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Protein photo-cross-linking in mammalian cells
by site-specific incorporation of a photoreactive

amino acid

Nobumasa Hino!2, Yuko Okazakil»>4, Takatsugu Kobayashil, Akiko Hayashiz, Kensaku Sakamoto!? &

Shigeyuki Yokoyama!~>

We report a method of photo-cross-linking proteins in
mammalian cells, which is based on site-specific incorporation of
a photoreactive amino acid, p-benzoyl-L-phenylalanine (pBpa),
through the use of an expanded genetic code. To analyze the cell
signaling interactions involving the adaptor protein Grb2, pBpa
was incorporated in its Src homology 2 (SH2) domain. The
human GRB2 gene with an amber codon was introduced into
Chinese hamster ovary (CHO) cells, together with the genes for
the Bacillus stearothermophilus suppressor tRNA™Y" and a pBpa-
specific variant of Escherichia coli tyrosyl-tRNA synthetase
(TyrRS). The Grb2 variant with pBpa in the amber position was
synthesized when pBpa was included in the growth medium.
Upon exposure of cells to 365-nm light, protein variants
containing pBpa in the positions proximal to the ligand-binding
pocket were cross-linked with the transiently expressed
epidermal growth factor (EGF) receptor in the presence of an
EGF stimulus. Cross-linked complexes with endogenous proteins
were also detected. In vivo photo-cross-linking with pBpa
incorporated in proteins will be useful for studying protein-
protein interactions in mammalian cells.

To explain the molecular mechanisms underlying cell activities,
it is important to analyze the network of interactions between
biomolecules. The yeast two-hybrid system!? and protein arrays>*
have been developed to find possible interactions between a protein
of interest and other proteins. Because these techniques are based
on the behavior of proteins in vitro or in non-native cellular
contexts, the interactions identified using these techniques have
been examined to determine whether they occur in native cells.
Methods involving coimmunoprecipitation and precipitation with
tagged proteins can isolate the protein complexes that actually form
in cells, and are thus used extensively for analyses of in vivo
interactions. For these methods to be effective, however, the
complexes must be stable and cannot dissociate during the cell
extract preparation.

Cross-linkers create covalent bonds between the bound biomo-
lecules, and thus even the complexes formed by weak interactions
can be isolated. Therefore, cross-linking reagents are useful even for
analyses of protein—nucleic acid interactions in vitro. Cross-linkers
can be incorporated into peptides and proteins; amino acids with
photoreactive linkers in their side-chain moieties®, such as pBpa
(Fig. 1a), can be incorporated into defined positions in synthetic
peptides”® or proteins synthesized in vitro>'°, Upon excitation at
350-365 nm, the benzophenone group of pBpa reacts with nearby
C-H bonds. The feasibility of in vivo photo-cross-linker incorpora-
tion into proteins using E. coli cells with an expanded genetic code
has been demonstrated!!2, A variant of Methanococcus jannaschii
TyrRS that specifically recognizes pBpa had been expressed in
E. coli, together with a suppressor tRNA derived from M. jannaschii
tRNAY™, This TyrRS variant aminoacylates only pBpa, and this
tRNA is not recognized by any endogenous aminoacyl-tRNA
synthetase (aaRS; this principle is known as ‘orthogonality’).
Thus, pBpa had been assigned to the amber codon in the E. coli
cells. The addition of pBpa to the growth medium had resulted in
synthesis of glutathione S-transferase (GST) with pBpa in cells in
which one codon in the gene encoding GST was replaced with an
amber codon. The cross-linked dimer, in which the two GST
molecules had been covalently bound to each other, was isolated
from the cells after an exposure to 365-nm light for up to 30 min.

The application of this method to mammalian cells requires an
orthogonal tRNA-aaRS pair for pBpa: a pBpa-specific TyrRS
variant that does not recognize any mammalian tRNAs and a
suppressor tRNA that is only recognizable by this variant aaRS. The
pBpa-specific variant of M. jannaschii TyrRS is inappropriate for
use in a mammalian system because it can aminoacylate the
mammalian tRNADT species'3. The orthogonality of prokaryotic
tRNA-aaRS$ pairs in eukaryotic translation has been demonstrated
with the E. coli pair of amber suppressor tRNAS™ and glutaminyl-
tRNA synthetase!* and subsequently with the tRNAT™-TyrRS
pair'®. Based on the latter observation, we had developed an
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Figure 1 | Site-specific incorporation of pBpa in the Grb2 SH2 domain. (a) Chemical structure of a pBpa residue. The crystal structure (stereo view) of the
complex between the Grb2 SH2 domain and a peptide inhibitor with the sequence Glu-phospho-Tyr-Ile-Asn-Gln (in green), which corresponds to residues
1067-1071 of the EGF receptor?’. (b) pTyr, phosphotyrosine. Residue 111 is shown in magenta and residues 104, 119, 121 and 143 in cyan. (c) Illustration of
a photo-cross-link between pBpa in position 111 of Grb2 and a bound protein. (d) The crystal structure (stereo view) of the complex between the Grb2 SH2 and
the peptide inhibitor, in which residues 103-112 on the D and BD’ strands?° are shown in orange.

