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For retroviruses such as HIV-1 and murine leukemia virus (MLV), active receptor recruitment and trafficking occur during viral
entry. However, the underlying mechanisms and cellular factors involved in the process are largely uncharacterized. The viral
receptor for ecotropic MLV (eMLV), a classical model for retrovirus infection mechanisms and pathogenesis, is mouse cationic
amino acid transporter 1 (mCAT-1). Growth factor receptor-bound protein 2 (GRB2) is an adaptor protein that has been shown
to couple cell surface receptors, such as epidermal growth factor receptor (EGFR) and hepatocyte growth factor receptor, to in-
tracellular signaling events. Here we examined if GRB2 could also play a role in controlling infection by retroviruses by affecting
receptor function. The GRB2 RNA interference (RNAi)-mediated suppression of endogenous GRB2 resulted in a consistent and
significant reduction of virus binding and membrane fusion. The binding between eMLV and cells promoted increased GRB2–
mCAT-1 interactions, as detected by immunoprecipitation. Consistently, the increased colocalization of GRB2 and mCAT-1 sig-
nals was detected by confocal microscopy. This association was time dependent and paralleled the kinetics of cell-virus mem-
brane fusion. Interestingly, unlike the canonical binding pattern seen for GRB2 and growth factor receptors, GRB2–mCAT-1
binding does not depend on the GRB2-SH2 domain-mediated recognition of tyrosine phosphorylation on the receptor. The inhi-
bition of endogenous GRB2 led to a reduction in surface levels of mCAT-1, which was detected by immunoprecipitation and by a
direct binding assay using a recombinant MLV envelope protein receptor binding domain (RBD). Consistent with this observa-
tion, the expression of a dominant negative GRB2 mutant (R86K) resulted in the sequestration of mCAT-1 from the cell surface
into intracellular vesicles. Taken together, these findings suggest a novel role for GRB2 in ecotropic MLV entry and infection by
facilitating mCAT-1 trafficking.

As obligatory parasites, viruses have evolved to exploit host
cellular mechanisms to facilitate viral replication and infec-

tion. Cell entry is the first step in viral infection. Viral entry in-
volves receptor binding and movement, either into the cell or
across the cell membrane, followed by the penetration of the cell
membrane. In the case of enveloped viruses, this step involves
membrane fusion between the virus and cell membranes (15). For
many retroviruses, active receptor recruitment and trafficking oc-
cur during entry. For example, receptor trafficking is indispens-
able for HIV infection. The binding of HIV to CD4, which resides
in lipid rafts (membrane microdomains enriched in cholesterol,
glycosphingolipids, and signaling phospholipids), results in the
subsequent recruitment of the coreceptors CXCR4 and CCR5 to
the lipid raft (44). For ecotropic murine leukemia virus (MLV)
(eMLV), a distantly related retrovirus receptor, trafficking is also
important. Soon after cell contact, eMLV appears to “surf” along
cell filopodia toward the cell body (24). Moreover, eMLV is able to
establish filopodium bridges between infected and uninfected
cells to facilitate cell-to-cell transmission. Both processes are
highly dependent on virus envelope glycoprotein-receptor inter-
actions (42). However, the cellular factors that trigger and mediate
the movement of the virus-receptor complexes on the surface and
into cells are not well understood. After contact with the cell body,
the virus is thought to either fuse with the plasma membrane or be
taken up by clathrin-independent endocytosis and enters the cell
cytoplasm (18, 23).

The principal receptor for eMLV is mouse cationic amino acid
transporter 1 (mCAT-1) (3, 19, 50). mCAT-1 is a single polypep-

tide of 622 amino acids with 14 transmembrane domains and
intracellular N and C termini (3). It is a member of the SLC7A
amino acid transporter family, and its mammalian homologs
share �80% amino acid identity along their entire lengths. Amino
acid differences in the third extracellular loop control eMLV tro-
pism, with the human protein being converted to a functional
receptor by the exchange of residues in this loop (2). The remain-
der of the protein shares 89% amino acid identity between human
and mouse homologs. Under physiological conditions, CAT-1
functions to transport cationic amino acids across the plasma
membrane by facilitated diffusion. In resting cells, CAT-1 is dis-
tributed predominantly on the plasma membrane and resides in
lipid rafts. Raft disruption by methyl-beta-cyclodextrin (a drug
that extracts cholesterol) reduces syncytium formation and infec-
tion by eMLV without decreasing surface mCAT-1 levels (28).
Consistent with its localization in lipid rafts and the role of cave-
olae in infection, mCAT-1 colocalizes with caveolin in different
cell lines (33) and is internalized independently of clathrin-coated
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pits (23). Beyond the primary receptor, few other proteins have
been shown to be important for eMLV infection. Earlier work
demonstrated the importance of cytoskeletal integrity, a require-
ment for microtubule function, and actin polymerization in in-
fection (24). However, the cellular proteins and molecular mech-
anism(s) that mediate eMLV–mCAT-1 trafficking are largely
unknown.

