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In addition to inhibiting insulin receptor and IGF1R kinase
activity by directly binding to the receptors, GRB10 can also
negatively regulate insulin and IGF1 signaling by mediating
insulin receptor and IGF1R degradation through ubiquitina-
tion. It has been shown that GRB10 can interact with the C2
domain of the E3 ubiquitin ligase NEDD4 through its Src ho-
mology 2 (SH2) domain. Therefore, GRB10 might act as a con-
nector, bringing NEDD4 close to IGF1R to facilitate the ubiq-
uitination of IGF1R by NEDD4. This is the first case in which
it has been found that an SH2 domain could colocalize a ubiq-
uitin ligase and its substrate. Here we report the crystal struc-
ture of the NEDD4 C2-GRB10 SH2 complex at 2.0 A. The
structure shows that there are three interaction interfaces be-
tween NEDD4 C2 and GRB10 SH2. The main interface centers
on an antiparallel 3-sheet composed of the F 3-strand of
GRB10 SH2 and the C $-strand of NEDD4 C2. NEDD4 C2
binds at nonclassical sites on the SH2 domain surface, far from
the classical phosphotyrosine-binding pocket. Hence, this in-
teraction is phosphotyrosine-independent, and GRB10 SH2
can bind the C2 domain of NEDD4 and the kinase domain of
IGF1R simultaneously. Based on these results, a model of how
NEDD4 interacts with IGF1R through GRB10 has been pro-
posed. This report provides further evidence that SH2 do-
mains can participate in important signaling interactions be-
yond the classical recognition of phosphotyrosine.

The GRB7 (growth factor receptor-binding protein) family
of adaptor proteins includes GRB7, GRB10, and GRB14.
These proteins share a conserved molecular architecture: a
proline-rich N-terminal region, a Ras-associating-like do-
main, a pleckstrin homology domain, a family-specific BPS
region, and a conserved C-terminal Src homology 2 (SH2)?
domain (1, 2). Their SH2 domains have the ability to recog-
nize phosphotyrosine-containing peptides on a variety of acti-
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vated tyrosine kinase receptors. GRB7 has been shown to in-
teract with EGF receptor, ErB2 receptor, EphB1, focal
adhesion kinase, and platelet-derived growth factor receptor
and to be involved in regulating cell migration (3, 4). GRB10
and GRB14 have been shown to interact with insulin receptor
(IR), IGF1R (insulin-like growth factor 1 receptor), EGF re-
ceptor, Rafl kinase, and MEK]1 kinase and to be involved in
cell growth regulation (5-11). The Grb10 gene is maternally
imprinted in mice. When the Grb10 gene was disrupted by a
gene trap insertion, the mutant mice were ~30% greater in
size than normal, with disproportionately large livers (5, 12).
As adults, these mutant mice had improved glucose tolerance,
increased muscle mass, and reduced adiposity (13, 14). Fur-
thermore, Grb10 transgenic mice overexpressing GRB10
showed growth retardation and insulin resistance (15). These
results indicate that GRB10 plays a negative role in cell
growth, as a consequence of hypernegative regulation of the
IR and IGF1R. Mice lacking the Grb14 gene were of normal
size and had improved glucose tolerance and increased insu-
lin signaling in muscle and liver (16). Therefore, GRB10 and
GRB14 are tissue-specific negative regulators of insulin and
IGF1 signaling.

Additional research results indicate that GRB10 and
GRB14 might contribute to type 2 (non-insulin-dependent)
diabetes in humans (5, 17, 18). From a genome-wide associa-
tion scan in the Old Order Amish, the GRB10 gene has been
identified as having the strongest association between type 2
diabetes and a single nucleotide polymorphism (SNP) (19). In
subcutaneous adipose tissue, the GRBI4 mRNA levels in type
2 diabetes patients were 43% higher than those in normal per-
sons (18).

The mechanisms of the negative regulation of IR and
IGF1R by GRB10 and GRB14 are not yet clear. Biochemical
studies have shown that GRB10 and GRB14 can bind IR and
IGF1R through their BPS and SH2 domains (20-22). The
GRB14 BPS region binds as a pseudosubstrate inhibitor in the
tyrosine kinase domain of IR to suppress insulin signaling
(20). Suppressing endogenous GRB10 expression led to in-
creased IR protein levels, whereas overexpression of GRB10
led to reduced IR protein levels (7). Reduced IR levels were
observed in cells with prolonged insulin treatment, and this
reduction was inhibited in GRB10-deficient cells (7). The in-
sulin-induced IR reduction was largely reversed by MG-132, a
proteasomal inhibitor, but not by chloroquine, a lysosomal
inhibitor. IR undergoes insulin-stimulated ubiquitination in
cells, and this ubiquitination was inhibited in the GRB10-sup-
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pressed cell line (7). Therefore, in addition to inhibiting IR
kinase activity by directly binding to IR through its BPS and
SH2 domains, GRB10 also negatively regulates insulin signal-
ing by affecting insulin-stimulated degradation of the recep-
tor, possibly through regulation of ubiquitination of the
receptor.

