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'H, *C, and '*N NMR resonances of the SH2 domain of Grb2/Ash in both the free form and
the form complexed with a phosphotyrosine-containing peptide derived from the EGF
receptor were assigned by analysis of multi-dimensional, double- and triple-resonance
NMR experiments. From the chemical shift changes of individual residues upon peptide
binding, the binding site for the peptide was mapped on the structure of Grb2/Ash SH2. The
peptide was not recognized by the groove formed by the BG and EF loops, suggesting that
the EGFR peptide does not bind to Grb2/Ash SH2 in an extended conformation. This was
supported by analysis of the binding affinity of mutants where residues on the BG and EF
loops were changed to alanine. The present results are consistent with the recently reported
structures of Grb2/Ash SH2 complexed with BCR-Abl and She-derived phosphotyrosine
containing peptides, where the peptide forms a turn conformation. This shows that the
specific conformation of the phosphotyrosine-containing sequence is required for the SH2

binding responsible for downstream signaling.
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Growth factor receptor bound protein 2 or abundant Src
homology (Grb2/Ash) (1) is an adaptor protein with a
domain structure SH3-SH2-SH3. The two SH3 domains of
Grb2/Ash bind to proline-rich sequences in the carboxyl
terminal region of the guanine nucleotide exchange factor,
Son of sevenless (Sos) in the cytosol (2-4). Upon EGF
stimulation, Grb2/Ash SH2 binds to the EGF receptor
directly or indirectly through proteins such as She, FAK,
Syp, and IRS-1, by recognizing phosphotyrosine-containing
sequences and relocating Sos to the plasma membrane to
allow interation with Ras (5, 6). Thus Grb2/Ash mediates
signal transduction from a variety of extracellular stimuli
to Ras. The consensus phosphotyrosine-containing se-
quence for Grb2/Ash SH2 binding has been studied exten-
gively by phosphopeptide inhibition and peptide library
screening (7) and is now accepted to be pTyr-(Ile/Leu/Val/
Met)-Asn-(Val/Pro/Gln), where the Asn at pTyr+2 is
essential, implying that Grb2/Ash SH2 recognizes phos-
photyrosine-containing sequences in a specific manner.
Recently, the solution structure of free Grb2/Ash SH2
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was reported by NMR (8). The phosphotyrosine-binding
pocket of Grb2/Ash SH2 is similar to that of other SH2
domains; however, the side chain of Trp121 (EF1) in Grb2/
Ash occupies the corresponding pTyr+ 3 binding pocket in
Src SH2 so that phosphotyrosine-containing peptide does
not seem to bind in an extended conformation similar to
other SH2 domains. The X-ray crystal structure of Grb2/
Ash SH2 complexed with a BCR-Abl-derived peptide
(Lys-Pro-Phe-pTyr-Val-Asn-Val) demonstrated that the
peptide forms a 8-turn at the pTyr, pTyr+1, pTyr+2, and
pTyr+3 positions (9). These studies prompted us to
investigate the three dimensional structure of the Grb2/
Ash SH2 domain complexed with an EGF receptor-derived
peptide (Glu-pTyr-Ile-Asn-Gin-Ser-Val, hereafter refer-
red to as the EGFR-peptide). The EGF receptor is a
physiologically relevant target protein for Grb2/Ash SH2,
and the signal transduction pathway mediated by the Grb2/
Ash-EGF receptor complex forms part of a major mitogenic
signaling pathway (2-4). Therefore, elucidation of the
structural basis for the molecular recognition between
Grb2/Ash and the EGFR-peptide is of significant interest.
In the present study, we assigned 'H, *C, and '*N reso-
nances of the free and complexed forms of Grb2/Ash SH2
with the EGFR-peptide. On the basis of the chemical shift
perturbation between the free and EGFR-peptide bound
forms of Grb2/Ash SH2, along with mutational studies, we
discuss the binding mode of the EGFR-peptide.
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MATERIALS AND METHODS