GRB2 is a signaling adaptor protein ubiquitously expressed in
all embryonic and adult tissues (14) and has been shown to couple
epidermal growth factor (EGF) receptor (EGFR) and hepatocyte
growth factor receptor activation to downstream signaling and
receptor internalization (25, 27). Here we show that GRB2 is also
important for eMLV entry and infection. The RNA interference
(RNAi)-mediated suppression of endogenous GRB2 led to a spe-
cific reduction of eMLV infection, while vesicular stomatitis virus
G protein (VSV-G)-pseudotyped particles showed no drop in the
signal. The reduction corresponded to changes in virus binding
and entry into cells, which was consistent with decreases seen in
cell surface expression levels of mCAT-1. Using confocal micros-
copy and immunoprecipitation, a direct interaction of mCAT-1
and GRB2 was seen in resting cells. Interestingly, this interaction
increased after eMLV binding to the cell surface. Moreover, the
increase in mCAT-1–GRB2 binding correlated with the kinetics of
virus-cell membrane fusion. The overexpression of the GRB2
R86K dominant negative mutant resulted in both the sequestra-
tion of mCAT-1 in the cytoplasm and the inhibition of eMLV
infection. In contrast to the binding of GRB2-ligand-activated sig-
naling receptors, such as EGFR or Met, the recruitment of GRB2
to eMLV-bound mCAT-1 does not require the phosphotyrosine
binding site on the GRB2-Src homology 2 (SH2) domain. This
study is the first to indicate a novel role for GRB2 in the early steps
leading to eMLV infection, through the altered trafficking of the
viral receptor mCAT-1.

MATERIALS AND METHODS
Reagents, cell culture, and antibodies. All general reagents were obtained
from Sigma-Aldrich or Fisher unless indicated otherwise. Plasmids
pEYFP-N1-GRB2, pEYFP-N1-GRB2R86K (51), pGEX-4T-GRB2, and
pGEX-4T-SH2 (55) were described elsewhere previously. All cell lines
except for XC cells were maintained in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) containing 10% fetal bovine se-
rum (FBS) plus penicillin-streptomycin (Pen-Strep). HEK293 cells and
Moloney MLV-producing cells (CL-1) were obtained from the ATCC. XC
cells were maintained in minimal essential medium (MEM) (Invitro-
gen) containing 5% FBS and Pen-Strep. The antibodies used were
mouse anti-influenza virus hemagglutinin (HA) (12CA5; Roche), mouse
anti-glutathione S-transferase (GST) (catalog number 13-6700; Zymed
Laboratories), mouse anti-glyceraldehyde-3-phosphate dehydrogenase
(GADPH) (AM4300; Ambion), rabbit anti-GRB2 (sc-255; Santa Cruz),
mouse anti-human transferrin receptor (catalog number 13-6800; Invit-
rogen), Alexa Fluor 647-conjugated mouse anti-human CD4 (BD Phar-
mingen), and goat anti-GP70 (ATCC) antibodies.

siRNA transfection. The small interfering RNAs (siRNAs) used
were human GRB2-1 (siGENOME no. 4; Dharmacon), human
GRB2-2 (FlexiTube siRNA, Hs-GRB2-5; Qiagen), Hs-GAPDH-
FlexiTube siRNA (Qiagen), and Silencer negative-control siRNA 1
(Ambion). HEK293 cells expressing mCAT-1–HA were transfected with
siRNA in 96-well plates by using a reverse transfection method. First, 6
pmol siRNA rehydrated with Dharmafect transfection medium was
added to each well, and the mixtures were incubated for 5 min at room
temperature. Lipofectamine 2000 transfection reagent (Invitrogen) was
then added, followed by 30 min of incubation. Aliquots (200 �l) of freshly

suspended cells were added in DMEM to give 105 cells per well. The plate
was incubated overnight at 37°C in a CO2 incubator. The next day, media
were replaced with complete culture medium, and the plate was incubated
for up to 72 h posttransfection. Controls were cells treated with transfec-
tion reagent alone or with nontargeting siRNAs.