GRB10 and GRB14 do not themselves have ubiquitin ligase
activity. However, it has been shown that GRB10 binds the C2
domain of the E3 ubiquitin ligase NEDD4 through its SH2
domain, and formation of the complex promotes IGF1-stimu-
lated multiubiquitination, internalization, and degradation of
the IGF1R (23-25). GRB10 and NEDD4 remain associated
with the IGF1R in early endosomes and caveosomes (23).
Therefore, the SH2 domain of GRB10 might act as a connec-
tor between the C2 domain of NEDD4 and the kinase domain
of IGF1R; proximity of NEDD4 and IGF1R would facilitate
the ubiquitination of IGF1R by NEDD4. However, SH2 is typ-
ically highly specialized for the recognition of phosphoty-
rosine and has only one binding site for phosphotyrosine-
containing peptides (the Tyr(P)-binding pocket). It was not
clear how the SH2 domain of GRB10 can bind the C2 domain
of NEDD4 and the kinase domain of IGF1R simultaneously,
although the possibility of a second binding site was suggested
by the observation that the NEDD4 C2-GRB10 SH2 interac-
tion is phosphorylation-independent (25). Here we report the
crystal structure of the NEDD4 C2-GRB10 SH2 complex,
which clearly shows that the SH2 domain of GRB10 binds the
C2 domain of NEDD4 through a surface region distinct from
the classical Tyr(P)-binding pocket.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The cDNA encoding
the mouse GRB10 SH2 domain (residues 429 —536) was am-
plified from the plasmid pcDNA-Grb10y (a kind gift from Dr.
Junlin Guan) and inserted into the expression vector pQE80
to make a pQE80-SH2 expression construct. This construct
was transferred into BL21(DE3) (Novagen) for protein expres-
sion. Protein expression was induced at 37 °C for 4 h with 0.3
mM IPTG. The cells were harvested by centrifugation and
then suspended in binding buffer (500 mm NaCl, 50 mm Tris-
HCI, pH 8.5, 10 mm imidazole, 5 mm B-mercaptoethanol, and
1 mm benzamidine chloride). Cell lysis was carried out by son-
ication. After centrifugation, the supernatant was applied to a
nickel affinity column. After protein binding, the column was
washed thoroughly with 100 volumes of binding buffer fol-
lowed by 10 volumes of washing buffer (500 mm NaCl, 50 mm
Tris-HCI, pH 8.5, 40 mm imidazole, 5 mm B-mercaptoethanol,
and 1 mm benzamidine chloride). The protein was then eluted
from the column with 5 volumes of elution buffer (200 mm
NaCl, 300 mm imidazole-HCl, pH 7.5, 5 mm B-mercaptoetha-
nol, and 1 mm benzamidine chloride). The protein solution
was concentrated and further purified by FPLC using a
Superdex 200 column (GE Healthcare) with an elution buffer
containing 0.15 M NaCl and 5 mm Tris-HCI (pH 7.5).

The cDNA encoding the full-length mouse GRB10vy (an
isoform of GRB10) was inserted into the expression vector
pMAL-2C to make a pMAL-2C-Grb10vy expression construct.
This construct was transferred into BL21(DE3) for protein
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expression. The harvested cells were lysed in the binding
buffer (100 mm NaCl, 50 mm Tris-HCI, pH 8.5, 5 mm B-mer-
captoethanol, and 1 mm benzamidine chloride) by sonication,
and the supernatant was applied to a maltose-agarose column.
The column was washed thoroughly with 100 volumes of
binding buffer, and the maltose-binding protein-GRB10vy fu-
sion protein was eluted with 3 volumes of elution buffer (100
mMm NaCl, 50 mm maltose, 50 mm Tris-HCI, pH 8.0, 2 mm
CaCl,). After the addition of Factor Xa, this elution solution
was incubated at 4 °C for 48 h to cleave off the maltose-bind-
ing protein tag. The protein solution was then concentrated
and purified with a Superdex 200 column.

The cDNA encoding the mouse NEDD4 C2 domain (resi-
dues 108 —287) was amplified from the plasmid pBS-Nedd4 (a
kind gift from Dr. Andrea Morrione) and inserted into the
expression vector pSUMO (Invitrogen) to make a pPSUMO-
Nedd4 C2 expression construct. This construct was trans-
ferred into BL21(DE3) for protein expression. Protein expres-
sion was induced at 22 °C overnight with 0.3 mm IPTG. The
protein was purified with a nickel column using the method
described above. After the column was washed thoroughly
with 100 volumes of binding buffer followed by 10 volumes of
washing buffer, the protease SUMOase was added to the col-
umn and incubated at 4 °C for 24 h to cleave off the
SUMOr-His tag. The free protein C2 was eluted, concentrated,
and further purified with a Superdex 200 column. Trunca-
tions of NEDD4 C2 (residues 108 —250, 200 —300, and 115—
287, respectively) were cloned, expressed, and purified using
the same procedure as for wild type NEDD4 C2.

To express GRB10 SH2 without any tag, the cDNA encod-
ing the mouse GRB10 SH2 domain (residues 429 —536) was
inserted into the expression vector pCDFDuet-1 to make
pCDFDuet-SH2. To prepare the NEDD4 C2-GRB10 SH2
complex for crystallization, the plasmids pSUMO-C2 and
pCDFDuet-SH2 were co-transferred into the host cell
BL21(DE3) for co-expression. In this system, the expression
level of NEDD4 C2-SUMO-His was higher than that of
GRB10 SH2. Protein expression was induced at 15 °C for 24 h
with 0.3 mm IPTG. The cell pellet was suspended in binding
buffer (200 mm NaCl, 50 mm Tris-HCI, pH 8.5, 10 mM imidaz-
ole, 5 mMm B-mercaptoethanol, and 1 mm benzamidine chlo-
ride) and lysed by sonication. After centrifugation, the super-
natant was applied to a nickel affinity column. After protein
binding, the column was washed thoroughly with 100 vol-
umes of binding buffer followed by 10 volumes of washing
buffer (200 mm NaCl, 50 mm Tris-HCI, pH 8.5, 40 mm imidaz-
ole, 5 mMm B-mercaptoethanol, and 1 mm benzamidine chlo-
ride). Then protease SUMOase was added to the column and
incubated at 4 °C for 24 h to cleave off the SUMO-His tag. The
free proteins (NEDD4 C2-GRB10 SH2 complex and isolated
NEDD4 C2) were eluted, concentrated, and purified with a
Superdex 200 column. The fractions containing the NEDD4
C2-GRB10 SH2 complex were collected and further purified
using a SourceQ column (GE Healthcare) for FPLC.

