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The solution structure and dynamics of G1TE, a non-
hosphorylated cyclic peptide inhibitor for the Grb2
H2 domain, was determined using two-dimensional
MR and simulated annealing methods. G1TE consists
f 10 amino acids and a C-terminal Cys cyclized
hrough its side-chain sulfur atom by a thioether link-
ge to its N terminus. The results indicate that G1TE
ssumes a circle-like shape in solution in which all the
ide chains are protruding outside, and none of the
esidues are involved in intramolecular hydrogen
onding. The average root-mean-square deviations
ere found to be 0.41 6 0.11 Å for the backbone heavy
toms C, Ca, and N, and 1.03 6 0.14 Å for all heavy
toms in a family of 10 structures. 15N relaxation mea-
urements indicate that G1TE has rather restricted
ynamics in the fast time scale within its backbone.
owever, residues Tyr3, Val6, and Gly7 may be in-
olved in a possible conformational exchange. The
tructural comparison between G1TE in solution and
he BCR-Abl phosphopeptide bound to Grb2 SH2 do-
ain revealed that G1TE may form a larger circle-like

inding surface than the BCR-Abl phosphopeptide in
he bound form. Also, the restricted backbone dynam-
cs of G1TE may result in a reduced loss of entropy and
an compensate for the absence of a phosphate group
t the Tyr3 position. These structural and dynamic
roperties of G1TE may provide a molecular basis for
nderstanding its interactions with the Grb2 SH2 do-
ain. © 1999 Academic Press
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The receptor protein tyrosine kinases, when binding
o their specific growth factors, dimerize and stimulate
heir protein kinase activity, which is responsible for
eciprocal transphosphorylation of intracellular do-
ains. The Src homology 2 (SH2)2 domain (;100

mino acids) of intracellular proteins can bind to these
yrosine phosphorylation sites with high affinity. The
inding specificity is determined by the residues im-
ediately surrounding the phosphorylated tyrosine

1–3). The SH2 domain of Grb2 binds phosphotyrosyl
eptides with the consensus sequence pYXNX within
everal proteins such as the SHC adapter protein (4, 5),
he erbB family growth factor receptors (4, 6–9), the
AK morphology-determining protein (10), and the
CR-abl cellular oncogenic protein (7). Binding of the
rb2 SH2 domain to the receptors relocates the Grb2
H3 domain binding proteins, such as Sos, close to the
lasma membrane. Sos, which possesses guanine nu-
leotide exchange activity, then converts the GDP-
ound inactive form of Ras to its GTP-bound active
orm (11–13). Activated Ras triggers the kinase cas-
ade that is essential for cell growth and differentia-
ion. A particularly important role for Grb2 in human

2 Abbreviations used: SH2, Src homology 2; TFA, trifluoroacetic
cid; TPPI, time-proportional phase incrementation; TOCSY, total
orrelation spectroscopy; DQF-COSY, double-quantum-filtered cor-

elation spectroscopy; NOE, nuclear Overhauser effect; NOESY, nu-
lear Overhauser effect spectroscopy.
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310 LOU ET AL.
ancer has been proposed for the cells transformed by
igh levels of erbB2 (HER-2 or neu) expression (14, 15).
ecent studies have indicated that Grb2 function is

equired for cell transformation by the neu and bcr-abl
ncogenes (16, 17). Thus, the design for specific inhib-
tors of the Grb2 SH2 domain holds the promise for
argeted treatment of breast cancer and other human
ancers.

