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Growth factor receptor-bound protein 2 (Grb2) is an
adaptor protein that plays a critical role in cellular signal
transduction. It contains a central Src homology 2 (SH2)
domain flanked by two Src homology 3 (SH3) domains.
Binding of Grb2 SH2 to the cytoplasmic region of CD28,
phosphorylated Tyr (pY) containing the peptide motif
pY-X-N-X, is required for costimulatory signaling in T
cells. In this study, we purified the dimer and monomer
forms of Grb2 SH2, respectively, and analyzed their struc-
tural and functional properties. Size exclusion chroma-
tography analysis showed that both dimer and monomer
exist as stable states. Thermal stability analysis using
circular dichroism showed that the dimer mostly disso-
ciates into the monomer around 50°C. CD28 binding
experiments showed that the affinity of the dimer to the
phosphopeptide was about three fold higher than that
of the monomer, possibly due to the avidity effect. The
present crystal structure analysis of Grb2 SH2 showed
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two forms; one is monomer at 1.15 A resolution, which is
currently the highest resolution analysis, and another is
dimer at 2.00 A resolution. In the dimer structure, the
C-terminal region, comprising residues 123-152, was
extended towards the adjacent molecule, in which Trp121
was the hinge residue. The stable dimer purified using
size exclusion chromatography would be due to the
C-terminal helix “swapping”. In cases where a mutation
caused Trp121 to be replaced by Ser in Grb2 SH2, this
protein still formed dimers, but lost the ability to bind
CD28.

Key words: binding kinetics, crystal structure,
swapped dimer, thermal stability

Growth factor receptor-bound protein 2 (Grb2) is an adap-
tor protein consisting of an Src homology 2 (SH2) domain
flanked by two Src homology 3 (SH3) domains, that contrib-
utes to signal transduction of the Ras/mitogen-activated pro-
tein kinase pathway [1]. Grb2 exhibits a monomer-dimer
equilibrium, which could determine normal versus onco-

« Significance »

We purified the stable form of Grb2 SH2 dimer and monomer, and analyzed their structural and functional properties. The dimer mostly dissociated
into the monomer around 50°C. The CD28 binding affinity of dimer was about three fold higher than that of monomer. The stable dimer would be
swapped dimer, in which the C-terminal region is extended towards the adjacent molecule. Because Trp121 was considered to be the key residue
for dimer formation, W121S mutant was generated and its structural and functional properties were analyzed. The mutant still formed dimers, but

lost the ability to bind CD28.
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genic function [2—4]. The SH2 domain of Grb2 (Grb2 SH2)
specifically binds to the consensus sequence pY-X-N-X
(where X is any amino acid) present in phosphorylated Tyr
(pY) containing proteins [5]. The selective inhibition of
Grb2 SH2 binding to phosphorylated proteins is expected to
disrupt protein-tyrosine kinase signaling, and this inhibition
might prevent the occurrence of hyperproliferative diseases.

Signaling via CD28 receptors is required for complete
activation of T cells and differentiation into effector T cells,
in addition to signals via T cell receptors [6,7]. When CD28
binds to its ligands such as CD80 (B7-1) and CD86 (B7-2),
protein tyrosine kinases are recruited to the CD28 cytoplas-
mic tail, which consists of 41 amino acid residues including
four Tyr residues, and they phosphorylate the tail. The
YMNM motif of CD28 cytoplasmic tail plays an important
role in the co-stimulatory signaling pathway, and its Tyr
residue is critical for phosphorylation [8]. We previously
reported the crystal structure of Grb2 SH2 in complex with
the CD28 phosphopeptide, SDpYMNMTP, at 1.35 A resolu-
tion, and showed that the recognition mechanism of Grb2
SH2 is different from those of SH2 domains in the p85 sub-
unit of phosphoinositide 3-kinase (PI3K), N-terminal (nSH2)
and C-terminal (¢cSH2) SH2 domains [9,10]. The 3D struc-
tures of Grb2 SH2 in either peptide-unbound or -bound
states have been reported previously [11-24]. There are also
reports showing that Grb2 SH2 forms a swapped dimer
using the protein with GST-tag or His-tag [25,26].