Effect of Calcium on the Interaction—GRB10 SH2 (with an
N-terminal His tag, GRB10 SH2-His) was mixed with NEDD4
C2 (without tag) in a 1:1 molar ratio (as judged by A,4,) in the
incubating buffer (150 mm NaCl and 50 mm Tris-HCI, pH 8.5)
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containing 20 mMm EGTA or 20 mm CacCl,, on ice, for 2 h. Sim-
ilarly, GRB10y (without tag) was mixed with NEDD4
C2:SUMOrHis in a 1:1 molar ratio in the incubating buffer
containing 20 mm EGTA or 20 mm CacCl,, on ice, for 2 h.
Then EGTA or CaCl, in the mixtures was removed by a sizing
column. The fraction containing proteins from the sizing col-
umn was collected and applied onto a nickel affinity column.
After protein binding, the column was washed with 100 vol-
umes of incubating buffer and further washed with 10 vol-
umes of washing buffer (150 mm NaCl, 50 mm Tris-HCl, and
40 mM imidazole, pH 8.5). 15 ul of gel slurry was drawn for
analysis by SDS-PAGE.

Effect of Ionic Strength on the Interaction—GRB10 SH2-His
and NEDD4 C2 were mixed in a 1:1 molar ratio in the incu-
bating buffer (50 mm Tris-HCI, pH 8.5). After being incubated
on ice for 2 h, the NEDD4 C2-GRB10 SH2-His complex was
bound to a nickel column. Then the column was eluted with
incubating buffer containing different NaCl concentrations
(0, 100, 200, 300, 400, 500, and 1000 mwm, sequentially). For
each concentration, 2 volumes of incubating buffer were used.
The eluted solutions were analyzed by SDS-PAGE.

The Specificity of the Interaction—The cDNAs encoding
mouse GRB14 SH2 domain and GRB7 SH2 domain were sep-
arately inserted into the expression vector pGEX4T-1. The
resulting constructs pGEX4T-GRB14 SH2 and pGEX4T-
GRB7 SH2 were co-transferred, respectively, with pPSUMO-
NEDD4 C2 into the host cell BL21(DE3). Protein expression
was induced with 0.3 mm IPTG at 15 °C for 24 h. The cells
were collected and resuspended in PBS for lysis by sonication.
The supernatant from the cell lysis was purified using a nickel
affinity column and a glutathione-agarose column sequen-
tially. After the column was washed thoroughly, 15 ul of gel
slurry was drawn and analyzed by SDS-PAGE.

The cDNAs encoding mouse GRB14 and GRB7 were sepa-
rately inserted into the expression vector pQES80 to express
the target proteins with N-terminal His tags. Purified
GRB14-His (or GRB7-His) was mixed with NEDD4 C2 (with-
out tag) in a 1:1 molar ratio in the incubating buffer (150 mm
NaCl and 50 mm Tris-HCI, pH 8.5). After being incubated on
ice for 2 h, the mixture was applied to a nickel affinity col-
umn. After protein binding, the column was washed by 100
volumes of incubating buffer followed by 10 volumes of wash-
ing buffer (150 mm NaCl, 50 mm Tris-HCl, and 40 mm imid-
azole, pH 8.5). Then 15 ul of gel slurry was drawn for analysis
by SDS-PAGE.

Crystallization and Data Collection—The purified NEDD4
C2-GRB10 SH2 complex showed two protein bands on SDS-
polyacrylamide gel, corresponding to NEDD4 C2 and GRB10
SH2, respectively (Fig. 14). The NEDD4 C2-GRB10 SH2 com-
plex solution was desalted and concentrated to 20 mg/ml.
Crystals were grown by the hanging drop vapor diffusion
method at 18 °C. Typically, 2 ul of the protein stock was
mixed with 2 ul of the reservoir solution consisting of 35%
MPD (v/v) and 0.1 M Hepes-HCI buffer, pH 7.5. Crystals were
observed after 2 days and reached a typical size of 100 X
100 X 200 wm?® 1 month later. Diffraction data were collected
at 100 K on beamline A1 at MacCHESS. The diffraction data
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were reduced using the HKL package (26), and the statistics of
data collection and processing are summarized in Table 1.

Structure Refinement—The structure of the NEDD4 C2-
GRB10 SH2 complex was solved by the molecular replace-
ment program Phaser (27) using the structure of human
GRB10 SH2 (28) (Protein Data Bank code 1INRV) and the
structure of human NEDD4 C2 (Protein Data Bank code
3B7Y) as the search models. The structure was refined using
Refmac5 (29) and PHENIX (30). The refinement statistics are
given in Table 1. The B factors are constant throughout the
protein. For the GRB10 SH2 subunit (average B factor = 33.7
A?), the B factors of its N terminus (residues 429 —438) and C
terminus (residues 526 —535) are 32.1 and 37.6 A2, respec-
tively. For the NEDD4 C2 subunit (average B factor = 39.3
A?), the B factors of its N terminus (residues 112—120) and C
terminus (residues 281-287) are 41.1 and 40.5 A2, respec-
tively. The interface between GRB10 SH2 and NEDD4 C2 was
analyzed using the program PISA (31) from the CCP4 suite
(32). SDS-PAGE analysis of the NEDD4 C2-GRB10 SH2 crys-
tals showed that the NEDD4 C2 and the GRB10 SH2 in the
crystals had the same molecular weights as the original
NEDD4 C2 and the original GRB10 SH2, respectively (Fig.
1B), suggesting that both NEDD4 C2 and GRB10 SH2 in the
crystal are complete and have not been degraded.

