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ABSTRACT Grb2 is a 25-kDa adaptor protein composed
of a Src homology 2 (SH2) domain and two fnking Src
homology 3 (SH3)do . One hfnction of Grb2 is to couple
tyrosine-phosphorylated proteins (through its SH2 domain) to
downstream effectors (tough its SH3 domains). Using an
overlay assay, we have identified four major Grb2-binding
proteins in synaptic fractions. These proteins interact with
wild-type Grb2 but not with Grb2 containing point mutations
in each of its two SH3 do corresponding to the loss of
function mutants in the Caenorhabids ekgans Grb2 homo-
logue sem-5. Two of the proteins, mSos and dynamin, were
previously shown to bind Grb2. The third protein of 145 kDa
is brain spedflc and to our knowledge has not been previously
described. The fourth protein is synapsin I. Dynamin is re-
quired for synaptic vesicle endocytosis and synapsin I is
thought to mediate the interaction of synaptic vesicles with the
presynaptic cytomatrix. These data suggest that Grb2, or other
protein con ing 513 doins, may play a role in the
regulation of the exo/endocytotic cycle of synaptic vesicles and
therefore of neurotransmitter release.

Src homology 2 (SH2) and Src homology 3 (SH3) domains are
protein modules involved in protein-protein interactions
including those mediating regulatory cascades from cell sur-
face receptors to intracellular effector proteins. SH2 and SH3
domains, which were originally recognized in c-Src (1),
interact with phosphotyrosine-containing sequences and pro-
line-rich sequences, respectively. SH2 and SH3 domains
often coexist in the same protein, including members of a
group of signaling molecules that do not have any detectable
intrinsic enzyme activity and that are referred to as adaptor
proteins (2). One example of an adaptor molecule is growth
factor receptor-bound protein 2 (Grb2), which is composed of
a single SH2 domain and two flanking SH3 domains (3) and
is homologous to the product of the Caenorhabditis elegans
gene sem-S (4). A convergence of genetic studies in C.
elegans and Drosophila, coupled with biochemical studies in
mammalian cells, have demonstrated that one of the func-
tions of Grb2 is to link tyrosine-phosphorylated receptors to
Ras activation via the binding of Grb2 to Sos, a guanine
nucleotide exchange factor for Ras (4-12). In addition to its
role in the Ras signaling pathway, Grb2 appears to be
involved in other pathways, including the regulation ofmem-
brane ruffle formation, possibly through its interactions with
the cytoskeleton (13, 14).
Dynamin is a GTPase (15), which is required for synaptic

vesicle endocytosis as indicated by its identity with the
product of the Drosophila shibire gene (16, 17). A mutation
of the dynamin gene in Drosophila leads to a temperature-
sensitive block of neurotransmitter release due to a lack of

synaptic vesicle membrane endocytosis and recycling. Dy-
namin is also involved in clathrin-mediated endocytosis in
nonneuronal cells (18, 19). Neuronal dynamin is identical to
dephosphin, a protein that undergoes stimulus-dependent
dephosphorylation in the nerve terminal (20). It has recently
been demonstrated that the proline-rich tail ofdynamin binds
the SH3 domains of Grb2, and that Grb2 stimulates dy-
namin's GTPase activity (21-23). Interestingly, aproline-rich
C terminus similar to that present in dynamin is also present
in synapsin 1 (24), a synaptic vesicle-associated nerve termi-
nal protein (25, 26) that interacts with actin and is thought to
cross-link synaptic vesicles to the actin-based cytomatrix of
nerve terminals (28). Synapsin I is phosphorylated in an
activity-dependent manner and its phosphorylation is
thought to modulate the availability of synaptic vesicles for
exocytosis (28). Synapsin I is highly homologous to synapsin
II, which appears to have a similar function but lacks the
proline-rich C-terminal region (24). This region of the mole-
cule, which also contains the phosphorylation sites for Ca2+/
calmodulin-dependent protein kinase II (CaM kinase II) (28)
and proline-directed protein kinase (29), is thought to have a
regulatory role on synapsin I function. The presence of
similar C termini on two proteins that appear to play crucial
roles in the exo/endocytosis of synaptic vesicles raises the
possibility that Grb2, or another SH3-containing protein,
may regulate some aspects of the vesicle cycle. We have
investigated here whether Grb2 binds synapsin I and/or other
synaptic proteins.