In this study, we purified the stable form of the dimer from
Grb2 SH2 without additional tag under physiological condi-
tions, and analyzed its structural and functional properties
using size-exclusion chromatography (SEC), circular dichro-
ism (CD), and surface plasmon resonance (SPR). We obtained
the crystal of the Grb2 SH2 dimer in the peptide-unbound
state, in addition to that of monomer, and determined their
structures at high resolution. It was observed that a dimer
formed through C-terminal helix “swapping”. Because
Trp121 was considered to be the key residue for dimer for-
mation based on the structural information, the mutant W121S
was generated, and its structural and functional properties
were also analyzed. The CD28 binding abilities of Grb2 SH2
dimer and its W121S mutant were first evaluated in this
study, and compared with that of Grb2 SH2 monomer
reported previously [9]. We discussed the role of dimer for-
mation in signal transduction by comparing our results to
those obtained with other SH2 domains from Grb2-related
adaptor downstream of Shc (Gads) and PI3K [10].

Materials and Methods

Materials

Grb2 SH2 and its mutant, W121S, were overexpressed
in Escherichia coli and purified, as described previously
[9]. Briefly, the SH2 domain of human Grb2 (residues
60-152) was expressed in Escherichia coli BL21 (DE3)
cells as a glutathione S-transferase (GST)-fusion protein.
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The expressed SH2 was firstly purified using a glutathione
column (glutathione-Sepharose 4B fast flow, GE Healthcare).
To isolate SH2 from GST, the thrombin protease was used,
followed by application onto a benzamidine-Sepharose
column (HiTrap benzamidine fast flow, GE Healthcare) to
remove thrombin. The SH2 monomer and dimer were puri-
fied using a gel filtration column (HiPrep Sephacryl S-100
column, GE Healthcare). A DNA fragment encompassing
WI121S was generated by site-directed mutagenesis using
Grb2 SH2 as the template. The protein concentrations
were determined from UV absorbance at 280 nm and were
calculated by using the molar absorption coefficients of
1.43x10*°M " cm™" and 8.48x10° M ™" cm™ for Grb2 SH2 and
WI1218S, respectively. CD28 derived phosphopeptides were
chemically synthesized, as described previously [10].

SEC analysis

Gel-filtration HPLC was performed on a Cosmosil 5Diol-
300-II column (7.5 mmx30cm, Nacalai Tesque, Japan).
HPLC was performed with PBS (pH 7.4) at the flow rate of
1.0mL min™" at room temperature. The loading volume was
50 pL, and the eluate was monitored at 280 nm.

CD measurements

Far-UV CD spectra were measured on a Jasco J-725 or
J-820 spectropolarimeter at 20°C equipped with Peltier-type
temperature control system. The spectra were obtained for
the protein concentration, 0.04 mgmL~', in PBS (pH 7.4)
using quartz cell with 1.0 cm path-length. CD spectra were
obtained using scanning speed of 20nmmin’', a time
response of 1 sec, a bandwidth of 1 nm, and an average over
4 scans.

The melting curves were recorded in temperature scan-
ning mode at 222 nm, from 20°C to 80°C with a heating rate
of 1.0°C min™'. The analysis of the transition curve to deter-
mine 7 was performed on the basis of a two-state transition
model assuming that the heat capacity change is zero.

SPR measurements

A Biacore T200 (GE Healthcare) was used to measure
interaction between SH2 proteins and CD28. Biotinylated
CD28 peptide, 41-residue phosphopeptide corresponding to
cytoplasmic region of CD28, biotin-RSKRSRLLHSDpYM
NMTPRRPGPTRKHYQPYAPPRDFAAYRS, was immobi-
lized to Biacore sensor chip SA surfaces with streptavidin
pre-immobilized to dextran, as described previously [27].
To measure interactions, Grb2 SH2 and its mutant, W121S,
were injected over the immobilized CD28 at 20 pL min™" for
180 sec at 25°C, as described previously [27]. Kinetic data
were analyzed using the BIAevaluation program 3.3, which
was supplied with the BIAcore system. In this program,
a global fitting method was used for determination of the
kinetic rate constants, &, and k. The K, values were also
determined by Scatchard analysis using the steady-state
response unit, RU_ [28].
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Crystallization, data collection, model building and
refinement

All crystallization experiments were performed using
monomer fraction of the purified Grb2 SH2. Crystallization
conditions were screened by the sparse matrix method using
commercially available screening kits (Hampton Research)
with the hanging-drop vapor-diffusion method at 20°C.
Prior to data collection, all the crystals were soaked in cryo-
protectant solutions containing 20% (v/v) glycerol along
with their respective reservoir buffers and flash-frozen using
nitrogen gas stream at —183°C.