Mutation—Site-directed mutations of GRB10 SH2 (K505P,
N519A, R533A, R431A and H434A, respectively) were carried
out using the Phusion mutation kit (New England Biolabs).
The interaction between the GRB10 SH2 mutants and
NEDD4 C2 was analyzed using the co-expression system de-
scribed above.

RESULTS

The NEDD4 C2-GRB10 SH2 Interaction Is Ca”" -indepen-
dent and Phosphorylation-independent—As shown by the yeast
two-hybrid method, GRB10 can interact with the C2 domain
of NEDD4 through its SH2 domain (25). The C2 domain is a
conserved module of about 120 residues, which was first
found in protein kinase C (33). In most proteins, the C2 do-
main binds phospholipids in a Ca®>*-dependent manner (34,
35); in some proteins, it mediates protein-protein interac-
tions (36). The C2 domain of NEDD4 has been shown to
target NEDD4 to the plasma membrane in response to
Ca?" (37). However, the interaction between NEDD4 and
GRB10 has been demonstrated to be Ca”>"-independent by
the co-immunoprecipitation method (25). We performed a
series of in vitro interaction experiments using purified C2
domain and purified SH2 domain (or full-length GRB10).
As shown in Fig. 14, NEDD4 C2 could form a complex
with GRB10 SH2 in the presence of either 20 mm EGTA or
20 mM CaCl,, suggesting that the interaction between
NEDD4 C2 and GRB10 SH2 was Ca®>"-independent.
NEDD4 C2 could also form a complex with full-length
GRB10Yy (an isoform of GRB10), and this interaction was
also Ca®>"-independent (Fig. 14).

The SH2 domain is a conserved module of about 100 resi-
dues, which is highly specialized for the recognition of phos-
photyrosine, with only a few exceptions to date (38). How-
ever, GRB10 has been suggested to preferentially associate
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FIGURE 1. Interaction between NEDD4 C2 and GRB10 SH2. The two pro-
teins were mixed and incubated in the incubating buffer for 2 h. After being
desalted with a sizing column, the mixture was applied onto a nickel affinity
column. After being washed with washing buffer, 15 ul of gel slurry was

drawn for analysis by SDS-PAGE (for details, see “Experimental Procedures”).

A, GRB10vy could form a stable complex with NEDD4 C2-:SUMO-His in the
presence of 20 mm EGTA (lane 3) or 20 mm CaCl, (lane 4) or without any ad-
ditive (lane 5); GRB10+y alone did not bind to the nickel beads (lane 2);
NEDD4 C2-:SUMO-His alone is shown in lane 1. GRB10 SH2-His could form a
stable complex with NEDD4 C2 in the presence of 20 mm EGTA (lane 7) or 20
mm CaCl, (lane 8) or without any additive (lane 9); NEDD4 C2 alone did not
bind to the nickel beads (lane 10); GRB10 SH2-His alone is shown in lane 11.
Lane 6, standards. B, wild type (lane 1) and the mutants N519A (lane 3),
R533A (lane 12), R431A (lane 13), and H434A (lane 14) of GRB10 SH2-His
could form a stable complex with NEDD4 C2, whereas the K505P mutant
(lane 2) could not form a complex with NEDD4 C2. NEDD4 C2 alone could
not bind to the nickel beads (lane 4); wild type GRB10 SH2-His alone could
bind to the nickel beads (lane 10). Neither the truncated NEDD4 C2 (resi-
dues 108-250) (lane 5) nor the truncated NEDD4 C2 (residues 200-300)
(lane 6) could bind to GRB10 SH2-His; the truncated NEDD4 C2 (residues
115-287) could bind to GRB10 SH2-His (lane 7). Crystals of the NEDD4 C2-
GRB10 SH2 complex were picked out from the drop and analyzed by SDS-
PAGE (lane 9). Lanes 8 and 11, standards. C, elution profile of the NEDD4
C2-GRB10 SH2-His complex from a Superdex 200 sizing column. The inset
shows the analysis of the peak fractions by SDS-PAGE.

with unphosphorylated NEDD4 (based on co-immunopre-
cipitation experiments) (25). In our work, NEDD4 C2 was
expressed in Escherichia coli, in which expressed proteins
cannot be phosphorylated. The NEDD4 C2 domain produced
in this system could form a complex with GRB10 SH2 or
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FIGURE 2. Alignment of the amino acid sequences of the SH2 domains
of GRB7, GRB10, and GRB14. The a-helices and B-strands of GRB10 SH2
are highlighted with red lines and blue arrows, respectively. The underlined
peptide of GRB10 is the F B-strand, which forms an antiparallel B-sheet with
the C B-strand of NEDD4 C2 in the NEDD4 C2-GRB10 SH2 complex. The resi-
dues buried in the interface with NEDD4 C2 are shown with red letters. The
two residues in interface | (Lys*°® and Asn®'®) chosen for mutation are high-
lighted as red boldface letters.

TABLE 1
Data collection and structure refinement statistics
Parameters Values
Data collection
Space group . P2,2,2,
Cell dimensigns a, b, c (A) 52.31 70.30 86.47
Resolution (A) 50-2.0 (2.03-2.00)*
No. of unique observations 21,866 (1023)
Redundancy 6.5 (4.4)
Completeness (%) 99.4(96.8)
Average I/ o] 35.7 (3.4)
Riperge (%) 5.2(36.2)
Structure refinement
No. of protein atoms/waters 2011/95
Resolution (A) 50-2.0
Ryyoric (%) /Rgroe (%) 19.2/23.2
r.m.s. deviations
Bonds (A)/Angles (degrees) 0.006/1.057
Average B factor (A% 36.78
Ramachandran plot
Most favored (%) 95.34
Allowed (%) 4.66

“ Values in parentheses are for the highest resolution shell.