MATERIALS AND METHODS
Antibodies. Monoclonal antibodies against synaptophysin

(30) and synapsin I (31) have been described. A polyclonal
antibody against mSos was from Upstate Biotechnology
(Lake Placid, NY). Polyclonal antibodies against dynamin
(18, 20) were generous gifts of Sandra Schmid (Scripps
Research Institute, La Jolla, CA) andThomas Sfldhof(South-
western Medical Center, Dallas). Rabbit polyclonal antibody
against recombinant glutathione S-transferase (GST) was
prepared by standard techniques.
Grb2 and Grb2 Mutants. Grb2 was cloned from a human

cerebellar Agt1l library by PCR using oligonucleotide primers
(30-mers) from human Grb2 (3) and was subcloned into
pGEX-2t. The loss of function N-terminal SH3 mutant P49L
(Pro-49 to Lys) and C-terminal SH3 mutant G203R (Gly-203
to Arg) were prepared in pGEX-2t as described (3). A
construct containing both SH3 mutations (double mutant)
was prepared by digestion of the N-terminal and C-terminal
Grb2 mutants in pGEX-2t with EcoRI and Sty I, with the
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ligation of the insert containing the C-terminal mutation into
the vector containing the N-terminal mutant. DHSa cells
were transformed to ampicillin resistance with pGEX-2t
alone or pGEX-2t containing wild-type or mutant forms of
Grb2. Large-scale cultures of LB with carbenicillin were
inoculated with small overnight cultures, grown at 370C, and
induced for 2.5 hr with 0.5 mM isopropyl (3-D-thiogalacto-
pyranoside, and the GST fusion proteins or GST alone were
purified on glutathione-agarose beads as described (32).

Subceflular Fractionation. Synaptic fractions were prepared
from rat brain as described (25). To obtain S3 and P3, the S2
fraction from Huttner et al. (25) was centrifuged at 165,000 x
gav for 2 hr. Rat tissues were homogenized in buffer A (0.3 M
sucrose/0.83 mM benzamidine/0.23 mM phenylmethylsulfo-
nyl fluoride/10 mM Hepes{OH, pH 7.4) (1:10, wt/vol) with a
Polytron (Bnkman) for =30 sec and centrifuged at 800 x g.
for 5 min to obtain postnuclear supernatants. Lysates from
HER14 cells treated with or without epidermal growth factor
(EGF) were prepared as described (3).
Grb2 Overlay. Protein fractions on nitrocellulose mem-

branes were blocked for 1 hr in Blotto [150 mM NaCl/5%
(wt/vol) nonfat dry milk/50 mM phosphate, pH 7.5], rinsed
with water, and incubated for 1 hr in buffer B (3% bovine
serum albumin/0.1% Tween 20/1 mM dithiothreitol/20 mM
Tris-HCl, pH 7.4) containing 4.5 pg of GST fusion proteins
per ml. The nitrocellulose was then washed in Blotto, rinsed
with water, and incubated for 1 hr in buffer B minus dithio-
threitol containing a rabbit anti-GST antibody (1:500). Bound
anti-GST antibodies were revealed as described (33).

Synapsin I/Grb2 Solution Assay. Grb2-GST and Grb2
double-mutant-GST were coupled to glutathione-Sepharose
(2 pug of fusion protein per A4 of Sepharose beads). After
equilibration in binding buffer (150 mM NaCl/1% Triton
X-100/10 mM Hepes-OH, pH 7.4), 12.5 /4 of fusion protein-
coupled beads were incubated with 500 ng of purified syn-
apsin I in 50 A4 of binding buffer for 3 hr at 4°C. The beads
were then pelleted by microcentrifugation, and the superna-
tant fraction was collected. The beads were then washed by
resuspending two times in binding buffer before being resus-
pended in SDS sample buffer.