amber suppression system for the site-specific incorporation of a
non-natural amino acid into proteins in mammalian cells'®. This
system comprises an E. coli TyrRS variant specific to 3-iodo-L-
tyrosine and a suppressor tRNA derived from B. stearothermophilus
tRNA'Y, and specifically incorporates this amino acid into amber
positions, with an occupancy of >95%, in CHO cells. Recently,
a pBpa-specific variant of E. coli TyrRS (Eco-pBpaRS) has been
developed'”. We thought that this variant could be used, in
combination with our system, for the incorporation of pBpa into
proteins in mammalian cells.

In the present study, we showed that the Eco-pBpaRS and the
B. stearothermophilus suppressor tRNATY" can be used as an
orthogonal pair for site-specific incorporation of pBpa into pro-
teins in CHO cells. pBpa was incorporated into the ligand-binding
pocket of the SH2 domain of the adaptor protein Grb2. The pBpa-
containing Grb2 proteins were cross-linked by 365-nm light to
the transiently expressed EGF receptor in the presence of EGF
stimuli, as well as to endogenous proteins such as ErbB2. Therefore,
the in vivo photo-cross-linking obtained using the expanded
genetic code is useful for studying protein-protein interactions
in mammalian cells.

RESULTS

Site-specific incorporation of pBpa in Grb2 SH2

Grb2 is an adaptor protein that mediates the extracellular signals to
the Ras protein by binding to various target molecules, including
the members of the EGF receptor family!®!®, This Grb2 accom-
modation by the EGF receptor involves the SH2 domain of Grb2,
and this domain directly binds Tyr1068 of the receptor, which
becomes phosphorylated upon EGF stimulation. The tertiary
structures of this Grb2 SH2 domain, complexed with a ligand
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peptide, have been determined by X-ray crystallography and
NMR?%22, The candidates for the amino acid to be replaced by
pBpa are the residues that are located in the neighborhood of the
bound ligand but are not involved in the binding. Several candi-
dates were selected based on the crystal structure (Fig. 1), and
we first changed position 111.

The GRB2 gene variant containing an amber codon in this
position, GRB2(Am111), was tagged with a Flag peptide and
introduced into CHO cells, together with the genes for Eco-pBpaRS
and the B. stearothermophilus suppressor tRNATY". The Grb2 variant
with pBpa was produced depending on both the expression of the
suppressor tRNA—Eco-pBpaRS pair and the presence of pBpa in the
growth medium, but at a lower level than the wild-type Grb2
(Supplementary Fig. 1 online). Thus, pBpa was incorporated into
the amber position of GRB2(Am111).

Binding of the pBpa-containing Grb2 to the EGF receptor

We used coimmunoprecipitation experiments to determine
whether the Flag-tagged Grb2(pBpalll) could still bind to the
EGF receptor in spite of the presence of the bulky pBpa residue near
the ligand binding site. This receptor is not endogenously expressed
in CHO cells*® and was therefore introduced transiently. Using a
specific antibody against this receptor, we detected products of two
different molecular masses, 150 and 170 kDa (Fig. 2a; lanes 1-—4);
the product with the lower mass had previously been reported to
be a nonphysiological byproduct that resulted from overproduction
of the receptor in CHO cells*®. EGF treatment facilitated the
coprecipitation between the 170-kDa EGF receptor and the
wild-type Grb2, and this precipitated receptor was phosphorylated
at Tyr1068 (Fig. 2b,c; lanes 1,2). By contrast, the 150-kDa
EGF receptor byproduct was phosphorylated at Tyrl068 and
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Figure 2 | Analysis of the interactions between Grb2 and the EGF receptor by
coimmunoprecipitation. The wild-type Grb2 or Grb2(pBpa111) was expressed
together with the EGF receptor in CHO cells, either treated with EGF or not
treated. Ab, antibody. (a) A 20-pg aliquot of the cell lysate was analyzed with
the antibody against the EGF receptor. (b-d) An immunoprecipitate with the
anti-Flag antibody from 1.0 mg of the cell lysate was probed with antibodies
against the EGF receptor (b), phospho-Tyr1068 (c) and the Flag tag (d).

immunoprecipitated with the anti-Flag antibody, but indepen-
dently of EGF treatment (Fig. 2b,c; lanes 1,2).