X-ray diffraction experiments were performed at the
beamline BL-5A at KEK-PF. All data was processed and
scaled using XDS [29] and truncated by the CCP4 software
suite [30]. The initial phases were determined by the molec-
ular replacement method using the program PHASER [31],
and the structures of the Grb2 SH2 domain complexed
with CD28 derived peptide (3WA4) was used as the search
models. Several cycles of manual model rebuilding by using
Coot [32] and refinement by using PHENIX [33] and
REFMAC [34] were performed. The refined models were
validated by MOLPROBITY [35]. The statistics for data
collection and refinement are summarized in Table 1. The
figures were prepared using the PyMOL software (http://
www.pymol.org/).

Table 1 Data collection and refinement statistics.
Values in parentheses are for the highest resolution shell

Data collection monomer dimer
Wavelength, A 1.0000 1.0000
Space group P4.2,2 1422
Unit-cell parameters, A

a/c (A) 79.6/69.6 80.4/73.6
Resolution, A 50-1.15 (1.22-1.15) 50-2.00 (2.12-2.00)
No. of observations 1,072,294 118,431
No. of unique reflections 77,235 8,418
Completeness, % 97.2 (88.9) 99.9 (99.8)
Average I/o(1) 279 (2.7) 30.4 (4.0)
Redundancy 13.8 (11.8) 14.1 (14.2)
R, %0 5.9(93.5) 5.8 (84.5)
CC,,, % 100 (78.7) 100 (92.3)
Refinement
R, % 144 21.9
Rioer %0 16.9 242
Number of mo!ecule in 5 |
asymmetric unit
Average B factor, A? 16.2 45.0
r.m.s. deviation from ideal

Bonds, A 0.013 0.004

Angles, ° 1.4 0.7
Ramachandran plot

Favored region (%) 97.85 98.9

Allowed region (%) 2.15 1.1

Outlier region (%) 0 0

Results

SEC analyses of Grb2 SH2 showed three elution peaks,
corresponding to the monomer, the dimer, and the oligomer,
respectively. The eluted fractions of monomer and dimer
including oligomer were collected, and SEC was performed
again. The results showed that the respective fractions were
eluted as the same peak, respectively (Fig. 1A). These results
indicate that Grb2 SH2 dimer and monomer exist as stable
states and support the notion that Grb2 SH2 can form the
stable “swapped” dimer [25,26].

Figure 2A shows the far-UV CD spectra of the Grb2 SH2
dimer and monomer purified using SEC. Figure 2B shows
the thermal transition curves of the dimer and the monomer
analyzed using CD. The transition temperature, 7, of the
monomer was determined to be 58.5°C. The transition curve
of the dimer showed unique profile with two transitions; the
first occurred between 40°C and 45°C, T, | =43.0°C, and the
second between 55°C and 65°C, T, ,=58.4°C, similar to
that of monomer. After heating up to 80°C, both the mono-
mer and the dimer aggregated, and the thermal transitions
were irreversible. The CD spectrum of the monomer, after
heating up to 50°C, was similar to that of the original mono-
mer, while that of dimer was different from that of the
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Figure 1 SEC analysis of Grb2 SH2 monomer and dimer. (A) Elu-
tion profiles of the monomer (solid line) and the dimer (broken line).
(B) Elution profiles of the monomer (solid line) and the dimer (broken
line) after heating up to 50°C. The eluates corresponding to monomer,
dimer, and oligomer are observed at total volumes of 10.1, 9.4, and
8.7 mL, respectively.
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Figure 2 CD analysis of Grb2 SH2 monomer and dimer. (A)
Far-UV CD spectra of the monomer (solid line) and the dimer (broken
line) at 20°C. (B) Thermal transition curves of the monomer (black
line) and the dimer (gray line). (C) Far-UV CD spectra of the monomer
(solid line) and the dimer (broken line) at 20°C after heating up to
50°C.

original dimer and similar to that of monomer (Fig. 2C). In
addition, when the original dimer was heated up to 50°C, it
was eluted at the retention time corresponding to the mono-
mer, except for a minor peak corresponding to an oligomer
(Fig. 1B). These results suggest that the dimer mostly disso-
ciates into the monomer around 50°C, which is when the
first thermal transition observed in our CD experiments (Fig.
2B).