Synapsin I/Grb2 Cedimentaton Assay. Grb2-GST fu-
sion proteins (1 W) were incubated for 20 min at room
temperature in 225 mM glycine/40 mM NaCl/7.75 mM
Tris.HCl/3.75 mM Hepes, pH 7.7 (final vol, 100 pl) in the
absence or presence of purified synapsin 1 (46) (1 ,uM). After
the incubation, samples were centrifuged in a Beckman
TL-100 at 132,000 x g for 20 min. Pellets were resuspended
in SDS sample buffer and subjected to SDS/PAGE. Gels
were stained with Coomassie brilliant blue and analyzed with
a laser scanning densitometer (LKB Ultrascan XL). Absolute
amounts ofGrb2 in the pellet were calculated by interpolation
from a Grb2-GST standard curve.
Mscellneous Procedures. For dynamin immunoprecipita-

tion, the S3 fraction from rat brain (60 pg) was incubated with
10 /4 ofanti-dynamin rabbit anti-serum or PBS for 4 hr at 4°C,
followed by the addition to each tube of 25 /4 of protein
A-Sepharose. After 2 hr, the beads were pelleted by centrif-
ugation and the unbound material was prepared for SDS/
PAGE. Synapsin I was phosphorylated in the presence of
protein kinase A and CaM kinase II and digested with
Staphylococcus aureus V8 protease as described (34).

RESULTS
Proteins from a crude synaptic vesicle fraction (LP2) were
separated by SDS/PAGE, transferred to nitrocellulose, and
overlaid with Grb2 expressed as a GST fusion protein.
Binding of the fusion protein was then revealed with anti-
bodies against GST. Five major Grb2-binding proteins of
approximate molecular mass 170, 145, 100, 80, and 75 kDa
were detected (Figs. 1 and 2). The proteins of 170, 145, and
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FIG. 1. Grb2-binding proteins in a synaptic fraction from rat
brain. Proteins from a crude synaptic vesicle fraction (LP2; 200 fg)
were separated by SDS/PAGE on 3-12% acrylamide gradient gels,
transferred to nitrocellulose, and overlaid with wild-type GST-Grb2
fusion protein. Fractions from the same gel were reacted with
polyclonal antibodies against dynamin and mSos or with a mono-
clonal antibody specific for synapsin I. The migration of molecular
mass markers (kDa) is indicated on the left.

100 kDa were also the major Grb2-binding proteins in total
brain homogenate (refs. 21 and 23; data not shown). GST
alone or GST fusion protein encoding Grb2 with single amino
acid mutations in both the N-terminal and C-terminal SH3
domains (corresponding to the loss offunction mutants in the
Grb2 homologue sem-5) (3, 4) did not exhibit any binding
(Fig. 2). These results demonstrate that the observed inter-
actions are specific and are mediated through the SH3
domains of Grb2.
To test that the mutant Grb2 was expressed in a functional

form, we performed overlay assays on HER14 cells, which
express high levels of EGF receptor (3). Wild-type Grb2
interacted with a number of proteins in these cells in the
absence of EGF stimulation, including a protein at 170 kDa,
which has been identified as mSos (Fig. 3) (refs. 3 and 5; data
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FIG. 2. Grb2 interactions are mediated through SH3 domains.
Proteins of a crude synaptic vesicle fraction (LP2; 200 pg) were
separated by SDS/PAGE on 3-12% acrylamide gradient gels,
stained by Coomassie brilliant blue (Coomassie), or transferred to
nitrocellulose and overlaid with GST fusion protein, wild-type GST-
Grb2 fusion protein, or GST-Grb2 fusion protein containing single
amino acid mutations in both the Grb2 N-terminal and C-terminal
SH3 domains. Numbers on left are kDa.
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not shown). When the cells were stimulated with EGF, the
wild-type Grb2 interacted with an additional protein of 180
kDa, which has been identified as the EGF receptor (Fig. 3)
(refs. 3 and 5; data not shown). This interaction is dependent
on EGF receptor tyrosine phosphorylation and is mediated
through the SH2 domain of Grb2 (3). Although the Grb2
double mutant did not interact with any of the Grb2-binding
proteins in the unstimulated HER14, it retained the ability to
recognize the tyrosine-phosphorylated EGF receptor
through its SH2 domain (Fig. 3). These data demonstrate that
the inability of the mutant Grb2 to bind target proteins is
specific for those interactions that are mediated by SH3
domains and further confirms the specificity of the interac-
tions observed in Fig. 1.
We next investigated the identity of the Grb2-binding