When Grb2(pBpalll) was expressed in place of the wild-type
Grb2, the EGF receptor still immunoprecipitated with this Grb2
variant (Fig. 2b,c; lanes 3,4). Less of the immunoprecipitated
receptor was obtained with the Grb2 variant than with the wild-
type Grb2. This was probably because the cellular abundance of
Grb2(pBpalll) was lower than that of the wild-type Grb2
(Fig. 2d). Thus, we concluded that Grb2(pBpalll) retains the
ability to bind phospho-Tyr1068 on the EGF receptor.

Cross-linking between Grb2(pBpa111) and the EGF receptor
For photo-cross-linking between the EGF receptor and
Grb2(pBpalll) complex, formed as a result of autophosphoryla-
tion on the tyrosine residues, the CHO cells expressing these
molecules were stimulated with EGF and then immediately washed
with ice-cold phosphate-buffered saline (PBS) before exposure to
365-nm light for up to 30 min on ice. Note that the internalization
of the EGF receptor does not occur at 4 °C (ref. 25). Extracts of
the cells were then prepared and treated with protein tyrosine
phosphatase 1B, to dissociate the EGF receptor—Grb2(pBpalll)
complexes that were not cross-linked. Thus, in addition to the
cross-linked complex, Grb2(pBpalll) alone was expected to be
precipitated with the anti-Flag antibody.

We detected a precipitate with a molecular mass of nearly
200 kDa after 15-30 min of light exposure when Grb2(pBpalll)
was expressed (Fig. 3a; lanes 8,9) but did not detect such a
precipitate when the wild-type Grb2 was expressed (Fig. 3a; lanes
1-5). We concluded that this product was a cross-linked complex
between the Grb2 variant and the EGF receptor for the following
reasons. First, the detection of this product was dependent on the
EGF stimulus. Second, its molecular mass corresponds to the sum
of those of the EGF receptor (170 kDa) and Grb2 (25 kDa). Third, it
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Figure 3 | Photo-cross-linking of Grb2(pBpa111) with the EGF receptor.
(a,b) The wild-type Grb2 or Grb2(pBpa111) was expressed together with the
EGF receptor in CHO cells, treated or not treated with EGF, and excited with
365-nm light. The light exposure was maintained for 0, 5, 15 and 30 min.
An immunoprecipitate with the anti-Flag antibody from the cell lysate

(0.2 mg) was probed with the anti-EGF receptor antibody (a) and the
anti-Flag antibody (b).

was detected by both the anti-EGF receptor antibody and the anti-
Flag antibody (Fig. 3b; lanes 8-9). Fourth, its detection depended
on both the light exposure and the presence of pBpa in Grb2.

Grb2 variants containing pBpa at different positions

We then examined if any positions other than 111 could also be
used for the cross-linking, by incorporating pBpa at different
positions close to where the ligand bound in the crystal structure
(Fig. 1b,d). After 15 min of light exposure, the cross-linked
complexes between the EGF receptor and Grb2(pBpal2l) or
Grb2(pBpal43) (Fig. 1b) were detected by the anti—-EGF receptor
antibody and an anti-Grb2 antibody. The signals for these com-
plexes were weaker than that between the EGF receptor and
Grb2(pBpalll) (Fig. 4ab; lanes 11, 14 and 5, respectively).
When pBpa was incorporated in positions 104 and 119, which
are more distant from the bound ligand than positions 111, 121 and
143, a weak signal for the cross-linked complex was detected for
Grb2(pBpal04), but no signal was obtained for Grb2(pBpall9).
The expression levels of these five Grb2 variants were similar
to each other (Fig. 4c). This indicated that the efficiency of
cross-linking correlates with the distance between the pBpa
position and the bound ligand, and several positions in SH2 are
useful for cross-linking.

