting of

3CCa, 3CCb and 3CCc, which maintains the macrocyclic

structure of the inhibitor, had many NOE interactions with

Lys109 of the Grb2 SH2 domain. In Fig. 6c, 3CC was

located in close proximity to the aliphatic side chain of

Lys109. Thus, 3CC played an important role, not only in

the formation of the macrocyclic structure, but also in

hydrophobic interactions with the side chain of Lys109.

Comparison of the solution structure of the inhibitor-

bound Grb2 SH2 domain with the crystal structure

Phan et al. (2005) reported the crystal structure of a Grb2

SH2 domain complexed with a closely related macrocyclic

inhibitor as was used in the NMR study. Interestingly, in

the crystal structure, two SH2 domains formed a domain-

swapped dimer that arose from exchanges of the C-termi-

nal helix (aB). Thus, aB became detached from the rest of

the molecule and associated with the other subunit, placing

the EF, bF and FB loops in an extended conformation that

started from the hinge point at Trp121 on the EF loop. It

should be noted that the inhibitor used in the X-ray study

contained a malonyl group instead of phosphono moiety

and additional aCH2CO2H at the Pmp residue (Fig. 3a).

Since we determined the well-defined structure of the Grb2

SH2 domain complexed with the NMR inhibitor, we could

present a comparison of the two structures. First, the

complex in the crystal structure showed a domain-swapped

dimer and secondly, the Grb2 SH2 domain interacted with

the inhibitors at four isolated sites, two of which were

located proximal to the hinge region and the other two were

located in the canonical Grb2 SH2 binding site. Using size

exclusion chromatography and NMR spectroscopy, we

confirmed that the NMR complex did not form a dimer,

suggesting that the domain-swapped dimer in the crystal

H107
F108

Q106

W121

Q106

K109

(a) (b)

K109

L111

(c)

Fig. 6 Details of the interaction between the inhibitor and the

binding site of Grb2 SH2 domain. (a) pTyr?1 site; (b) pTyr?2 site;

(c) pTyr?3 site. The inhibitors were shown as a stick model (cyan).

Gln106, His107, Phe108, Lys109, Leu111 and Trp121 of Grb2 SH2

domain were shown as a stick model (green). Broken red lines in (b)

indicated hydrogen bonds between the Hd of Asn (pTyr?2) and Grb2

SH2 domain, as shown in the X-ray structure reported by Rahuel

et al. (1996)
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state might result from crystallization effects. In order to

confirm this, we applied the analytical size exclusion

chromatography experiment using Grb2 SH2 complexed

with the X-ray inhibitor, showing that the complex existed

as a monomer (data not shown).

Figure 7a and b showed the superposition of the solution

structure with subunit-A and subunit-B of the crystal

structure, each subunit corresponding to the split half of the

domain-swapped dimer at the hinge. The rmsd values of Ca

atoms for both the SH2 domain (residues 67–138, except

for the loop regions and the inhibitor) between the solution

structure and subunits-A and B are 1.03 and 1.09 Å,

respectively. Despite the domain-swapped dimer formation

in the crystal state, the solution structure and subunits A

and B of the crystal structure displayed similar backbones

for the Grb2 SH2 domain and the macrocyclic inhibitor

that was bound to the canonical binding site of the pTyr

residue. However, a detailed inspection of the solution and

crystal structures showed appreciable differences.

Figure 7a showed a superposition of the solution struc-

ture (green) and subunit-A of the crystal structure (pink).

The BC loop region of subunit-A formed a closed con-

formation, with the side chains of the Ser88 and Ser90

residues interacting with the malonyl moiety of the inhib-

itor. On the other hand, the solution structure showed an

open BC loop conformation. Such open and closed con-

formational transitions have been frequently reported in

SH2–ligand complexes (Eck et al. 1994; Mikol et al.

1995). The BC loop regions of SH2 domains seemed to be

flexible and make an adjustment for distance between the

BC loop and the phosphonate moiety of the ligand. It is

also to be noted that the location of the naphthyl ring was

appreciably different between subunit-A and the solution

structure. The side chain of Trp121 swinged out to the

opposite side of the inhibitor-binding site in subunit-A.

Trp121 of the Grb2 SH2 domain was reported to be a key

residue that forced a linear peptidic ligand to form a turn

conformation. Therefore, the binding mode of the inhibitor

in subunit-A was thought to be an artifact induced by a

formation of the domain-swapped dimer. On the other

hand, subunit-B was closely related to the solution struc-

ture (pink in Fig. 7b), including the location of the inhibitor

on the Grb2 SH2 domain, the BC loop conformation and

the side chain orientation of Trp121.

Another difference of the inhibitor in the crystal study

against the NMR study was presence of a-CH2CO2H

moiety in the pTyr-mimicking portion. Replacement of -H

to -CH2CO2H produced an acidic moiety in this region and

the side chain of Arg67 of Grb2 SH2 formed an electro-

static interaction with the carboxyl group of the

pTyr-mimicking portion in the crystal structure. This

acidic-basic interaction might contribute to improve the

binding affinity of the inhibitor for Grb2 SH2 domain.

Consideration of inhibitor design derived

from the solution structure of Grb2

SH2-inhibitor complex

The solution structure of the Grb2 SH2 domain complexed

with the macrocyclic ligand provided insights into potential

modifications of the macrocyclic ligand in at least four

areas. (1) The binding of the pTyr?1 Ac6c residue in a

hydrophobic groove formed by residues Gln106 (bD3),

His107 (bD4) and Phe108 (bD5) suggests modification of

the Ac6c ring, perhaps by extension of the ring d-position;

(2) The interactions of the naphthylpropyl group with the

hydrophobic side chains of Lys109 (bD6) and Leu111

(bD8) suggests replacement of the naphthylpropyl moiety

with other lipophilic functionality; (3) The interactions of

the ring-closing propenyl chain segment with side chain

methylenes of Lys109 (bD6) suggests exploration of

alternate ring-closing strategies; (4) The open conformation

of the phosphonate-binding BC loop suggests examining

phosphate mimetics other than the phosphonomethyl group.

S90

E89

S88

W121

W121

S90

E89
S88

R67 R67

E89

Q106

K109

K109

Q106

S96 S96
L120

L120

L111 L111

R86 R86

S90

(a) (b)Fig. 7 Superposition of the

three dimensional structures

of Grb2 SH2 domain with the

inhibitor solved by NMR

(green) and X-ray (pink,

PDB ID 2AOB). Subunit-A

and subunit-B of the crystal

structures were shown in

panel (a) and (b), respectively.

Residues involving in

recognition of the inhibitor

were shown in stick models
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Conclusion

We have shown that perdeuterated proteins were useful for

obtaining unambiguous assignments of protein-bound

organic compounds and natural products that could not be

labeled with stable isotopes. We accomplished the unique

assignments of the intermolecular NOEs using perdeuter-

ated proteins. Thus, we determined the high-resolution

NMR structure of the complex of Grb2 SH2 and the

macrocyclic inhibitor. The presented solution structure

should provide a basis for further development of Grb2

SH2 domain inhibitors.

PDB and Bmrb accession code

The atomic coordinates, distance restraints and resonance

assignments were deposited in the RCSB Protein Data

Bank and the Biological Magnetic Resonance Data Bank

with the accession code 1X0N and 11055, respectively.

Supplementary material

Supplementary material is available in electric format and

describes the resonance assignment of the inhibitor bound

to Grb2 SH2 and residue library file of the inhibitor for the

Cyana.
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