Expression and Purification of the Grb2/Ash SH2
Domain and Its Mutants—The plasmid in which the Grb2/
Ash SH2 domain (residues His58 to Thrl59 with an
additional two N-terminal residues, Gly-Ser) was express-
ed was constructed using a pGEX-4T-2 vector. For prepara-
tion of '*C/'®N labeled Grb2/Ash SH2, transformed
Escherichia coli BL21 (DE3) cells were grown in M9
minimal medium containing "*NH,Cl (1 g/liter), [ul{**C]-
glucose (2 g/liter), and CELTONE-CN (Martek, USA) (1
g/liter) at 37°C and induced at ODg, —=1.0 with 0.4 mM
isopropyl-thio-8-D-galactoside. The cells were collected
after 4 h, suspended in 20 mM potassium phosphate buffer,
pH 7.4, containing 5§ mM DTT, 1 mM PMSF, and 1 mM
EDTA, and then sonicated and centrifuged. The super-
natants were incubated with glutathione Sepharose 4B
beads (Pharmacia, Sweden) for 1 h at 4°C. After extensive
washing in potassium phosphate buffer, the GST fusion
proteins were eluted with 20 mM reduced glutathione, 50
mM Tris-HCI, and 2 mM DTT, pH 8.2, and fractions were
collected. The proteins were cleaved with trypsin (0.01%,
w/w, fusion protein) for 1h at 23°C. The buffer was
changed to 20 mM HEPES, 2 mM DTT, pH 7.5, using a
desalting column. The protein was applied to a Mono S 10/
10 HPLC column (Pharmacia, Sweden) and eluted with a 0-
600 mM NaCl gradient in 20 mM HEPES, pH 7.5. Finally,
the SH2 domain was purified on a Superose 12 column
(Pharmacia, Sweden) eluted with 20 mM potassium phos-
phate buffer and 150 mM NaCl, pH 6.3.

The codons for Leu 120 (8E4), Ser 141 (BG3), Arg 142
(BG4), and Asn 143 (BG5) were changed to encode Ala. The
mutants were subcloned into the pGEX-4T-2 GST bacterial
expression vector. The subcloned vectors were transform-
ed into Escherichia coli JM109 and sequenced.

Peptide Synthesis—A phosphotyrosine-containing pep-
tide (Glu-pTyr-Ile-Asn-Gln-Ser-Val) corresponding to the
sequence of EGFR (1067-1073) was synthesized by solid-
phase Fmoc strategy using Na-Fmoc- O-(0, O-dimethoxy-
phosphoryl)-L-tyrosine [Fmoc-Tyr(OP(OMe),)] (Wata-
nabe Chem., Japan). The synthesized peptide was purified
by reverse-phase HPLC on a Resource RPC column (Phar-
macia, Sweden). The purified peptide was characterized by
mass spectroscopy and amino acid analysis.

NMR Sample Preparation—Protein samples for NMR
experiments were prepared in buffers containing 20 mM
potassium phosphate and 150 mM NaCl at pH 6.3. Buffer
exchange and sample concentration were performed with a
10 kDa cutoff Centricon concentrator (Amicon, USA) at
4°C. The final protein concentration was 1.5 mM in a
sample volume of 230 u1. Approximately 1.5 mol equiv. of
the phosphotyrosine-containing peptide were added to the
sample solution. After a final concentration step with the 10
kDa cutoff concentrator, the samples were adjusted to 10%
"H,0 or exchanged into a sample buffer system prepared
with 99% *H,O and adjusted to 5 mM DTT-d,, and 0.5%
(w/v) NaN,; from a freshly concentrated stock solution. All
samples were placed in restricted volume 5 mm NMR tubes
(Shigemi, Japan).