The structure of Grb2 was shown to comprise three
istinct domains, with two SH3 domains separated
rom the SH2 domain by an interlaced junction (18).
he crystal structure of the Grb2 SH2 domain in
omplex with a high-affinity phosphotyrosyl peptide
igand corresponding to the sequence 174 –180 of
CR-Abl (KPFpYVNV) has been determined re-
ently (19), and an NMR-based solution structure of
n SHC-derived 12-mer phosphopeptide complexed
ith the same protein was also reported (20). The
eneral folding pattern of the SH2 domain is the
ame as reported for the full-length Grb2 structure
nd for the SH2 domains of other proteins. However,
ubstantial differences appear in the conformation of
he loops forming the binding site of the target pep-
ide. Specifically, the Trp-121 residue of the EF loop
lays a major role in determining the specificity of
rb2-SH2 (19). Recent studies have shown that the
hophotyrosyl peptide forms a b-turn-type structure
n contrast to all previously reported SH2 binding
eptides (19, 20). Subsequently, various inhibitors of
he Grb2 SH2 domain were designed based on this
tructure (21, 22).
Until now, most of the inhibitors designed for the
rb2 SH2 domain have focused on phosphotyrosine-

ontaining peptides and peptidomimetics. However,
here are major problems associated with studying
uch agents in biological media, including their suscep-
ibility to phosphatases and poor cellular uptake. Re-
ently, a series of nonphosphorylated cyclic peptide
igands were discovered for the Grb2 SH2 domain us-
ng a phage display library (23). However, these pep-
ides require an internal disulfide bond to maintain the
ctive binding conformation. Subsequently, a redox-
table thioether cyclized peptide analog was developed
hat showed equipotent Grb2 SH2 domain binding
roperties (23–25). Since these cyclic peptides do not
ave phosphotyrosine, they define a new type of SH2
omain binding motif that may advance the design of
rb2 inhibitors. In this paper we report the synthesis
nd the solution structure of this thioether cyclized
onphosphorylated peptide, G1TE (Fig. 1A), using two-
imensional lH NMR techniques. We have also synthe-
ized 15N-labeled G1TE to investigate its backbone dy-
amics using two-dimensional heteronuclear NMR
echniques. This structural and dynamics information

f G1TE may provide a molecular basis for understand-

t
c

ng the role of G1TE in its interaction with the Grb2
H2 domain.

ATERIALS AND METHODS

Sample preparations. The targeted peptide was synthesized us-
ng Fmoc-based solid-phase synthesis with PAL resin (25). The

IG. 1. (A) Chemical structure of G1TE. (B) 600-MHz TOCSY
pectrum, recorded at 75-ms mixing time of G1TE at 10°C, showing
he NH(F2)-aliphatic(F1) region. (C) NH-CaH region of the 600-MHz
OESY spectrum recorded at 250-ms mixing time for G1TE at 10°C.
eaks are labeled at the positions of the NH-CaH cross-peaks.
hioether linkage was carried out by first preparing the N-terminally
hloroacetylated derivative of the open chain 10-mer precursor hav-
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311STRUCTURE OF A NONPHOSPHORYLATED CYCLIC PEPTIDE INHIBITOR
ng a cysteine located at the C-terminal position, followed by in-
ramolecular displacement of the chloride by the cysteine thiol (26).
emoval of the N-terminal Fmoc protecting group was accomplished
y gentle stirring with 20% piperidine in dimethylformamide for 20
in at room temperature. The crude peptide was purified by HPLC
sing a Vydac Cl8 reversed-phase column with two solvent systems of
.1% TFA/H2O and 0.1% T9FA/acetonitrile. 15N-Labeled G1TE was
ynthesized using the same procedures with 15N-labeled amino acids
t the Leu2, Tyr3, Val6, Gly7, and Tyr9 positions. These peptides
ere identified by electrospray mass spectroscopy.
NMR spectroscopy. NMR spectra of G1TE were recorded at 600
Hz (Bruker AVANCE-600). The NMR sample was prepared by

issolving 4 mg (3.2 mM) of peptide in 500 mL of 10 mM NaN3, 0.1
M EDTA, 50 mM K3PO4, 100 mM NaCl buffer containing H2O/D2O

9:1) at pH 3.5. TOCSY with a mixing time of 75 ms and NOESY with
ixing times of 70, 150, 250, and 400 ms were carried out with

resaturation of water during a relaxation delay of 1.4 s. Data were
ollected with 256 t 1 increments and 2048 complex data points by a
ime-proportional phase incrementation (TPPI) method with a sweep
idth of 6000 Hz. DQF-COSY spectra were collected with 512 t 1

ncrements and 2048 complex data points. The NMR spectra were
rocessed on a SGI Indigo2 workstation using XWIN-NMR software
Bruker) with the final matrix of 2K 3 1K real data points. A squared
ine bell filter shifted by 45° was performed in both dimensions prior
o Fourier transformation.