Next, pBpa was systematically incorporated at positions 103 to
112 on the BD and D’ strands extending across the bound ligand?°
(Fig. 1d). Positions 107-111 are in the vicinity of the ligand, and
after exposure to light, Grb2(pBpal09) as well as Grb2(pBpalll)
gave a strong signal corresponding to the cross-linked complex, as
detected by the anti-Grb2 antibody (Fig. 4d,e). The signals of cross-
linked products were also detected by the anti-EGF receptor
antibody (data not shown). On the other hand, a weak signal was
obtained for Grb2(pBpal08), and no signal was detected for
Grb2(pBpal07) and Grb2(pBpall0) (Fig. 4d). Grb2 Hisl07
directly interacts with the phosphotyrosine residue in the ligand
peptide, and its replacement by pBpa impaired the interaction
between Grb2 and the receptor, as indicated by coimmunopreci-
pitation assay (Fig. 4f). Grb2 Phel08 and Val110 side chains are
oriented inward and away from the ligand peptide (Fig. 1d), and in
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Positions: 104 111 119 121 143 Figure 4 | Photo-cross-linking of Grb2 variants,
containing pBpa at different positions in the SH2
Excitation(min) 0 15 30 O 15 30 0 15 30 0 15 30 0 15 30 domain, with the EGF receptor. (a-f) The Grb2
10 11 12 13 14 15 variants with pBpa at the indicated positions were

Lane 1 2 3 4 5 6 7 8 9
a Ab:

expressed together with the EGF receptor in CHO

EGFR

cells, which were exposed to the 365-nm light for

- the indicated amounts of time. The cross-linked

e =2

products (200 kDa), immunoprecipitated with the
anti-Flag antibody from the cell lysate (0.5 mg

« 5ol
Cc

for a-c, 1 mg for d-e), were probed with the

«: (eSS SRR

anti-EGF receptor antibody (a) and the anti-Grb2
antibody (b,d). The uncrosslinked Grb2 (25 kDa)

variants in these immunoprecipitates were also
detected with the anti-Grb2 antibody (c.e).

The abilities of the Grb2 variants to bind the
EGF receptor were analyzed by means of
coimmunoprecipitation between the variants

and the receptor; the immunoprecipitate with

the anti-Flag antibody from the lysate of the
unexposed cells (0.5 mg) was probed with the
anti-EGF receptor antibody (f).

d Positions: 103 104 105 106 107 108 109 110 111 112
Ab:
Grb2 .
. - - e 8
Grb2
f EGFR —
A - -— -— -

addition, the pBpa incorporation at position 110 reduced the
expression level of the Grb2 variant (Fig. 4e). Weak signals were
obtained for Grb2(pBpal04), Grb2(pBpal05) and Grb2(pBpal06),
which have alterations in residues that are at an intermediate
distance from the bound ligand. As for the distal positions (103
and 112), neither Grb2(pBpal03) nor Grb2(pBpall2) formed a
cross-linked complex with the receptor. These results demonstrated
the applicability of the present method in analyzing the interface
between interacting proteins.

Cross-linking of Grb2(pBpa111) with endogenous proteins

Finally, we examined whether the Grb2-Flag containing pBpa at
position 111 cross-linked with endogenous proteins. Unstimulated,
resting CHO cells expressing Grb2(pBpalll) were exposed to
365-nm light and the cell extracts were precipitated with the
anti-Flag antibody. After separation by SDS-PAGE, the staining
of these precipitates with the anti-Grb2 antibody should allow us to
detect Grb2 and its cross-linked complexes. We used this antibody,
which is different from the antibody used for the precipitation, to
identify cross-linked products. Bands corresponding to complexes
between Grb2(pBpalll) and certain endogenous proteins were
observed, depending on the exposure to light, whereas no such
light-dependent bands were detected when the Flag-tagged wild-
type Grb2 was expressed (Fig. 5a). Most of the bands correspond-
ing to the cross-linked complexes approached the maximal levels
within 15 min. In particular, we focused on a faint band at about
200 kDa, because the molecular mass corresponds to that of the
complex with another member of the EGF-receptor family, ErbB2,

Figure 5 | Photo-cross-linking of Grb2(pBpa111) with endogenous proteins.
(a,b) The wild-type Grb2 or Grb2(pBpa111) was expressed in CHO cells.