NMR Spectroscopy—All NMR spectra were recorded at
a sample temperature of 28°C on Varian Unity-plus 600
and Unity 500 spectrometers equipped with an Ultra Shim
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unit (Resonance Research, USA), three rf channels, and a
pulsed field gradient triple-resonance probe with an active-
ly shielded z gradient coil. Proton chemical shifts were
referenced to internal DSS (0 ppm). *C and '*N chemical
shifts were referenced indirectly to liquid NH, and DSS
according to Bax and Subramanian (13). States-TPPI (14)
quadrature detection was employed in the indirect dimen-
sions. All heteronuclear experiments and isotope-filtered
experiments were adapted to incorporate z-gradient pulses
to suppress artifacts and eliminate the water resonance.
Pulsed field gradients were also used for coherence selec-
tion in experiments to detect NH protons. The 2D homonu-
clear-correlated spectra were processed with the standard
VNMR (Varian Instruments, USA) software, while other
spectra were processed by the NMR Pipe program (15) on
a Sun Ultra-1 workstation. Time domain convolution was
used to remove the solvent signal (14), and the indirect '*N
and/or *C dimensions were extended as needed with linear
prediction. Multidimensional data peak picking was em-
ployed using home-written software (Hatanaka, unpub-
lished). NMR data visualization and analysis were per-
formed with the Felix 95.0 program (Molecular Simula-
tions, USA) and home-written software (I16) on a Sun
SPARC Station computer.

Chemical Shift Assignment—The backbone resonance
assignments of the Grb2/Ash SH2 domain were obtained
by a sequential walk in the following triple resonance
spectra using a 1.5 mM solution of uniformly *C/'*N-label-
ed protein complexed with 1.5 mol equiv. of EGFR-peptide
in H,0 solution. All of the following spectra were collected
on a Unity 500 spectrometer with a 'H (F,) carrier fre-
quency at 4.75 ppm with a spectral width of 7,000 Hz and
a '*N (F.) carrier frequency at 117.7 ppm with a spectral
width of 1,800 Hz.

To assign the protein-backbone resonances, the following
four 3D experiments were carried out. HNCA and HN-
(CO)CA experiments (17) were performed with a *C (F,)
carrier frequency at 55.3 ppm, a spectral width of 3,600
Hz, and eight transients for each increment. CBCANH and
CBCA(CO)NH experiments (17) were collected with a '*C
(F\) carrier frequency at 41.0 ppm, a spectral width of
8,800 Hz, and 16 transients for each increment. The walk
for sequential assignments started at several spin systems
assigned to specific amino acid types based on the charac-
teristic *C?/*C” chemical shifts. The peptide fragments
connected by the walk were unambiguously assigned to
specific sequences on Grb2/Ash SH2 considering the
alignments of the amino acid types.

Other resonances of the Grb2/Ash SH2 domain were
subsequently assignal by the following five experiments.
The 3D C(CO)NH (18) experiment was performed with a
13C (F,) carrier frequency at 41.0 ppm, a '*C spectral width
of 8,800 Hz, and 32 transients for each increment in 90%
H,O solution. The 3D HBHA(CO)NH (18) experiment was
performed with 'H (F,) spectral width of 3,500 Hz, and 16
transients for each increment in 90% H,O solution. 3D
HNCO (17) was collected with a '*C (F,) spectral width
of 1,800 Hz centered on 177 ppm, and eight transients.
3D HN(CA)HA (19, 20) was collected with 16 transients,
and a 'H (F,) spectral width of 2,000 Hz. The assignments
of the aromatic resonances of the Grb2/Ash SH2 domain
were achieved with the conventional 2D COSY, TOCSY,
and NOESY spectra using '*N-labeled sample in 90%
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H,O solution.

Fluorescence Measurements—Fluorescence measure-
ments were made with a Shimazu RF-5000 fluorescence
spectrometer (Shimazu, Kyoto). Aliquots of EGFR-peptide
at 500 uM were added successively to the 2.5 uM Grb2/
Ash SH2 solution. The excitation wavelength was 295 nm
with a band width of 5 nm; emission was observed with
band width of 10 nm.