Production of pseudotyped MLV and purification of wild-type
Moloney MLV. 293FT cells (Invitrogen) were transfected with plasmids
by calcium phosphate precipitation according to our previously reported
method (21). Luciferase- or green fluorescent protein (GFP)-encoding
pseudotyped MLV used for infection assays was generated with pGAG-
POL, Friend MLV (pFr-MLV) Env or pVSV-G, and p� Luciferase or GFP
(encoding firefly luciferase or GFP under the control of the MLV long
terminal repeat [LTR] and packaging sequence). Limiting dilution of the
luciferase-encoding virus indicated that 1 CFU corresponded to 100 cps of
luciferase activity. Recombinant retroviruses containing firefly luciferase
for use in the content-mixing assay were generated by using the same
plasmids, with the addition of a Nef-luciferase construct (41). GFP-tagged
eMLV- and GFP-tagged VSV-G-pseudotyped MLVs were generated by
the same method with the same plasmids but with addition of an en-
hanced GFP-matrix fusion protein (43). The Env� MLV particles were
generated by the same method but omitting the plasmid encoding Env.
After an overnight incubation of the transfection mixture and cells, the
medium was replaced. Supernatants were collected and filtered through a
0.45-�m cellulose acetate filter at 48 h and 60 h to remove cell debris.
Moloney MLVs were collected from the culture supernatant from CL-1
cells. All medium was filtered through a 0.45-�m cellulose acetate filter.
Virus particles were pelleted through a 20% (wt/vol) sucrose cushion for
4 h at 20,000 � g. The virus pellet was resuspended in DMEM and stored
frozen at �80°C. GFP-tagged eMLV- and GFP-tagged VSV-G-
pseudotyped MLV were titrated on HEK293 cells expressing mCAT-1–
HA, and titers were matched for all work. The titers of eMLV on HEK293
and mouse NIH 3T3 cells (naturally expressing mCAT-1) were also com-
pared and were found to be within 2-fold of each other. MLV was titrated
with an XC plaque assay described previously (10).

Virus binding assay. HEK293 cells expressing mCAT-1–HA seeded in
8-well chamber slides were reverse transfected with human GRB2-1
siRNA (siGENOME no. 4; Dharmacon), Allstars negative-control siRNA
(Qiagen), and Ambion negative-control siRNA. At 72 h posttransfection,
cells were washed once with ice-cold medium and then chilled to 14°C.
eMLV-, VSV-G-, or Env�-pseudotyped EGFP-tagged MLV particles were
incubated with cells at 14°C for 1 h. The incubation at 14°C allowed virus
binding while preventing endocytosis so that only surface interactions of
particles with cells were examined. Unbound virus was removed by rins-
ing cells twice with phosphate-buffered saline (PBS) and then fixed with
4% paraformaldehyde in PBS. To visualize the outline of cells, F-actin
close to the plasma membrane was stained with Alexa Fluor 594-
conjugated phalloidin without permeabilization. Under these conditions,
some phalloidin penetrated through the cell membrane and bound corti-
cal actin. Cell nuclei were stained with 4=,6-diamidino-2-phenylindole
(DAPI). Enhanced yellow fluorescent protein (YFP) (EYFP)-tagged vi-
ruses on cells were imaged by using a Zeiss LSM 510 confocal microscope
with a 100� oil (1.4-numerical-aperture [NA]) immersion objective. A
total of 100 to 150 cells were examined under each condition.

Biotinylation and analysis of protein surface levels. Before biotiny-
lation, HEK293 cells expressing mCAT-1–HA, seeded in 96-well plates,
were transfected with 2 independent specific siRNAs against GRB2 (for
GRB2-1, siGENOME no. 4 [Dharmacon]; for GRB2-2, FlexTube siRNA,
Hs-GRB2-5 [Qiagen]) or with nontargeting siRNA from Ambion,
GAPDH siRNA, or transfection reagent only. At 72 h posttransfection,
cells were rinsed twice with ice-cold PBS. An EZ-Link sulfo-N-
hydroxysuccinimide (NHS)-LC-biotin (Pierce) stock solution (200 mg/
ml) was freshly prepared and diluted to 0.5 mg/ml with ice-cold PBS prior
to use. Next, 50 �l of biotin solution was added to each well, and the plate
was then incubated at 4°C for 1 h with gentle agitation. The reaction was
quenched with 1 volume of ice-cold 0.3 M glycine (pH 7.0), and the cells
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were washed once again with PBS. Cell lysates were prepared and then
precipitated with streptavidin-agarose resin (Pierce) according to the
manufacturer’s instructions. The amounts of surface mCAT-1 and trans-
ferrin receptor were analyzed by Western blotting. One-tenth of the lysate
was used to determine the total mCAT-1 or transferrin receptor content.
All results were quantified by image densitometry using ImageJ software
(1) of autoradiographs scanned at a 16-bit image depth. Amounts of sur-
face mCAT-1 and transferrin receptor were compared to total amounts of
mCAT-1 and transferrin receptor, respectively, to reveal the percentage of
protein on the plasma membrane.