15N relaxation measurements. 15N T 1, T 2 and 1H–15N NOE exper-
ments were performed as described (27, 28). The relaxation delays
n the T 1 experiments were 0.03, 0.08, 0.15, 0.30, 0.50, 0.75, 1.00,
.00, 3.00, and 5.00 s, whereas those in the T 2 experiments were
.004, 0.032, 0.086, 0.151, 0.215, 0.323, 0.539, 0.863, 1.294, and 1.617
. A recycle delay of 4 s was used for measurements of 1H–15N NOE
nd a 3-s proton presaturation period was employed for NOE
pectra.
The temperature dependence of the amide proton chemical shifts
ere measured by one-dimensional NMR experiments at 5 to 45°C
ith a gradual increase of 5°C using a variable temperature probe.
he coupling constants (3JHNa) were measured from DQF-COSY
pectra by using the method of Kim and Prestegard (29). Interproton
istances were computed from NOESY spectra by the distance ex-
rapolation method (30). The side chains of Glu1 and Tyr9 were
tereospecifically assigned using a short-mixing-time (15-ms)
OCSY (31). All other side chains of the amino acids in the peptide
ould not be assigned stereospecifically either due to overlapping of

3

TAB
1H and 15N Chemical Shifts and Temperatu

of the G1TE Peptide at 10°C

Residue
Dd/DT
(ppb/K) NH 15N

Glu1 4.9 8.45
Leu2 3.7 8.19 120.6
Tyr3 6.0 7.83 119.2
Glu4 5.2 8.30
Asn5 5.8 8.19
Val6 6.8 7.79 117.4
Gly7 4.8 8.24 111.2
Met8 5.4 7.86
Trp9 4.2 8.21 120.8
Cys10 5.3 8.31
b cross-peaks or average Jab coupling constants. Therefore, they
ere considered as pseudo-atoms during the calculation. a
Structure calculation. The structure calculations were carried
ut with the program X-PLOR 3.851 (Brünger, 1992) on a SGI
ndigo2 workstation. Basically, the starting structure was generated
sing the program Insight II, and then it was cyclized using NOE
nd thioether constraints by running the ab inito simulated anneal-
ng protocol, “sa.inp” in X-PLOR 3.851. All force constants, molecular
arameters, etc., were set to their default values as in the original
a.inp protocols, with the exception of the time step, which was
ecreased to 0.001 ps throughout the calculations. Simulated anneal-
ng was performed using 6000 steps at 1000 K and 4000 steps by
radually cooling the temperature to 100 K. The structures gener-
ted by the SA procedure were refined using SA refinement, “refi-
e.inp.” The temperature in refine.inp was set to 1000 K and it was
radually cooled to 100 K in 15000 steps. Finally, these structures
ere energy-minimized using 300 steps of Powell energy minimiza-

ion.
The final 50 structures contained distance constraint violations

ot greater than 0.3 Å and dihedral angle constraint violations not
reater than 3°. From these a family of 10 were chosen based on their
otal energy. An average structure was calculated by averaging the
0 structures, and this average structure was finally refined using
he refine.inp protocol as mentioned above.