RESULTS AND DISCUSSION

Assignments of NMR Resonance—Figure 1 shows the
'H-'*N HSQC spectrum of Grb2/Ash SH2 complexed with
EGFR-peptide at a 1.5 molar ratio. The sequential reso-
nance assignments of Grb2/Ash SH2 complexed with
EGFR-peptide were achieved based on the analysis of a
suite of HNCA, HN(CO)CA, CBCANH, and CBCA(CO)NH
spectra. The walk of resonance assignments from Arg67 to
Lys76 is shown in Fig. 2, where the strips of the CACBNH
spectra are aligned. In the CBCANH spectrum, cross peaks
between NH(7) and both intraresidual Ca (i), C8(i), and
interresidual Ca (i—1), C8(i—1) were observed so that the
correlation of the cross peaks in each strip link (i)th and
(i—1)th residues. Thus, most of the main-chain resonances
were unambiguously assigned. Aliphatic 'H and **C reso-
nances were assigned using HBHA(CO)NH, HN(CA)HA,
C(CO)NH, H(CCO)NH, 'H-*C CT-HSQC, and HCCH-
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TOCSY spectra.

The spin systems of the aromatic side-chain proton
resonances were identified with the conventional two-di-
mensional DQF-COSY and TOCSY spectra. The !N-
filtered NOESY spectrum on the '*N-labeled protein in 90%
H,0/10% *H,0 provided the correlation between aromatic
protons and aliphatic protons without overlap of the amide
proton resonances, thus correlating the spin systems of
aromatic protons with HS resonances. 2D isotope-filtered
TOCSY and NOESY experiments (10) were performed to
detect proton resonances of the unlabeled EGFR-peptide in
the complex. However, except for the aromatic proton
resonances of the phosphotyrosine residue, the resonances
were too broad to be detected possibly due to exchange
broadening. The 'H, '*N, and '*C resonance assignments of
Grb2/Ash SH2 complexed with the EGFR-peptide are
summarized in Table I.

Secondary Structure of Grb2/AshSH2 Complexed with
EGFR-Peptide—Once the sequential assignments of the
main chain resonances were completed, NOE correlations
from 3D *N-edited NOESY and '*C-edited NOESY spec-
tra were analyzed to obtain the secondary structure of
Grb2/Ash SH2. The analyses of the sequential and short-
range NOEs are summarized in Fig. 3. The secondary
structure was deduced based on the sequential and short
range NOE connectivities. The NOE connectivity patterns
support the presence of a helices at residues 66-73 and
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Fig. 1. Two-dimensional 'H-'*N HSQC spectrum of the '*N-labeled Grb2 SH2 domain complexed with unlabeled EGFR-peptide. The
peaks are labeled with the amino acid residue assignments. Unlabeled peaks are not assigned. Sample solutions with a 2.0 molar ratio of

EGFR-peptide/Grb2 SH2 were used for NMR measurements.
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TABLE 1. ‘'H, N, and *C resonance assignments (ppm)* for the Grb2 SH2 domain complexed with the EGFR-peptide.
Residue N NH Ca Ha Cp Hp Cy Hy Ce He¢ Cother Hother
H58
P59 4.23
W60 113.5 7.44 54.6 4.87 28.8 3.33, 3.04 6.60 He 10.68, HE6.73,
He,7.46, H&7.94,
Hn,6.78
Fé61 124.8 8.62 57.56 5.32 38.1 2.47, 2.34 7.14 He7.43
F62 127.1 8.83 57.1 441 40.7 3.31, 2.62 7.26 He6.93, H$7.36
G63 103.2 5.56 470 3.84, 3.60
K64 127.1 8.81 556.6 4.61 31.0 1.96,1.73 25.4 1.32 1.45
166 121.6 17.37 57.1 4.89 1.86 1.77 1.056 Hy"1.05
P66 4.51 32.9 2.62,1.92 28.0 2.11 51.1 4.07
R67 1256.4 9.17 59.4 3.61 1.81, 1.68 1.19, 0.71
A68 117.6 9.29 54.6 4.20 18.3 1.45
K69 117.1 6.97 57.7 4.31 31.4 1.99 24.7 1.66 28.0 1.80 Ced42.2 He3.03
A70 122.1 8.10 54.5 3.97 18.3 1.62
E71 114.8 8.32 59.7 4.00 28.4 2.34, 2.13 2.73
E72 120.4 7.94 59.0 4.01 29.9 2.24 36.8 2.45,2.17
L74 117.6 8.31 57.7 3.99 42.2 1.91,1.17 25.4 1.73 22.8 0.65 C825.8 H¢0.73
S75 113.7 8.33 61.9 4.13 62.3 4.06, 3.99
K76 116.6 6.89 55.6 4.36 32.9 2.10,1.82 254 1.63 28.8 1.65
Q77 117.6 7.44 54.5 4.20 28.8 2.33 34.4 2.73
R78 117.6 8.72 656.3 4.28 31.0 1.70,1.62 26.3 1.49 42.9 3.17
H79 116.0 17.85 54.6 4.94 30.6 3.13 He,7.87, H56.87
D80 122.6 8.72 55.6 4.58 41.1 2.88, 2.77
G81 111.0 9.55 45.2 6.11, 3.26
AB2 126.3 17.62 52.6 5.10 18.7 1.45
F83 118.7 17.45 54.8 6.16 44.0 3.26, 3.18 7.94 He6.67, H§7.08
L84 111.5 8.88 54.1 4.68 1.73 27.6 0.37 25.8 0.73,0.73
185 119.3 9.45 59.3 5.562 39.2 2.33 192,144 12.7 0.77 Cy"18.3 Hy"1.28
R86 122.6 9.33 51.9 5.32 33.6 2.21, 1.36 247, 1.77
E87 122.6 8.63 54.9 4.61 2.01, 1.87 2.48, 2.22
588 120.4 8.67 57.8 4.27 62.3 3.93, 3.74
E89 127.6 9.16 57.8 4.18 2.24,2.14 36.6 2.18,2.43
$90 113.2 8.42 59.3 4.33 64.2 3.96, 3.86
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TABLE I. Continued