proteins present in the LP2 fraction. miSos, a known Grb2-
binding protein, is present in brain (35) and migrates on
SDS/polyacrylamide gels with an apparent molecular mass
of 170 kDa (5). Immunoblot analysis of brain fractions with
an antibody directed against mSos revealed a band of the
same molecular mass as the 170-kDa Grb2-binding protein,
suggesting that this protein is mSos (Fig. 1). Consistent with
this result, the 170-kDa Grb2-binding protein had a wide-
spread tissue distribution (Fig. 4A), similar to mSos (35).
A 100-kDa protein that binds Grb2 in solution is dynamin

(21-23). Immunoblot analysis of the LP2 fraction with anti-
dynamin antibody labeled a band with the same electropho-
retic migration as the 100-kDa Grb2-binding protein (Fig. 1).
The identity of this protein as dynamin was confirmed by its
depletion from brain extracts by immunoprecipitation with
anti-dynamin antibodies (Fig. 4B). Dynamin is present in
mammals in at least three forms: one that is highly expressed
in brain (15, 36), a second that is specifically expressed in
testis (36), and a third that has a broad tissue distribution (37,
38). Grb2-binding proteins of 100 kDa were detected in a
broad range of tissues including testis (Fig. 4C). This is in
contrast to the results obtained with a polyclonal. antibody
specific to neuronal dynamin (20), which recognized a band
in brain but showed no reactivity in the 100-kDa region with
the other tissues (Fig. 4C). These results suggest that the
nonneuronal dynamin isoforms, similar to the neuronal form
of dynamin, bind Grb2.
The 145-kDa Cir2-binding protein appears to be brain

specific and to our knowledge has not been previously
described (Fig. 4A). Unambiguous amino acid sequences
from peptides obtained by digestion of the protein after
partial purification on a column of GST-Grb2 were used to
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FIG. 3. SH3 mutant con-
tains functional SH2 domains.
HER14 cells were treated
(lanes +) or mock treated
(lanes -) with EGF. Lysates
of the cells were then sepa-
rated by SDS/PAGE on 3-
12% acrylamide gradient gels,
transferred to nitrocellulose,
and overlaid with wild-type
GST-Grb2 fusion protein or
the GST-Grb2 fusion protein
containing point mutations in
both SH3 domains. For both
gels, the migration of molecu-
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FIG. 4. Identification and tissue distribution of Grb2 binding
proteins. (A) Proteins from postnuclear supernatants (200 pug) were
overlaid with wild-type GST-Grb2 fusion protein. Arrows on right
indicate migratory positions of the 170-kDa (inSos) and the 145-kDa
Grb2-binding proteins. (B) A soluble brain fraction was subjected to
immunoprecipitation with anti-dynamin polyclonal antibody fol-
lowed by protein A-Sepharose or protein A-Sepharose alone. The
supernatant (void) was processed along with an equal amount of
starting material (SM) for Grb2 overlay. (C) Proteins from postnu-
clear supernatants were overlaid with wild-type GST-Grb2 fusion
protein or reacted with polyclonal antibody agist dynamin. Arrows
on right indicate migratory positions of the 100-kDa Grb2-binding
protein (dynamin).

search the protein sequence data bases, revealing no signif-
icant homologies (data not shown).

Synapsins la and lb migrate on SDS/polyacrylamide gels
as a doublet with an apparent molecular mass of 75 and 80
kDa. Several antibodies directed against synapsin I recog-
nized a protein doublet in the LP2 fr-action with the same
electrophoretic mobility as the 75- and 80-kDa Grb2-binding
proteins (Fig. 1; data not shown). Synapsins Ila and U~b did
not interact with Grb2 in this assay (data not shown). The
interaction of Grb2 with synapsins Ia and lb was confirmed
by using purified synapsin I in solution assays. Synapsin I
specifically bound to glutathione-Sepharose beads continin
wild-type Grb2 fusion protein but did not interact with beads
contiigdule-mutant Grb2 fusion protein (Fig. 5).