GRB10Y, indicating that binding of GRB10 SH2 to NEDD4 C2
is phosphorylation-independent.

Both the NEDD4 C2-GRB10 SH2 complex and the NEDD4
C2-GRB10y complex were stable in low ionic strength solu-
tion (<200 mMm NaCl). The complexes dissociated in a solu-
tion containing more than 500 mm NaCl, in the presence or
absence of 20 mm EGTA (or 20 mm CaCl,) (data not shown).
These results suggested that the main interaction between
NEDD4 C2 and GRB10 SH2 was not hydrophobic and was
unaffected by Ca®™.

The molecular mass of GRB10 SH2 is about 12 kDa. The
molecular mass of NEDD4 C2 is about 19 kDa. As determined
by a Superdex200 sizing column, the molecular mass of the
NEDD4 C2-GRB10 SH2 complex was about 30 kDa, suggest-
ing that this complex is a heterodimer in solution (Fig. 1C).

The Specificity of the Interaction—All members of the GRB7
adaptor protein family (GRB7, GRB10, and GRB14) contain a
Ras-associating-like domain, a pleckstrin homology domain, a
family-specific BPS region, and a C-terminal SH2 domain (1,
2). Because the SH2 domains are highly conserved among this
family (Fig. 2), we investigated whether NEDD4 C2 could also
bind the SH2 domains of GRB7 and GRB14, using the co-
expression method. In the E. coli co-expression system,
NEDD4 C2 was expressed with a SUMO-His tag, which could
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bind to a nickel-agarose column, whereas GRB7 SH2 and
GRB14 SH2 were expressed with a GST tag, which could bind
to a glutathione-agarose column but not a nickel column. If
the SH2 domain can form a complex with C2:SUMO-His, it
should be co-purified with C2:SUMO-His by a nickel column.
As shown by SDS-PAGE analysis, the protein purified by a
nickel column contained only NEDD4 C2-SUMO-His,
whereas the protein purified by a glutathione-agarose column
contained only GRB7 SH2-GST or GRB14 SH2-GST. Al-
though both NEDD4 C2:SUMO-His and GRB7 SH2-GST (or
GRB14 SH2:GST) were co-expressed in the same cell at high
levels, neither of the SH2 domains could be co-purified with
NEDD4 C2:SUMO-His by a nickel column, suggesting that
neither GRB7 SH2 nor GRB14 SH2 could form a complex
with NEDD4 C2. As a control, we showed that GRB10
SH2:GST could form a complex with NEDD4 C2-:SUMO-His,
suggesting that neither the GST tag nor the SUMO tag could
inhibit the interaction between NEDD4 C2 and the SH2
domain.

In vitro interactions between NEDD4 C2 and full-length
GRB7 (or GRB14) were also investigated using purified pro-
teins. As shown by SDS-PAGE analysis, NEDD4 C2 could not
form a complex with GRB7 or GRB14.

Crystal Structure of the NEDD4 C2-GRB10 SH2 Complex—
To gain further insights into the interaction between NEDD4
C2 and GRB10 SH2, we co-expressed NEDD4 C2 and GRB10
SH2 in E. coli and determined the crystal structure of the
NEDD4 C2-GRB10 SH2 complex at 2.0 A resolution (Protein
Data Bank code 3M7F). Data collection and refinement statis-
tics are given in Table 1.

The NEDD4 C2-GRB10 SH2 complex exists as a het-
erodimer in the crystal. The most interesting features of the
NEDD4 C2-GRB10 SH2 complex structure are the interaction
interfaces between the two proteins (Fig. 3A). Interface I is the
major interface, with a buried area of 530 A2, Central to this
interface is a small antiparallel B-sheet formed from the F
B-strand (residues 502—508) of GRB10 SH2 and the C
B-strand (residues 153—160) of NEDD4 C2 (Fig. 3B). It has
been shown that a Pro residue can disrupt a 3-strand in pro-
teins (39). Therefore, the Lys®*® residue of GRB10 SH2 was
mutated to Pro to disrupt the F B-strand. The resultant
K505P mutant of GRB10 SH2 could not form a complex with
NEDD4 C2 in the E. coli co-expression system as wild type
GRB10 SH2 did (Fig. 1B). This result suggests that this antipa-
rallel B-sheet plays an important role in stabilizing the
NEDD4 C2-GRB10 SH2 complex. Residues in B-strand E and
helix B of GRB10 SH2 and in B-strands A, B, and D of NEDD4
C2 also contribute to interface I. There are a total of eight
hydrogen bonds between SH2 and C2 in this interface, four
main chain-main chain in the small B-sheet and four side
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chain-main chain elsewhere. Two of the latter are from the
side chain of Asn®'? in helix B of SH2 to main chain nitrogen
and oxygen atoms of Leu'”” in the D B-strand of C2 (Fig. 3C).
The N519A mutant of GRB10 SH2 could form a complex
with NEDD4 C2 (Fig. 1B), suggesting that this pair of hydro-
gen bonds is not critical to the formation of the GRB10 SH2-
NEDD4 C2 complex. There is a possible salt bridge between
the acid residue Asp>'* of GRB10 SH2 and the alkaline resi-
due Arg'”® of NEDD4 C2 (distance ~4 A). In this interface,
there are also hydrophobic interactions between the two pro-
teins, involving residues Phe®®, Phe®®®, Leu®'?, Phe®'®,
Tyr516, and Leu®'® of GRB10 SH2 with Leu'*®, Ile'®®, Leu'®®,
Val'®?, Ile'”®, Leu'””, and Phe'”® of NEDD4 C2 (Fig. 3C).