Residue N NH Ca Ha Cg Hp Cy Hy Cs H¢ Cother Hother

A91 126.9 17.61 48.9 4.75 1.22

P92 63.4 4.38 31.4 2.29,1.82 280 210,195 50.0 3.57,3.47

G93 113.2 9.16 44.8 4.24, 3.46

D94 119.8 8.05 52.2 4.89 42.6 2.84, 2.91

F95 118.2 9.32 67.7 5.64 41.8 2.84, 3.23 7.37 He7.57, HET7.72

596 116.4 9.69 567.7 5.38 65.3 3.59, 4.12

L97 127.6 9.71 53.3 5.41 45.5 1.24,1.84 28.4 1.64 26.1 0.73,0.46

598 124.3 9.32 57.8 5.54 65.7 2.84, 3.23

V99 122.1 9.34 58.9 5.27 36.2 1.91 20.6 0.93, 0.93 Cy'22.8

K100 128.7 9.30 56.0 4.57 35.1 1.77,2.13 25.8 1.55,1.75 29.6 1.76 Ce42.9 He3.08

F101 128.2 8.76 58.6 4.68 41.1 2.83, 2.88 7.14 He7.33, HE7.72

G102 1204 9.44 46.3 3.55, 3.70

N103 123.7 8.84 52.6 4.85 38.6 2.69, 3.01

D104 118.7 8.00 52.6 5.03 44.8 2.79

V106 119.8 8.37 60.8 4.55 34.0 1.79 22.4 0.45,0.91

Q106 1254 9.12 55.2 4.36 1.77, 1.95 2.29

H107 118.2 8.64 54.1 5.92 34.0 2.76, 2.87 He, 6.78

F108 1209 10.37 556.6 4.80 2.64, 3.00 6.93 He7.36, H$7.25

K109 1256.4 9.77 54.5 4.13 31.4 0.80,1.30 23.2 0.71,0.79 26.3 1.30 Ce39.9

V110 124.3 8.33 3.96 29.6 2.38 20.6 0.73,1.05 Cy’23.5

L111 132.1 8.42 63.7 4.14 41.1 0.68, —0.07 26.5 1.23 23.5 0.59

R112 114.8 7.84 51.9 5.67 32.6 1.58,1.78 26.5 1.33 3.03

D113 1209 17.99 51.6 5.07 42.2 3.31, 2.50

Gl14 8.64 46.3 3.91

All5 122.1 17.96 51.1 4.69 19.8 1.48

G116 107.1 8.13 45.2 3.66, 4.23

K117 1209 8.73 56.0 4.66 32.1 1.84,2.03 26.1 28.4 1.56 Ce42.6 He2.95

Y118 117.6 8.98 56.3 5.63 41.4 2.64, 2.78 6.96 He6.89

F119 116.0 9.22 67.1 5.14 41.4 2.81, 3.48 7.26 He6.78, H$6.16

L120 116.0 9.33 4.66 45.56 0.93,1.91 26.1 1.49 25.8 0.46 Cd'24.3 Hd0.66

W121 1182 9.14 56.3 5.30 31.0 3.564, 3.61 7.51 He 10.63, HE7.34,
Hey7.94

V122 117.6 8.57 63.4 4.21 34.7 2.13 21.3 0.95, 1.02

V123 121.5 8.32 63.4 3.69 31.7 1.74 22.0 0.33,0.99

K124 1215 17.76 53.7 4.80 35.56 142,159 254 0.87,1.28 288 1.20 Ced1.1 Hel.76, He'2.30