The CD28 binding properties of dimer and monomer were
analyzed using SPR biosensor. Figures 3A and 3B show sen-
sorgrams for binding of the Grb2 SH2 monomer and dimer,
and the binding kinetics are summarized in Table 2. The
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Figure 3 SPR analysis of Grb2 SH2 monomer and dimer. (A) Typ-
ical sensorgrams for binding of the monomer (400, 800, 1600, 3200,
and 6400 nM) to immobilized CD28. (B) Typical sensorgrams for bind-
ing of the dimer (400, 800, 1600, 3200, and 6400 nM) to immobilized
CD28. (C) Scatchard plots for binding of the monomer (closed circle)
and the dimer (open circle).

binding kinetics, association rate (k,,) and dissociation rate
(k,;) constants, were determined using the model of 1:1
Langmuir binding. In the analyzed protein concentrations,
400, 800, 1600, 3200, and 6400 nM, this simple model could
be applied; this was supported by the linear fitting in the
Scatchard plots (Fig. 3C). The K, values determined from
binding kinetics were similar to those determined from bind-
ing equilibrium using Scatchard analysis (Table 2), showing
that the binding affinity of the dimer increases about three
fold compared to that of the monomer. The increased bind-
ing affinity of the dimer was mainly due to the decreased
dissociation rate (Table 2).

Crystals of the monomeric Grb2 SH2 in the absence of the
CD28-derived phosphopeptide were obtained in the screen-
ing buffer, 0.1 M sodium chloride, 0.1 M HEPES (pH 7.5),
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Table 2 Binding kinetics parameters for Grb2 SH2 binding to
CD28 phosphopeptide at 25°C

ko M) Kor (57 K, it M D) Ka,Scab M)
monomer 5.77x10* 0.493 1.17x10° 1.16x10°
dimer 4.02x10* 0.129 3.11x10° 3.86x10°

2K .. was calculated from the two kinetic rate constants.

a,kin
* K ., Was calculated from a Scatchard analysis.

a,Sca

1.6 M ammonium sulfate in a concentration of 0.89 mM.
The structure was determined at 1.15 A resolution (Table 1),
which is the highest resolution analysis among over 30
structures of the peptide bound/unbound Grb2 SH2 currently
reported. The asymmetric unit contains two molecules of
Grb2 SH2, and the overall structure of each monomer (Fig.
4A) is similar to that of the CD28-bound form, reported
previously [9]. Remarkable structural change is observed
at the loop region containing Argl42 and the interaction
between Trpl21 and Argl42 is altered. In the CD28-
unbound form of present study, the indole ring of Trp121 is
flipped and interacts more tightly with Argl142 by a cation-nt
interaction (Fig. 4A). This conformational change of the
rotamer of Trp121 is due to the tight crystal contact around
the loop region around Arg142.

(A)

Crystals of the peptide-unbound and domain-swapped
dimer form of Grb2 SH2 were unexpectedly obtained from
the monomer fraction of the purified protein in the presence
of 1.5mM of a CD28-derived 8-residue phosphopeptide,
SDpYMNMTP. The protein concentration was 0.89 mM and
the reservoir solution contains 0.1 M MES monohydrate
(pH 6.5), 12% (wW/v) polyethylene glycol 20,000. The struc-
ture was determined at 2.00 A resolution (Fig. 4B), and the
obtained electron density and refined structure clearly con-
firmed that Grb2 SH2 bound no CD28 peptide, despite the
presence of CD28 peptide in the crystallization condition,
and formed domain swapped dimer as same as previously
reported uncomplexed swapped dimers of Grb2 SH2 [17,26].
The unit cell parameters of our structure are almost the same
as previously reported two structures [17,26], so that the
asymmetric unit contained one molecule of Grb2 SH2 with
the root-mean-square-distance (rmsd) of 0.54 and 0.43 A,
respectively. Trp121 was the hinge residue of this extended,
domain swapped form compared to the monomeric globular
structure. The peptide plane flipping at this residue (Fig. 4C)
seemed to cause the large conformational change for the
C-terminal extended form (discussed later).