Interface II is the smallest interface, with an area of 90 A2,
comprising the N terminus (residues 429 —434) and part of
the B helix (residue I1e®*°) of GRB10 SH2 and the N terminus
(residues 112—-114) of NEDD4 C2 (Fig. 3A). There is one hy-
drogen bond between the side chain of residue GIn*** of
GRB10 SH2 and the carbonyl group of residue Glu''? of
NEDD4 C2 (Fig. 4B). A truncated NEDD4 C2 (residues 115—
287) lacking the N terminus could form a stable complex with
GRB10 SH2 (Fig. 1B), suggesting that interface II does not
play an important role in stabilizing the NEDD4 C2-GRB10
SH2 complex.

Interface I1I is a medium-sized interface, with an area of
312 A2 The proline-rich C terminus (residues 283-287) of
NEDD4 C2 rests against a surface made up of an N-terminal
part (residues 431-440) and a C-terminal part (residues 532—
535) of GRB10 SH2 (Fig. 3A). There is a hydrogen bond be-
tween the side chain of residue Arg®*® of GRB10 SH2 and the
carbonyl group of residue Pro*** of NEDD4 C2 (Fig. 4C) and a
salt bridge between the side chain of Arg**' in SH2 and the
C-terminal carboxyl group of C2 (residue Pro®®”) (Fig. 4D).
The particular importance of this interface is suggested by the
observation that a 28-residue stretch preceding the C-termi-
nal Pro-rich cluster of C2 is disordered (and therefore invisi-
ble) in the crystal, but the cluster itself is well ordered and
clearly defined in electron density maps. A truncated NEDD4
C2 (residues 108 —250), lacking the C-terminal 37 residues,
could not form a stable complex with GRB10 SH2 (Fig. 1B),
suggesting that interface III plays an important role in stabi-
lizing the NEDD4 C2-GRB10 SH2 complex. A single site mu-
tation of SH2 at this interface (R533A, R431A, or H434A)
could not disrupt the NEDD4 C2-GRB10 SH2 complex (Fig.
1B), indicating that interface III involves a number of inter-
acting residues and is not easily disrupted. NEDD4 C2 trun-
cated to residues 200 -300, however, could not form a stable
complex with GRB10 SH2 (Fig. 1B), suggesting that interface
III by itself is not sufficient for the formation of the NEDD4
C2-GRB10 SH2 complex.

FIGURE 3. Crystal structure of the NEDD4 C2-GRB10 SH2 complex. A, ribbon diagram of the entire complex. There are three interaction interfaces be-
tween NEDD4 C2 and GRB10 SH2. Interface | includes the F B-strand and the B helix of GRB10 SH2 and (primarily) the C and D B-strands of NEDD4 C2. Inter-
face Il includes the N termini of both NEDD4 C2 and GRB10 SH2. Interface Il includes the N- and C-terminal regions of GRB10 SH2 and the C terminus of
NEDD4 C2. Both the Tyr(P)-binding pocket on GRB10 SH2 and the Ca?*-binding site on NEDD4 C2 are far from these interfaces. The peptides without elec-
tron density are shown as dashed lines. B, the antiparallel 8-sheet formed between the C B-strand of NEDD4 C2 and the F B-strand of GRB10 SH2 in interface
|, containing four hydrogen bonds (shown as red lines with lengths in angstroms). Only the main chains are shown. C, the hydrophobic interactions be-
tween NEDD4 C2 and GRB10 SH2 in interface |. The two hydrogen bonds between Asn>'® of GRB10 SH2 and Leu'”” of NEDD4 C2 are shown as red lines with

lengths in angstroms. Only the side chains are shown (except for residue Leu
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of NEDD4 C2, whose main chain and side chain are shown).
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Because the main interactions between NEDD4 C2 and
GRB10 SH2 are hydrogen bonds and salt bridges, the complex
is expected to be unstable in high salt solution. In fact, as
shown above, the complex dissociates in a solution containing
more than 500 mm NaClL

Phosphotyrosine-containing peptides/proteins bind to the
Tyr(P)-binding pocket on the surface of an SH2 domain (the
classical SH2 binding site) (Fig. 34). On the surface of GRB10
SH2, this pocket is more than 15 A away from the three
NEDD4 C2-GRB10 SH2 interfaces and has no overlap with
them (Fig. 34); NEDD4 C2 binds to a nonclassical binding site
on GRB10 SH2, which explains why the interaction between
NEDD4 C2 and GRB10 SH2 is phosphorylation-independent.

Usually, a C2 domain binds Ca®" through its AB and EF
loops (Fig. 34). This Ca®"-binding site is more than 12 A
away from the three NEDD4 C2-GRB10 SH2 interaction in-
terfaces, and no Ca*>* was found in the interfaces. Hence, the
NEDD4 C2-GRB10 SH2 interaction is expected to be Ca**-
independent, as observed in binding studies (Fig. 14).

Structure Comparison—Superposition of the GRB10 SH2
subunit of the NEDD4 C2-GRB10 SH2 complex with the free
GRB10 SH2 domain shows that binding of NEDD4 C2 has not
resulted in significant conformational change of GRB10 SH2
(r.m.s. deviation = 0.37 A) (Fig. 4A4), except that the side
chain of residue GIn>*! has moved from a position that would
clash with the main chain of residue Leu'”” of NEDD4 C2 to a
location well clear of Leu'””.

The structure of GRB10 SH2 is similar to those of GRB14
SH2 (r.m.s. deviation 0.92 A) and GRB7 SH2 (r.m.s. deviation
0.95 A). Superposition of GRB14 SH2 and GRB7 SH2 onto the
GRB10 SH2 subunit of the NEDD4 C2-GRB10 SH2 complex
shows that the main differences among these three structures
are located at the BC loop, the DE loop, and the N and the C
termini (Fig. 4A4).