F125 117.1 9.33 56.0 4.93 43.3 2.81, 3.43 7.26 He6.93, H6.16

N126 1176 9.51 54.5 4.92 39.2 3.03, 3.13

5127 108.7 17.62 56.0 4.75 4.07, 4.18

L128 118.6 8.65 56.3 3.60 41.8 1.22,1.64 26.6 1.09 24.7 0.32 Cs8'23.5 H&0.43

N129 1149 8.36 56.3 4.29 38.1 2.82, 2.88

E130 117.6 17.70 3.95 2.19 37.3 2.38,2.46

L131 121.1 6.73 58.8 2.16 42.2 1.18,1.72 27.6 1.41 24.0 0.563 Cs'28.0 H4'0.87

V132 11756 17.82 66.0 2.78 31.4 1.47 21.3 0.15, —0.26 Cy'22.8

D133 115.4 17.86 57.1 4.20 39.9 2.63

Y134 121.0 17.96 60.8 411 39.6 2.63, 3.04 6.34 He6.74

H135 7.61 57.6 5.28 26.3 2.70, 3.42

R136 116.0 7.47 57.5 4.63 30.3 1.72,1.78 26.3 3.62

8137 107.1 17.22 57.5 4.30 64.2 3.86, 3.82

T138 119.3 7.31 62.7 4.47 69.8 3.02 21.3 1.30

S139 7.16 57.7 4.20 63.1 3.61, 3.99

V140 119.3 8.37 62.3 3.79 31.7 1.33 20.6 0.32, 0.32

S141 1104 7.77 54.6 5.02 64.2 3.62, 3.79

R142 123.7 8.73 67.7 4.07 30.3 1.29,1.57 26.9 0.76,0.99 429 2.46

N143 1148 8.16 53.0 4.70 39.9 2.70, 2.80

Q144 117.1 17.63 53.4 4.48 32.1 1.61,1.65 2.01, 2.22

Q145 8.71 54.56 4.01 28.4 1.94,2.03 33.6 2.24

1146 123.7 8.06 60.1 3.91 39.9 1.30 0.66, —0.03 12.5 0.26 Cy’'17.6 Hy"0.56

F147 125.9 8.62 54.1 4.95 40.3 2.68, 3.13 6.87 He7.16

L148 118.7 8.26 54.9 4.43 39.2 0.47,0.93 25.8 1.38 25.4 —0.08 Cs8'21.7 H#0.31

R149 123.2 8.36 53.4 4.67 34.0 1.73,1.91 26.9 1.76 43.7 3.28

D150 121.8 8.70 54.9 4.90 40.7 2.62, 2.88

1151 1204 9.41 62.7 3.90 1.88 28.8 1.06,1.73 14.0 0.77 Cy17.6 H»0.96

E152 124.3 8.92 55.4 4.61 31.7 2.12,2.17 36.6 2.36,2.51

Q163 123.2 8.81 4.41 29.1 2.03,2.13 34.0 2.37,2.43

Vis54 122.6 8.37 59.3 4.49 32.5 2.14 20.9 0.99, 0.99

P15656 63.1 4.48 32.1 2.34,1.94 276 2.08,2.03 50.8 3.91 H#’3.73

Q156 120.4 8.51 55.2 4.33 2.12, 2.02 2.43, 2.35

Q167 122.1 8.44 4.68 28.7 2.14, 2.00 2.43

P158 63.1 4.54 2.36,2.02 276 2.10 50.3 3.73 H4'3.83

T159 118.7 17.85 63.1 4.18, 4.28 4.28 1.23

*Experimental conditions: 90% *H,0/10% *H,0, or 99% ?H,0, 20 mM potassium phosphate, 150 mM NaCl, 5§ mM DTT-d,,, pH 6.3, 28°C.
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Fig. 3. Sequential and short-range NOE connectivities of Grb2 SH2 complexed with the EGFR-peptide. The consensus structural
elements of the SH2 secondary structure are shown at the top; the secondary structure as revealed in the present study is shown at the bottom.

129-137. There are also sequential NOE connectivity
patterns characteristic of A-strands at residues 60-63
(BA), 82-88 (5B), 94-98 (5C), 103-113 (8D, D), 117-
119 (BE), and 124-126 (BF). The secondary structure of
Grb2/Ash SH2 complexed with the EGFR-peptide from
NOE connectivity (at the bottom) was essentially the same
as that of the consensus structure shown at the top of Fig.
3. The secondary structure is also consistent with that of
the uncomplexed Grb2/Ash SH2 domain (8), showing that
only minor sturctural changes are induced by the binding of