A 365-nm light exposure was performed for the indicated amounts of time.
Immunoprecipitates with the anti-Flag antibody from the cell lysates (1.6 mg)
were probed with the anti-Grb2 antibody (a) and the anti-ErbB2 antibody (b).
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which is endogenously expressed in CHO cells?®. The band of the
putative cross-linked complex between ErbB2 and Grb2(pBpalll)
was detected by staining with an anti-ErbB2 antibody (Fig. 5b).
Under resting conditions (serum starvation for 12 h), ErbB2 is only
slightly tyrosine-phosphorylated (data not shown). Using the anti-
ErbB2 antibody, we also detected the band corresponding to the
un-cross-linked ErbB2 (185 kDa), which coimmunoprecipitated
with Grb2-Flag, owing to the omission of the phosphatase
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treatment (Fig. 5b). The band intensities of the cross-linked and
un-cross-linked ErbB2 molecules suggested that about 30% of the
ErbB2-Grb2 complexes were cross-linked. Therefore, the Grb2
cross-linking efficiency seems to be higher for endogenous proteins
than for the overexpressed EGF receptor.

DISCUSSION
Pairs of a suppressor tRNA and an aaRS$ variant with an engineered
amino acid specificity have been expressed in bacterial, yeast and
mammalian cells to expand the repertoire of amino acids incorpo-
rated in proteins'®!726-28, This technology had been used for
photo-cross-linking of the pBpa-containing GST homodimer in
E. coli cells' 2. Our results demonstrate that cell signaling proteins,
either overexpressed or endogenous in mammalian cells, can be
successfully cross-linked and detected by using pBpa. Consequently,
in vivo cross-linking, based on the genetic code expansion, can also
be applied to study a variety of protein-protein interactions. The
cross-linked protein complexes are stable because of the formation
of a covalent bond, and thus their dissociation during cell extract
preparation can be avoided. This advantage will facilitate the
isolation of complexes formed by transient or weak interactions
between proteins, even if some of these interactions are not
detectable by traditional coimmunoprecipitation. Application of
our method to the discovery of protein-protein interactions will
benefit from the recent developments in mass spectrometry as well
as in tandem affinity purification—in which two distinct affinity
columns are used for isolating cross-linked products*>—because
the cross-linked products could be analyzed by peptide mass
fingerprinting to identify the target proteins.

In addition, because the covalent bonds are formed in the cells as
a consequence of exposure to 365-nm light, the cellular interactions
can be distinguished from the false interactions that could occur
during cell extract preparation or incubation with antibodies. For
example, when the EGF receptor is overproduced in CHO cells, a
nonphysiological byproduct, the 150-kDa EGF receptor, is
observed in addition to the physiological 170-kDa EGF receptor®4.
In the present study, the 150-kDa EGF receptor was coimmuno-
precipitated with Grb2 both with and without EGF treatment, but
was not cross-linked at all to Grb2(pBpalll) (Figs. 2 and 3).
Presumably, the byproduct was not properly expressed on the cell
surface and was unable to bind Grb2, even with the EGF-indepen-
dent Tyr1068 phosphorylation, and the observed coimmunopreci-
pitation with Grb2 was due to nonspecific binding that occurred
during or after the cell extract preparation. Thus, the present
method specifically detects the natural complexes formed in the
cellular environment. The specificity of this protein-directed cross-
linking contrasts starkly with the random cross-linking obtained
with cell membrane—permeable cross-linkers®’.

Protein cross-linking has been used to determine the position of
a protein relative to those of other proteins within a macromole-
cular complex®’; the formation of cross-links between two proteins
indicates their direct contact within the complex, with no inter-
vening factors. The site-specific incorporation of cross-linker
amino acids can pinpoint the sites on a protein in the vicinity of
the interacting proteins. The present expanded genetic code meth-
od does not require the elimination of all of the protein’s cysteine
residues aside from the one at the target site, as is the case with the
existing method?!. The extent of cross-linking depends on the
distance between the pBpa residue and the target protein®. Our

results with pBpa in various positions of Grb2 correlate well with
the distances observed in the crystal structure of Grb2 complexed
with a ligand peptide.

In the absence of structural information about a protein, pBpa
can be incorporated in proximity to the conserved amino acids or
the amino acids known to be essential for ligand binding. In the
present study, we tested the feasibility of this method; pBpa was
systematically introduced at ten sequential positions around
His107, which is highly conserved in SH2 domains??, and five of
the Grb2 variants were photo-cross-linked to the EGF receptor.
Alternatively, pBpa could be incorporated into the putative binding
domain at intervals of several residues.

METHODS

Materials. pBpa was purchased from Bachem AG. The anti-
Flag M2 antibody was from Sigma, the anti-hemagglutinin
antibody was from Roche Diagnostics, the anti-EGF receptor
antibody (against its intracellular domain) and the anti-Grb2
antibody (against its C-terminal domain) were from Santa Cruz
Biotechnology, and the antibody against the phospho-Tyr1068 in
the EGF receptor was from Cell Signaling Technology. The horse-
radish peroxidase—conjugated anti-mouse IgG and anti-rabbit
IgG antibodies were both from Amersham Biosciences.