ESULTS

Resonance assignments and analysis of NMR data.
he assignment of all the proton resonances of G1TE
as performed using standard NMR procedure (32).
ssignments of all proton chemical shifts were accom-
lished using TOCSY and NOESY spectra, and their
hemical shifts are summarized in Table I. The spin
ystems of Leu2, Val6, and Gly7 were easily identified
y their characteristic spin coupling patterns (Fig. 1B).
he Tyr3 resonance could be distinguished from that of
yr9 by its NH–CaH as well as NH–NH connectivity
ith Leu2 from the NOESY spectrum (Fig. 1C). Simi-

arly, all other residues could be easily assigned from
he NOESY spectrum. The interresidual NOEs were
ll sequential. The absence of long-range NOE between
ll the protons indicates that the backbone of the cyclic
eptide probably forms a circle or loop shape in which

I

Dependence of Amide Proton Resonances
pH 6.5 in 90%H2O/10%D2O

Chemical shift (ppm)

Ha Hb Hg Others

4.03 1.65/1.77 2.04 Cd0.54/0.60
4.01 1.11/1.24
4.34 2.88/2.73
3.88 1.75/1.81 1.95
4.40 2.61/2.67
3.96 1.96 0.71

.61/3.81
4.24 1.65/1.68 2.13
4.35 2.71/2.78
4.25 2.69/2.76
LE

re
and

3

ll the side chains are protruding outside.
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312 LOU ET AL.
Temperature dependence. The chemical environ-
ent of amide protons of G1TE was obtained from the

emperature dependence of their chemical shifts. The
esonance of a hydrogen-bonded amide proton exhibits
maller downfield chemical shift with increase in tem-
erature compared with one that is exposed to the
olvent (33). Normally, an external NH orientation is
ndicated by an NH signal moving downfield $ 4.0
pb/K with increase in temperature (temperature gra-
ient $ 4.0 ppb/K), whereas intramolecular hydrogen
onding is indicated when this value is smaller than
.0 ppb/K (34). The fact that all the temperature coef-
cients of G1TE are higher than 2.0 ppb/K (Table I)
learly indicates that no residue is involved in a signif-
cant intramolecular hydrogen bonding. This further
upports our hypothesis, as mentioned above, that the
ackbone of the cyclic peptide may form a circular
hape.
NMR constraints. NOESY spectra were recorded at

0°C and the NOE intensities of the cross-peaks in each
pectrum were calibrated using the isolated-spin-pair ap-
roximation, rij 5 rref(aref/aij)

1/6, where rij is the interpro-
on distance to be estimated and aij is the corresponding
D NOE cross-peak intensity; rref and aref are a known
nterproton distance and its cross-peak intensity. The
verage of volume integrals of the geminal interactions
etween Gly7 Ha1/ Ha2 and Tyr3 Hb1/Hb2 were used as
eference, and an interproton distance of 1.8 Å was as-
umed for both. Distance buildup rate was obtained by
east-squares fitting of the four measured points (Fig. 2).
xtrapolation of the straight line to the ordinate yielded

he distance between the respective points. All NOE
ross-peaks were used to obtain their interproton dis-

IG. 2. Time dependence of some NOEs in G1TE measured from
he NOESY spectra at four mixing times. The extrapolation of the
east-squares fitted lines to zero mixing time yields interproton dis-
ances.
ances from the distance extrapolation method. The up-
er and lower bounds of distances for structure calcula-
ion were generated by adding 60.3 Å to the measured
istances lower than 3 Å and by adding 60.5 Å to the
emaining constraints. The resulting upper bounds of
istances daN(i, i), and daN(i, i 1 1) were lower than 3.2 Å
Table II).

Solution structure of G1TE. The NOE-derived 59
istance constraints and 12 dihedral angle constraints
ere used for structure calculation by applying the

imulated annealing protocol and refine.inp described
nder Materials and Methods section. After calcula-
ion, a family of 10 structures that satisfied the NMR-
erived constraints were selected. All of the structures
ave NOE energies lower than 20 kcal/mol. The struc-
ural statistics for the 10 structures are listed in Table
II. The resultant structures were superimposed to
ood convergence (Fig. 3). The average rms deviations
alculated versus the mean structure were found to be
.41 6 0.11 Å for the backbone heavy atoms C, Ca, and

and 1.03 6 0.14 Å for all heavy atoms.
Backbone dynamics of G1TE. The 15N chemical

hifts for Leu2, Tyr3, Val6, Gly7, and Tyr9 are listed in
able I and their backbone 15N R 1 (1/T 1), R 2 (1/T 2),
nd 15N–1H NOE values are summarized in Table IV.
t should be noted that G1TE has a rather restricted