the EGFR-peptide. The secondary structure of the Grb2/
Ash SH2 domain was further investigated through NOE
correlations between (-strands and the alignment of the
B-strands is summarized in Fig. 4. SA and SB form a
parallel g-sheet. Extensive NOE correlations were ob-
served between the 8B and SC and the #C and 8D strands,
which form a triple-stranded antiparallel §-sheet struc-
ture. SD’, SBE, and SF form a loosely attached triple
stranded antiparallel 8-sheet. Except for the absence of the
BG strand, the alignment of the secondary structure of
Grb2/Ash SH2 complexed with the EGFR-peptide is quite
similar to those of other SH2 domains (11).

Binding Experiments of EGFR-Peptide—In order to
correlate the NMR resonances in the free and complexed
forms of Grb2/Ash SH2, aliquots of EGFR-peptide solution
were successively added to Grb2/Ash SH2 solution at
molar ratios of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, and 2.0. Most
resonances shifted gradually, characteristic of a fast ex-
change process, showing that the binding affinity of the
EGFR-peptide to Grb2/Ash SH2 is not strong and k is

faster than the chemical shift time scale. Figure 5, (a) and
(b), shows chemical shift changes of the main chain amide
proton and nitrogen resonances between the free and
complex forms, respectively, in absolute values. Large
chemical shift changes of more than 0.25 ppm for the amide
protons and 1.0 ppm for the amide nitrogens were observed
for residues Phe 61, Ala 68, Ser 88, Glu 89, Gly 93, Phe 95,
His 107, Phe 108, Lys 109, Leu 120, Trp 121, Val 122, and
Val 123. These residues were mapped on the structure of
Grb2/Ash SH2 (Fig. 6). Large chemical shift changes were
induced for residues on a A, SA, B, gC, and 8D and the
BC and EF loops. However, the residues on the BG loop
showed no appreciable chemical shift changes. The three-
dimensional structures of SH2 complexed with cognate
phosphotyrosine-containing peptides have been deter-
mined by X-ray crystallography and NMR spectroscopy
(11). These studies revealed that phosphotyrosine-contain-
ing peptides bind to SH2 at two sites. The first binding site
is a conserved pocket lined by consensus basic residues that
accommodates the phosphotyrosine residue. The pocket is
comprised of residues on #C, 8D, « A, and the BC loop. The
second binding site is more variable in several SH2 do-
mains and recognizes specific amino acid residue(s) on the
C-terminal side of the phosphotyrosine residue. The C-
terminal peptide sequence is generally recognized by
residues on the BG and EF loops. They bite the C-terminal
peptide just like a jaw. The present chemical shift pertur-
bation study supports the phosphotyrosine residue being
located in the pocket lined by aA, 8C, 8D, and BC.
However, no appreciable chemical shift changes were