Comparison of the crystal structure of the Grb2 SH2
dimer with that of the monomer showed that the dihedral

Figure 4 Overall structures of Grb2 SH2 monomer and dimer. (A) Left: Two monomers in the asymmetric unit (green and cyan) are superim-
posed on the structure of the complex with CD28 (orange, 3WA4). The root-mean-square-distance (rmsd) are 0.47 (between the monomer shown
as green and 3WA4) and 0.54 (between the monomer shown as cyan and 3WA4) A, respectively. Right: Close-up view of the interaction mode
between W121 and R142. (B) Overall structures of the domain swapped dimer (yellow and magenta) superposed on that of one of the monomer
(green, same molecule in panel A). (C) Close-up view around the hinge residue W121 (black square in (B)), whose peptide plane flips compared
between that of monomer (green) and the domain swapped dimer (yellow), as highlighted by the black allows indicating the oxygen atoms of the

main chain carbonyls.
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Figure 5 SEC, CD, and SPR analysis of Grb2 SH2 mutant, W1218. (A) Elution profiles of the monomer (solid line) and the dimer (broken line).
(B) Far-UV CD spectra of the monomer (solid line) and the dimer (broken line). (C) Typical sensorgrams for binding of the monomer (800, 1600,
3200, and 6400 nM) to immobilized CD28. (D) Typical sensorgrams for binding of the dimer (800, 1600, 3200, and 6400 nM) to immobilized CD28.

angles in the main-chain of Trp121 were largely different;
(¢, w) angles of the dimer and monomer are (—153°, 147°)
and (—133°, —82°), respectively. To analyze the role of Trp121
for dimer formation, the mutant W121S was overexpressed
and purified, and its structural and functional properties were
analyzed. Both SEC and CD analyses showed that W121S
forms a stable dimer, like the wild-type (Figs. SA and 5B).
The SPR experiments showed that W121S loses the ability
to bind to CD28 (Figs. 5C and 5D).

Discussion

The present crystal structure analysis at high resolution
clearly showed that the overall structure of Grb2 SH2 mono-
mer in the CD28-unbound state is similar to that in the
CD28-bound state [9]. When comparing the monomer to the
dimer, the main difference is the dihedral angle of Trp121, as
described above, but overall the structures are similar. The
binding site for phosphopeptide in the Grb2 SH2 dimer is
exposed to solvent, possibly keeping the binding ability of
each site, comparing to that of the monomer.

The dihedral angle in the main-chain of Trp121 closely
correlated with two different forms of Grb2 SH2, that is the
monomeric and dimeric form. In the monomer structure, the
(¢, y) angles (—133°, —82°) are energetically disadvanta-
geous because they are located at the edge of the allowed
region in the Ramachandran plot [36]. In contrast, the angles
(—153°, 147°) of the dimer are energetically preferred as they

are in the favored region of Ramachandran plot. Interac-
tions between Trpl121 and Argl42 (CD28-unbound form)
or between Trpl121 and CD28 peptide (CD28-bound form)
might compensate the energetically disadvantageous confor-
mation of Trp121 in the monomeric state. The corresponding
residues of Trp121 in Gads SH2, PI3K nSH2 and cSH2 are
Trp118, Ser393, and Ala682, respectively (Fig. 6). Trp118 of
Gads also shows energetically disadvantageous dihedral
angles, but a similar compensation mechanism should exist
because the Arg142 in Grb2 is conserved as Arg139 in Gads,
and Gads binds CD28 in almost the same manner [10]. In
contrast, Ser393 and Ala682 of PI3K nSH2 and cSH2 show
energetically preferred angles. An insertion of a residue in
the loop around this region would also contribute to energeti-
cally preferred geometry of PI3K nSH2 and ¢SH2 (Fig. 6).
Indeed, SEC analysis showed that Gads SH2 exists as a
monomer with a small population of dimers, similar to Grb2
SH2, while both nSH2 and cSH2 exist exclusively as mono-
mers (data not shown).