Site-directed mutagenesis and plasmid construction. The gene
encoding Eco-pBpaRS was generated by site-directed mutagenesis
of the wild-type TyrRS gene from E. coli, which was achieved by
PCR with mutagenic primers to replace Tyr37, Asp182 and Leul86
by glycine, glycine and alanine, respectively. The leucine codon in
position 111 of the human GRB2 gene was mutagenized to an
amber codon by using the QuikChange site-directed mutagenesis
kit (Stratagene) to create GRB2(Amll1l). The hemagglutinin
tag (YPYDVPDYA) was added to the C termini of the wild-type
E. coli TyrRS and Eco-pBpaRS, whereas the wild-type GRB2 and
GRB2(Am) genes were tagged with the Flag sequence
(DYKDDDDK) at their C termini. The wild-type and variant
GRB2 and TyrRS genes and the EGF receptor gene were each
cloned in the pcDNA4/TO vector (Invitrogen) for expression in
the cells. The wild-type GRB2 gene in the vector was mutagenized
using the QuikChange site-directed mutagenesis kit, to generate
a series of clones with an amber codon at positions 103-110,
112, 119, 121 and 143. A plasmid carrying nine copies of the
amber suppressor tRNA gene has been previously described!®.

Transfection. T-REx-CHO cells (Invitrogen), which constitutively
produce the tetracycline repressor, were grown to 90% confluence
in a 100-mm dish and then transfected with the pcDNA4/TO
plasmids and the suppressor tRNA—expressing plasmid, using the
Lipofect AMINE 2000 reagent (Invitrogen) in the Gibco Opti-
MEMI growth medium (Invitrogen). Four hours after transfec-
tion, this medium was replaced by serum-free Gibco D-MEM/
F-12 medium (Invitrogen) containing 20 mM HEPES-NaOH
(pH 7.2) and 1 pg/ml tetracycline. pBpa was added to this medium
at a concentration of 1 mM. The cells were used in experiments
after a 12-h incubation.

Western blotting. Cells were lysed in buffer A: 30 mM Tris-HCl

buffer (pH 7.4), 10% glycerol, 1% Triton X-100, 5 mM EDTA and
0.05% sodium deoxycholate, with a 1:100 dilution of proteinase
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inhibitor cocktail (Nakarai Tesque). The proteins were then
fractionated by SDS-PAGE and transferred to PVDF membranes
(Millipore). The proteins on the membrane were probed with
antibodies and then detected with the ECL plus immunodetection
system (Amersham Biosciences). The membranes were stripped in
62.5 mM Tris-HCI buffer (pH 6.8) containing 2% SDS and 0.7%
2-mercaptoethanol for 30 min at 55 °C to prepare for probing
with the second antibody. The band intensity was measured with
an image analyzer, LAS-1000plus (Fuji Photo Film).

© 2005 Nature Publishing Group http://ww w.natur e.com/nature methods

Immunoprecipitation of the Grb2 variants with the EGF receptor
and endogenous proteins. For coimmunoprecipitation with the

EGF receptor, the cells were treated with EGFE, washed twice with

ice-cold PBS, pH 7.2, and then lysed in buffer A containing 1 mM
orthovanadate. The extracts were incubated at 4 °C for 2 h with
affinity gels linked to the anti-Flag M2 antibodies, and the proteins

thus trapped on the gels were eluted by the Flag peptide (Sigma).

For coimmunoprecipitation with endogenous proteins, the cells

were not stimulated with EGE

Photo-cross-linking of the Grb2 variants with the EGF receptor
and endogenous proteins. For photo-cross-linking with the EGF
receptor, the cells were treated with EGF and washed as described
above. The culture dishes containing these cells in PBS were placed
on ice and exposed to 365-nm light by using an 8-W lamp (UVP),
at a 2.5-cm distance. Immediately after light exposure, the cell
lysate was prepared in buffer A and then treated with the protein
tyrosine phosphatase 1B at 0.5 U/pl (Calbiochem) for 30 min at
30 °C. For photo-cross-linking with endogenous proteins, the
quiescent cells were washed with PBS and exposed to the light, and
then were lysed in buffer A containing 1 mM orthovanadate. The
lysate was not treated with phosphatase.

Note: Supplementary information is available on the Nature Methods website.
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