TABLE II

Interproton Distances, daN(i, i) and daN(i, i 1 1),
Measured from NOEs Using the Distance

Extrapolation Method

Proton pair
Distance

(Å) Proton pair
Distance

(Å)

1NH–E1Ha 2.7 V6NH–V6Ha 3.2
3NH–L2Ha 2.6 G7NH–V6Ha 2.5
3NH–Y3Ha 3.0 G7NH–G7Ha 2.5
4NH–E4Ha 2.5 M8NH–G7Ha 2.5
5NH–E4Ha 2.4 M8NH–M8Ha 2.9
5NH–N5Ha 2.4 Y9NH–M8Ha 2.6
6NH–N5Ha 2.9 Y9NH–Y9Ha 2.7

TABLE III

Structural Statistics for the Family of 10 G1TE Structures

Total no. of restraints
Interresidual 46
Intraresidual 72
Dihedral angle 12

Atomic rmsd
Backbone atoms 0.41 6 0.11
All heavy atoms 1.03 6 0.14

Deviations from idealized geometry
Bonds (Å) 0.003 6 0.001
Angles (deg) 0.307 6 0.006

Impropers (deg) 0.165 6 0.013
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313STRUCTURE OF A NONPHOSPHORYLATED CYCLIC PEPTIDE INHIBITOR
ackbone dynamics on the fast time scale as indicated
rom the similar R 1 and positive 15N–1H NOE values
27, 28, 35). However, R 2 values for residues Tyr3,
al6, and Gly7 are quite large, indicating a possible

onformational exchange in this region (36, 37).

ISCUSSION

The crystal structure of the Grb2 SH2 domain in
omplex with the BCR-Abl peptide reveals that this
hosphotyrosyl peptide forms a b-turn-type structure
ue to the Trp121 residue at the EF loop of the Grb2
H2 domain (19). Based on this structure, various in-
ibitors of the Grb2 SH2 domain were designed (21,
2). However, in all the cases the “phosphotyrosyl
harmacophore” is very important for binding with the
rb2 SH2 domain and removal of the phosphate group
f these peptidomimetics resulted in their loss of bind-
ng ability (38).

Recently, it was found that nonphosphorylated cyclic
eptide ligands, such as G1TE, can bind with the Grb2
H2 domain (23). The alanine mutation studies indi-
ated that all amino acids, except Gly7, are essential
or activity of G1TE (23). However, there is no suffi-
ient structural information available to explain the
ature of binding of G1TE with the Grb2 SH2 domain.
n this paper we determined the solution structure and
ynamics of G1TE. The backbone of G1TE forms a
ircular shape in which all the side chains are protrud-
ng outside, and no residue is involved in the intramo-
ecular hydrogen bonding. The strong binding of G1TE
o the Grb2 SH2 domain, even in the absence of favored
lectrostatic interactions of the Tyr3 phosphate group,
ay arise from its correctly positioned circular or loop

onformation, which provides it more binding surface
ompared with the BCR-Abl peptide (Fig. 3). By com-
aring various analogs of G1TE, it was found that the
inding affinity to Grb2 SH2 protein was very much
ependent on the ring size of the cyclic peptides (25).
hus G1TE may form a properly folded turn structure
hat is stabilized by virtue of its cyclized nature,
1
IG. 3. Stereoview of the final 10 structures of G1TE superimposed
ver the backbone heavy atoms (N, Ca, and C).
hereby resulting in a lower loss of entropy compared
ith the linear peptides. Indeed, we have found that

he backbone dynamics of G1TE is rather restricted
ased on our 15N relaxation studies. Further structural
nd dynamic studies on the G1TE/Grb2 SH2 domain
omplex are needed to clarify these possibilities.
In conclusion we have determined the solution struc-

ure and dynamics of the cyclic peptide G1TE using
wo-dimensional NMR which provides a molecular ba-
is for the design of nonphosphorylated peptidomi-
etic inhibitors for the Grb2 SH2 domain.
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