The mutation of Trp121 to Ser in Grb2 did not change the
structural property of dimer formation; similar results were
reported previously in the W121G mutant of Grb2 SH2 [37].
These results indicate that the dihedral angle of residue at
121 in the mutant is different in the monomer and the dimer.
Our crystal structural analysis indicates that the bulky side-
chains of Trpl21 in Grb2 SH2 and Trp118 in Gads SH2
could force the peptide into the bent conformation observed
in CD28 binding [9,10]. The mutation of W121S in Grb2
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Figure 6 The sequence alignments of Grb2 SH2, Gads SH2, PI3K nSH2, and PI3K c¢SH2. The gray boxes indicate the sequence similarity to

Grb2 SH2.

SH2 would cause a loss of ability to force the unique confor-
mation of CD28 via direct interaction between Asnl193 of
CD28 and the side-chain of Trp121, resulting in a significant
decrease in CD28 binding ability (Figs. 5C and 5D). Also,
the SPR experiments showed that W121S mutant could not
bind to the intracellular tail of inducible T-cell co-stimulator,
to which PI3K nSH2 and ¢SH2 could bind (data not shown).
The residue Trpl121 could well contribute to the phospho-
peptide binding [37,38]. This is in good agreement with the
result that Trpl121 in the monomeric state of Grb2 SH2 is
stabilized by the interaction with CD28 peptide, but seems to
contradict to the assumption that Trp121 is only the deter-
mining factor to form the dimer [37].

The SEC and CD analyses showed that the Grb2 SH2
dimer exists in stable form under physiological conditions
and dissociates into monomers at 40—45°C (Figs. 1 and 2). A
similar transition was recently reported in Gads SH2, ana-
lyzed using fluorescence and SEC [39]. After heating up to
50°C and cooling down to 20°C, most of Grb2 SH2 dimer
dissociates into monomer while keeping the native structure
(Figs. 1B and 2C). Together with the results that the mono-
mer population is larger than the dimer population when
Grb2 SH2 is expressed in Escherichia coli, these results
suggest local energy minimum of the dimer is higher than
that of the monomer. The cation-m interaction between the
side-chains of Trp121 and Argl42 in the monomer could
contribute to the energy stabilization [9]. The Grb2 SH2
monomer was purified using a gel filtration column as
reported previously [9], which formed the swapped dimer
in crystallization, indicating that the minor populated dimer
is in equilibrium with the monomer, or interconversion
between monomer and dimer might be occurred upon the
concentration procedure [26], and the crystal of the swapped
dimer grew up under the crystallization conditions used in
this study.

The swapped dimer did not bind the phosphopeptide in
the crystal, probably due to the contact of the two protein
molecules near the binding site, which would promote the
dissociation of peptide. In addition, it is noteworthy that the

crystals of the swapped dimer were obtained from the crys-
tallization solution containing a high density of polyethylene
glycol, in contrast, the crystals of CD28 peptide bound Grb2
SH2 were obtained from the solution of high concentrated
salt of sodium acetate [9]. However, the dimer should still be
able to bind the phosphopeptide in solution, because the
structure around the peptide binding site is similar to that of
complex with CD28 peptide, and the peptide binding site is
exposed to the solvent in the swapped dimer structure. This
can explain the present results of CD28 binding experiments.
The Grb2 SH2 dimer, possibly swapped dimer, possesses the
two binding sites for the phosphopeptide. In the SPR system,
the CD28 cytoplasmic tail was immobilized on the flexible
dextran surface via its biotin at N-terminus on the sensor
chip; this is similar to intracellular conditions where CD28
binds to adaptor SH2 signaling molecules. Grb2 SH2 mono-
mer could bind to CD28, monovalently, while the dimer
could mainly bind to CD28 divalently. Interestingly, the
apparent binding affinity of the dimer was higher than that of
the monomer (Table 2). The increased binding affinity of the
dimer contrasts to previous results of decreased binding
affinity of the dimer to pY VN tripeptide [26]. The divalent
binding affinity might be partially compensated by the
decreased binding affinity due to steric crowding, resulting
in totally increased binding affinity. Similar to the antigen
binding avidity of an antibody [28], the Grb2 SH2 dimer
would bind two CD28 molecules immobilized on the sensor
chip, simultaneously, resulting in slow dissociation rates.
Both Grb2 and Gads contain one SH2 domain, while
PI3K p85 contains two SH2 domains, nSH2 and ¢cSH2. The
former SH2 domain forms a dimer and a monomer, while the
latter SH2 domain only forms a monomer as revealed by our
SEC analysis (data not shown). The SH2 dimer could bind
to the phosphopeptide with increased affinity, similar to the
tandem SH2 domains in PI3K. This could be closely cor-
related with the signaling event. The possible changes in
binding affinity could regulate the signal in cells. The crystal
structure analysis of intact Grb2 indicates that the respective
domains SH3-SH2-SH3 could behave independently [2],