Several similar, yet distinct, proline-rich consensus bind-
ing sequences for SH3 domains have been proposed (5, 21,
39-41). Synapsin I has two proline-rich regions continin
several sequences that are similar or identical to proposed
consensus sequences. One proline-rich region, located in
domain B in the N terminus of synapsin I, is relatively well
conserved in synapsin HI. A second region, in domainD ofthe
C terminus, is specific to synapsin I1(24). To determine which
region of synapsin I binds Grb2, V8 protease digestion of
synapsin I was used to generate a 10-kDa N-terminal fr-ag-
ment containing a single phosphorylation site for CaM kinase
I and protein kinase A and a 35-kDa C-terminal fr-agment
containing two CaM kinase II-specific sites (42) (Fig. 6). Grb2
overlay of V8-digested synapsin I demonstrated that Grb2
bound only to the C-terminal fragment of synapsin I (Fig. 6).
This finding is consistent with the lack of interaction of Grb2
with synapsin IIL

Purified synapsin I was overlaid with GST-Grb2 or GST-
Grb2 contiigpoint mutations in its SH3 domains. Wild-
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FIG. 5. The 75-kDa Grb2-binding protein is synapsin I. Purified
synapsin I was incubated with GST-Grb2 or GST-double-mutant
Grb2 coupled to glutathione-Sepharose. The glutathione-Sepharose
(beads) were subjected to SDS/PAGE along with the supernatants
(void) and equal aliquots of the starting material (SM). Samples were
then reacted with anti-synapsin I (Upper) or anti-Grb2 (Lower)
monoclonal antibodies (mAb).

type Grb2 interacted strongly with synapsins Ia and Ib,
whereas the double mutant showed no interaction (Fig. 7
Upper). Grb2 containing single point mutations in either its
N-terminal or C-terminal SH3 domains interacted with syn-
apsin I but in a greatly reduced manner (Fig. 7 Upper),
demonstrating that both ofGrb2's SH3 domains participate in
its interaction with synapsin.

Since the proline-rich C terminus of synapsin I has several
potential binding sites for SH3 domains, and both SH3
domains of Grb2 can interact with synapsin I, we tested the
possibility that Grb2 may crosslink synapsin I into large,
macromolecular complexes by centrifugation experiments.
The addition of purified synapsin I (1 pM) to wild-type
GST-Grb2 fusion protein (1 pM) increased the precipitation
of the fusion protein to >4-fold over control values in the
absence of synapsin I (Fig. 7 Lower). Addition of synapsin I
to the C-terminal mutant, the N-terminal mutant, or the
double-mutant GST-Grb2 fusion proteins did not lead to a
significant increase in sedimentation over control values.

DISCUSSION
We have examined the interaction of Grb2 with rat brain
proteins and have identified the major Grb2-binding proteins
in crude synaptic vesicle fractions. Grb2 fusion proteins
containing point mutations in their SH3 domains were used
to confirm the SH3 domain specificity of the interactions.
Two of the Grb2-binding proteins identified here are mSos
and neuronal dynamin, both of which are known Grb2-
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FiG. 6. Grb2 binds to the proline-rich C terminus of synapsin I.
Purified synapsin I was digested with V8 protease and the digested
protein was analyzed by SDS/PAGE on a 15% gel. Gels were stained
with Coomassie (Coom.) or transferred to nitrocellulose and overlaid
with wild-type GST-Grb2 fusion protein. Purified synapsin I was
phosphorylated with p2P]ATP by CaM kinase II before V8 protease
digestion. Phosphorylated, digested synapsin I was analyzed on
SDS/polyacrylamide gel, and the gels were dried and used for
autoradiography jphospho.). Numbers on left and right are kDa.
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FIG. 7. Characterization of the Grb2-synapsin I interaction.
(Upper) Purified synapsin I was overlaid with wild-type GST-Grb2
fusion protein or with various GST-Grb2 fusion proteins containing
point mutations in either their N-terminal orC-terminal SH3 domains
or in both SH3 domains. (Lower) Purified synapsin I was incubated
with GST-Grb2 fusion protein or various mutant forms ofGST-Grb2
fusion proteins. Samples were then subjected to centrifugation, and
the amount of Grb2 in the pellet was quantitated by
densitometry of Coomassie-stained polyacrylamide gels. Amount of
Grb2 in the pellet is expressed as percentage control, with 100%

representing the amount of GST-Grb2 fusion protein in the pellet
after incubation and centrifugation in the absence ofsynapsin I (100%
equals 226 ng per sample; -10% of total Grb2).