J. Biochem.
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Fig. 4. Alignment of the 2-strands in the Grb2 SH2-EGFR peptide complex. The NOE connectivities between strands and within the

loops are shown by arrows.

observed for the residues on the BG loop, suggesting that
Grb2/Ash SH2 recognizes the EGFR-peptide in a different
binding mode. Although we tried to determine the confor-
mation of the bound peptide using the filter experiments
(10), the NMR resonances of the EGFR-peptide are broad
in the complex, possibly reflecting an exchange process, so
we could not observe intermolecular NOE cross peaks
between Grb2/Ash SH2 and the EGFR-peptide.
Fluorescence Measurements of Grb2/Ash SH2 and Iis
Mutants—We made constructs of several alanine mutants,
S5141A, R142A, and N143A on the BG loop, and L120A on
BE4 of Grb2/Ash SH2, to investigate the contribution of
each residue to the binding of the EGFR-peptide. In Fig. 7,
we summarize the results of fluorescence measurements
with the fluorescence intensities plotted against the concen-
tration of the EGFR-peptide. Analysis of the fluorescence
titration curves gave dissociation constant of 2.9 uM for
wild type Grb2/Ash SH2. Other mutants gave dissociation
constants in the range of 3.2-3.6 4 M, similar to that of the
wild type. This result, together with the NMR studies of
EGFR-peptide binding, suggests that these residues are
not involved in EGFR-peptide binding. Recently, the struc-
tures of Grb2/Ash SH2 complexed with BCR-Abl- and
She-derived phosphotyrosine containing peptides were
determined by X-ray crystallography (9) and NMR spec-

Vol. 125, No. 6, 1999

troscopy (Ogura et al., unpublished results). These studies
revealed both peptides to bind to Grb2/Ash SH2 with a
turn conformation. Trp 121 blocks the binding of the pep-
tide to form an extended conformation and force the
peptide to take a turn conformation. The results of the
chemical shift perturbation studies of binding of either Shc
or the EGFR-peptide were quite similar, suggesting that
both peptides bind to Grb2/Ash in a similar manner. Thus,
our results support previous reports that Grb2/Ash SH2
prefers a turn conformation for the bound peptide, unlike
the Src family proteins and other SH2 domains. Consider-
ing that the downstream signaling from the growth factor
receptor is determined by the affinity between the cognate
SH2 domain and peptide pair, it is of general interest that
SH2 recognizes a specific conformation of the peptide.
Grb2/Ash is unique among the known SH2 domains in
being the only SH2 domain with a tryptophan residue at
EF1 and requiring Asn at pTyr+2 for the binding peptide.
Since EF1 is either threonine or glycine in Src or PLC-y1,
the residue at EF1 plays an important role in determining
both the conformation and specificity of the binding pep-
tide. Mutation of the threonine residue at position EF1 in
Src SH2 to a tryptophan residue has been reported to alter
the specificity of Src SH2 to Grb2/Ash-type (12). It is the
topography of the binding surface of SH2 that is respon-
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of the Grb2 SH2 domain induced by complex formation with the
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Fig. 6. Ribbon diagram of the Grb2 SH2 domain complexed
with the EGFR-peptide (residues 60-159) (Tsuchiya et al.,
unpublished results). Residues whose amide group signals show
sizable chemical shift changes upon peptide-binding are mapped on
the ribbon diagram.
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Fig. 7. The binding affinity of the EGFR-peptide to wild-type
and mutant Grb2 SH2. The fluorescence intensity at 360 nm was
measured following the addition of aliquots of the EGFR-peptide. The
excitation wavelength was 295 nm with a band width of 5 nm and
emission was observed with a band width of 10 nm. ®; wild type; /1,
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sible for determining the specificity of the peptides, and
thus determining downstream signaling.
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