suggesting it is possible to form the swapped dimer via SH2
interaction as observed in this study. In addition to the
monomer-dimer equilibrium observed in intact Grb2 [2—4],
the stable dimer observed in this study, possibly swapped
dimer, might regulate the signaling event. Ahmed et al.
demonstrated that monomeric Grb2 could bind to its pY-
containing ligand and activate signal transduction, but dimer
formation of Grb2 through SH2-C-terminal SH3 impairs the
function as an adaptor molecule [4]. In this study, we found
that Grb2 forms SH2-SH2 swapped dimer and this swapped
dimer could strongly bind to its ligand, CD28, compared to
monomer SH2 domain of Grb2. Therefore, it is possible that
Grb2 swapped dimer may preferentially bind to cross-linked
CD28, effectively transmitting CD28-mediated signals dif-
ferent to Grb2 monomer. SH2 domain-mediated dimeriza-
tion of Gads could discriminate between dual and single
phosphorylated linker for activation of T cells (LAT) and
dimerized Gads-LAT interaction might increase antigen
receptor sensitivity by increasing concentration of dually
phosphorylated LAT at the antigen receptor signalosome
[39], Grb2 SH2 also binds to phosphorylated LAT and con-
tributes to the oligomerization of multivalent ligands, such
as LAT, SOS, and Cbl downstream of antigen receptor [40].
Therefore, swapped dimer formation of Grb2 may be one of
the critical mechanisms for effective activation of signaling
molecules downstream of not only CD28 but also T-cell
receptors.

Conclusions

We determined the crystal structures of Grb2 SH2 mono-
mer and dimer at resolution of 1.15A and 2.00 A, respec-
tively. The 3D structure of Grb2 SH2 monomer is similar to
that in the CD28-bound state, reported previously [9]. The
Grb2 SH2 dimer forms through C-terminal helix swapping,
in which Trp121 is the hinge residue. It should be noted that
the dihedral angles in the main-chain of Trp121 in the mono-
mer structure, ¢ =—133° and y=—82°, are energetically dis-
advantageous, while those in the dimer structure, ¢ =—153°
and y=147°, are energetically preferred. The SEC analysis
showed that Grb2 SH2 dimer and monomer exist as stable
states. The thermal denaturation experiments using CD
showed that the Grb2 SH2 dimer mostly dissociates into the
monomer around 50°C, followed by denaturation of mono-
mer around 60°C. The CD28 binding experiments using
SPR showed that the binding affinity of Grb2 SH2 dimer
increases about three fold compared to that of the monomer,
mainly due to the decreased dissociation rate. The possible
changes in binding affinity of Grb2 SH2 monomer and dimer
could be closely correlated with the signaling event in cells.
Because Trpl21 was considered to be the key residue for
dimer formation, structural and functional properties of
W121S mutant were also analyzed. Both SEC and CD
analyses showed that W121S forms a stable dimer, like the
wild-type, and the SPR experiments showed that W121S
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loses the ability to bind to CD28.
The atomic coordinates and structure factors (codes 61CG
and 6ICH) have been deposited in the Protein Data Bank

(pdbj.org).
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