Almost all of the residues involved in interface I between
SH2 and NEDD4 C2 are identical or very similar among the
three species. One point of difference is the contact between
residues 494 —496 (QTF) of GRB10 SH2 and residues 153—
155 (SGI) of NEDD4 C2. The sequence of the corresponding
SH2 residues is EMF in GRB14 and RLY in GRB7 (i.e. a
charged rather than merely polar residue is introduced in the
first position, and, in the case of GRB7, the large Tyr replaces
Phe in the third position). Additionally, the position of the
main chain is slightly shifted, relative to the central B-sheet
contact, in the other two proteins versus GRB10.

Structure of the NEDD4 C2-GRB10 SH2 Complex

In the other two interfaces, significant differences are ap-
parent among the superposed structures. In interface II, the
conformation of the N terminus of GRB7 SH2 is quite differ-
ent from that of GRB10 and would clash with NEDD4 C2
(Fig. 4B). GRB14 SH2 is less discrepant but does show a posi-
tional shift relative to GRB10 as well as a sequence difference
in one position, which could affect binding.

In interface III, both GRB7 and GRB14 exhibit significant
differences in their SH2 C-terminal conformations from
GRB10, such that the fit of the NEDD4 C2 Pro-rich cluster
against SH2 becomes very poor (Fig. 4, C and D). The possi-
bility exists that the GRB7 and/or GRB14 SH2 conformation
could be modified in the presence of NEDD4 C2 to create
more favorable interactions with C2, although in the case of
GRB14, a sequence change from Gly to His at position 438
(GRB10 numbering) would create a clash with Pro®®*® in
NEDD4 C2 even if the main chain conformation were the
same as in GRB10 (Fig. 4D). In any case, the binding studies
described above argue strongly against such a conformational
change.

NEDD4 C2 contains eight B-strands and no a-helices.
Comparison of the NEDD4 C2 subunit of the NEDD4 C2-
GRB10 SH2 complex with the free NEDD4 C2 domain (su-
perposition r.m.s. deviation 0.53 A) shows that the main dif-
ferences between the two structures are located at the BC
loop and the N-terminal part, regions that interact with the
GRB10 SH2 subunit.

DISCUSSION

SH2 domains are well known as binding modules for phos-
photyrosine-containing peptides. The classical SH2/Tyr(P)-
containing peptide interactions play important roles in nu-
merous cell signaling pathways (38, 40). A typical SH2 domain
comprises a seven-stranded 3-sheet core flanked by two
a-helices (41). SH2 domains are highly specialized for the rec-
ognition of Tyr(P) residues. On the classical substrate-binding
site of an SH2 domain, the target Tyr(P)-containing peptide is
usually bound in an extended conformation. The highly con-
served Tyr(P)-binding site contains an invariant arginine and
a second positively charged residue coordinating the phos-
phate moiety (42). Residues in the target peptide that are lo-
cated downstream of the Tyr(P) residue confer specificity on
the interaction (43).

It has been shown that the SH2 domains of GRB10 and
GRB14 can bind the activation loop of the kinase domains of

FIGURE 4. Superposition of free GRB10 SH2 (blue; Protein Data Bank code 1NRV), GRB7 SH2 (yellow; Protein Data Bank 2QMS), and GRB14 SH2 (red;
Protein Data Bank 2AUG) with the GRB10 SH2 subunit (cyan) of the NEDD4 C2-GRB10 SH2 complex. The NEDD4 C2 subunit of the NEDD4 C2-GRB10
SH2 complex is shown in magenta. A, the structure of GRB10 SH2 is similar to those of GRB14 SH2 and GRB7 SH2, with significant conformational differences
located at the BC loop, the DE loop, the N-terminal region, and the C-terminal region (marked with arrows). B, detailed structure of the N-terminal region
around residue GIn**3, The side chain of residue GIn*** of GRB10 SH2 can form a hydrogen bond with the carbonyl group of residue Glu''? of NEDD4 C2
(shown with a red line), whereas the side chain of residue GIn*3*” of GRB14 SH2 is too close to the carbonyl group of residue Glu''? of NEDD4 C2 (shown with
a blue arrow, 1.49 R). The N-terminal part of GRB7 SH2 (side chains of His**® and Arg*?’) clashes with the N-terminal part of NEDD4 C2 (residues Leu''® and
His'™). C, detailed structure of the C-terminal region around residue Arg®*3, The side chain of residue Arg>3* of GRB10 SH2 can form a hydrogen bond with
the carbonyl group of residue Pro?®* of NEDD4 C2 (shown with a red line), whereas the side chain of residue Arg>>” of GRB14 SH2 is too far away from the
carbonyl group of residue Pro?®* of NEDD4 C2 (shown with a blue arrow, 3.91 A) to form a hydrogen bond. Moreover, the side chain of residue Arg>*” of
GRB14 SH2 is too close to residue Pro®° of NEDD4 C2 (< 1.5 A). D, detailed structure of the N-terminal region around residue Arg**'. There is a salt bridge
interaction between the side chain of residue Arg**' of GRB10 SH2 and the carboxyl group of residue Pro?®” of NEDD4 C2 (shown with a red line, 3.22 A),
whereas the side chain of residue Arg**® of GRB14 SH2 is too far away from the carboxyl group of residue Pro®®” of NEDD4 C2 (shown with a blue arrow, 8.01
A) to form a salt bridge interaction. Moreover, the side chain of residue Arg>3” of GRB14 SH2 is too close to residue Pro?®® of NEDD4 C2 (<1.5A). The side
chain of residue His**? of GRB14 SH2 clashes with residue Pro?*® of NEDD4 C2, whereas the corresponding residues in GRB10 SH2 and GRB7 SH2 are gly-
cines that have no side chain.
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IR and IGF1R through classical Tyr(P)-SH2 interactions (44).
On the other hand, there was evidence showing that GRB10
could form a complex with the E3 ubiquitin ligase NEDD4
through the GRB10 SH2-NEDD4 C2 interaction. This inter-
action is phosphotyrosine-independent and Ca>" -indepen-
dent (25). Furthermore, there was also evidence suggesting the
existence of a GRB10-NEDD4-IGF1R complex (23). The crys-
tal structure of the GRB10 SH2-NEDD4 C2 complex, re-
ported here, provides a structural basis for how the SH2 do-
main of GRB10 can bind the C2 domain of NEDD4 and the
kinase domain of IGFIR simultaneously. All of the three
NEDD4 C2 recognition sites on GRB10 SH2 are far away
(more than 15 A) from, and do not overlap with, the classical
Tyr(P)-containing peptide binding pocket (Fig. 34); binding
of the kinase domain of IGF1R at the Tyr(P)-binding pocket
(the classical site) does not interfere with binding of the C2
domain of NEDD4. In the NEDD4-GRB10-IGF1R complex,
GRB10 serves as a connector to form a bridge between
NEDD4 and IGF1R.