binding proteins containing proline-rich regions (5-12, 21-
23). Nonneuronal forms of dynamin have recently been
identified (36-38). Our results suggest that both neuronal and
nonneuronal forms of dynamin bind Grb2. The proline-rich
tail of dynamin is the most divergent region among the three
isoforms, but the conservation of the Grb2-binding activity
indicates an important role for this property in the regulation
ofdynamin's function. The third Grb2-binding protein, of 145
kDa, to our knowledge has not been previously described and
is enriched in nerve terminals (P.S.M. and P.D.C., unpub-
lished data).
The fourth protein is synapsin I. Our data suggest that

synapsin I can bind both SH3 domains ofGrb2 via at least two
distinct sites within its C-terminal proline-rich domain. This
region is thought to be involved in the regulation of synapsin
I function since its phosphorylation induces a conformational
change in the molecule, which affects its binding to synaptic
vesicles and actin (43, 44). Targeted deletion of the synapsin
I gene was found to be compatible with nearly normal
synaptic function, possibly due to redundant function of
synapsin I and synapsin II (45). However, an increase in
paired-pulse facilitation was observed (45), consistent with
an involvement of the proline-rich C terminus of synapsin I
in the modulation of neurotransmitter release. Also, in the
case ofdynamin, the proline-rich C terminus appears to have
a regulatory role in the function of the molecule. Phosphor-
ylation of the C terminus or the binding ofGrb2 to this region
both stimulate the GTPase activity of dynamin (20-22).
Here we have shown that the SH3 domains ofGrb2-bind to

at least two, and possibly three, proteins that play a key role
in synaptic vesicle function. These results raise the possibil-
ity that SH3 domain-containing proteins in the nerve termi-
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nal, possibly Grb2 itself, interact with dynamin and synapsin
I and play some role in the regulation of the exo/endocytotic
cycle of synaptic vesicles. Although the interaction of SH3
domains with dynamin appears rather promiscuous in vitro
(21, 22), dynamin has been shown to coimmunoprecipitate
with Grb2 (23). A number of SH3 domain-containing pro-
teins, including spectrin (1), SAP90 (47), pp6 src (48), and
Grb2 (P.S.M. and P.D.C., unpublished observation) are
present in nerve terminals. Grb2 is the only full-length SH3
domain-containing protein that has been tested so far for an
interaction with synapsin I. However, we have tested iso-
lated SH3 domains from c-src and SAP90, neither of which
reacted with synapsin I in our assay. It will be important to
identify the relevant SH3 domain-containing proteins that
bind dynamin and synapsin I in vivo.
The main known function of Grb2 is to recruit mSos to the

plasma membrane where it can promote GDP/GTP exchange
on Ras. By analogy, Grb2 may participate in presynaptic
function by regulating the subcellular distribution of the
proteins investigated in this study. Grb2 may also allosteri-
cally regulate the function of these proteins as suggested by
its stimulation of the GTPase activity of dynamin (21, 22). It
is ofinterest that synapsin I can be phosphorylated in vitro by
mitogen-activated protein kinase, a downstream effector of
Ras (A.J.C. and P.G., unpublished data). There is some
evidence to suggest that Ras participates in the regulation of
vesicular traffic. For example, brain-derived neurotrophic
factor, which is known to activate a tyrosine kinase receptor,
trk-B, was recently shown to modulate neurotransmitter
release (49). Ras is involved in the translocation of glucose
transporters to the cell surface in adipocytes (50), and mi-
croinjection of Ras into rat embryo fibroblasts stimulated an
increase in membrane ruffling and pinocytosis (51). An
attractive possibility is that signaling through tyrosine phos-
phorylated proteins may converge on synapsin I by two
independent pathways: activation of mitogen-activated pro-
tein kinase and direct binding of SH2/SH3-containing adap-
tor proteins.
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