Although GRB10 can form a complex with the E3 ubiquitin
ligase NEDD4, GRB10 is not ubiquitinated by NEDD4 inside
the cell. However, IGF1R is ubiquitinated by NEDD4 inside
the cell, and binding of GRB10 to NEDD4 is critical for this
ubiquitination (25). This is explained by the predicted struc-
ture of the NEDD4-GRB10-IGF1R complex, in which GRB10
acts as an adaptor to bring NEDD4 close enough to IGFIR to
facilitate ubiquitination of IGF1R by NEDD4, through the
C2-SH2-kinase domain interaction (Fig. 5A4).

There are a few other cases in which an SH2 domain binds
proteins using binding sites other than the classical Tyr(P)-
binding pocket (45, 46). For example, the Itk kinase domain
docking site on the PLCyl SH2C domain surface, which in-
cludes residues Glu”®, Arg’*%, Met”*°, Lys”*!, and Arg”>?, is
far from and does not overlap with the classical Tyr(P)-bind-
ing pocket (47).

Some instances have been reported in which SH2 domains
use binding sites different from and not overlapping with the
classical Tyr(P)-binding pocket to colocalize a kinase and sub-
strate (45, 46). As shown in Fig. 5B, the SAP SH2 domain
binds simultaneously to the SH3 domain of Fyn kinase and to
the Tyr(P)-containing peptide of SLAM. This interaction re-
sults in the colocalization of Fyn with its SLAM substrate to
facilitate the phosphorylation of SLAM by Fyn (45). In the
complex, SLAM binds to the classical Tyr(P)-binding pocket
of SAP SH2, whereas Fyn SH3 binds SAP SH2 in a phosphoty-
rosine-independent manner, at a binding site outside of the
classical Tyr(P)-binding pocket, involving the DE loop and
part of the B helix (45). Another example is the interaction
between the fibroblast growth factor receptor kinase (FGFR1)
and the N-terminal SH2 domain (SH2N) of PLCy1 (Fig. 5C)
(46). In this complex, there are two interaction sites between
PLCvy1 SH2N and the kinase domain of FGFR1; the Tyr(P)-
containing tail of the kinase domain binds the classical
Tyr(P)-binding pocket on SH2N, whereas a second interac-
tion site involves the BC and DE loops of SH2N.

Unlike the above cases in which the SH2 domain colocal-
izes a kinase and its substrate, in the GRB10-NEDD4-IGF1R
complex, GRB10 SH2 colocalizes a ubiquitin ligase (NEDD4)

42138 JOURNAL OF BIOLOGICAL CHEMISTRY

A

\;rbIO SH2

Interaction site

Grb10 BPS

Fyn SH3

Fyn SH3 bin{iisite

C ."'F\@ FGFRI kinase
5 I

FIGURE 5. Model for the interaction of NEDD4 with IGF1R through
GRB10 and examples of SH2 domains that use binding sites different
from and not overlapping with the classical Tyr(P)-binding pocket to
colocalize a kinase and substrate. A, the interaction between GRB10 BPS
(cyan) and the IGF1R kinase domain (green) is modeled based on the crystal
structure of the GRB14 BPS-IR kinase complex (25). The interaction between
GRB10 SH2 (cyan) and the IGF1R kinase domain is modeled based on the
crystal structure of the APS SH2-IR kinase complex (48). The dashed red oval
highlights the interaction between GRB10 SH2 and the activation loop of
the kinase domain. The missing linker between the BPS and the SH2 do-
main of GRB10 is shown as a dashed cyan line. B, structure of the SAP SH2-
Fyn SH3-SLAM complex (45). The two dashed red ovals highlight the Tyr(P)-
binding pocket and the interaction interface between SAP SH2 and Fyn
SH3, respectively. G, structure of the PLCy1 SH2N-SH2C-FGFR1 kinase do-
main complex (46). The dashed blue oval highlights the Tyr(P)-binding
pocket. The dashed purple oval highlights the secondary interaction inter-
face between PLCy1 SH2N and the FGFR1 kinase domain.

and its substrate (IGF1R). This case provides further evidence
that SH2 domains have a diverse set of other interaction sur-
faces besides the classical Tyr(P)-binding pocket and that SH2
domains can colocalize an enzyme and its substrate to facili-
tate the reaction between them. Our work also supports the
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conclusion that SH2 domains can participate in important
signaling interactions beyond the recognition of
phosphotyrosine.
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