eMLV RBD binding assay. A GFP-tagged receptor binding domain
(RBD) (RBD-GFP) was made for the surface localization analysis of
mCAT-1. The construct consisted of a synthetic gene, codon optimized
for expression in human cells, flanked by BamHI and NotI restriction
endonuclease sites. The gene was a fusion between the RBD (residues 1 to
271) of ecotropic murine leukemia virus, Friend 57, gp85, and GFP at its
C terminus. The RBD portion was previously crystallized, and its struc-
ture was determined (11). In-frame XhoI and EcoRV sites followed in the
nucleotide sequence. These were then followed by a sequence encoding a
chitin binding domain (NEB, MA), a factor Xa site (IEGR), and six histi-
dine residues. The open reading frame (ORF) ended in a TAA stop codon.
This fragment was inserted into pcDNA 3.1 (Invitrogen), and EGFP was
inserted in frame between the XhoI and EcoRV sites.

Protein production was performed with HEK293 cells by selecting
G418-resistant colonies and choosing those with the highest level of pro-
tein production by Western blot analysis, probing for both GFP and the
chitin binding domain by using commercially available antibodies. One
clone that produced the largest amount of protein was cultivated by using
a Fibercell system (medium cartridge; Fibercell, Frederick, MD) in 293
SFM culture medium (Invitrogen) supplemented with 1% FBS. The cul-
ture fluid surrounding the cells was collected on days 4 and 5 after the start
of culture, when the cell density had reached 108 cells per ml. The secreted
fusion protein was purified over a nickel-chelating Sepharose column (GE
Biosciences, Piscataway, NJ) and eluted by using 0.3 M imidazole (pH
6.4). The protein purity was �80%, and the protein was fluorescent by
fluorimetry.

For binding assays, cells were removed from plates using 2 mM EDTA
in PBS (without calcium or magnesium) and then resuspended in 1 ml of
ice-cold DMEM with 10% FBS in tubes. For each assay point, 104 cells
were incubated at 14°C (to prevent endocytosis) in the presence of the
indicated amount of protein for 1.5 h. The cells were then washed twice
with PBS and analyzed for bound fluorescent protein by fluorescence-
activated cell sorter (FACS) analysis (Accuri, Ann Arbor, MI). Control
experiments using purified GFP gave signals that were 40-fold lower than
peak signals seen with the recombinant RBD protein. Also, cells lacking
the mCAT-1 protein showed similar background signals.

Content-mixing assay to measure virus entry signal and kinetics.
HEK293 cells expressing mCAT-1–HA (105 cells/sample) were incubated
for 45 min with Env-Luc-containing virus at a multiplicity of infection
(MOI) of 0.1 to 0.5. Excess virus was washed free of cells by pelleting at
200 � g for 5 min, and cells were resuspended in DMEM. The cells were
pelleted again and resuspended in 0.1 ml of luciferase assay buffer (Pro-
mega) lacking detergent. Luciferase activity was measured after 1 min with
a Turner Designs TD 20/20 luminometer and expressed as counts per
second. Virus entry kinetics were determined by incubating 5 � 106 cells
with virus at an MOI of 10 for 5 min at 37°C. Unbound virus (95%) was
removed by rapid washing three times in DMEM and pelleting of the cells
at 200 � g for 3 min. Cells were resuspended in 1 ml of DMEM and
incubated at 37°C with gentle agitation. Samples of 0.1 ml of cells were
removed at 15-min intervals for up to 105 min, and the luciferase activity
of each aliquot was measured as described above.

GST pulldown assay and immunoprecipitation. First, HEK293 cells
expressing HA-tagged mCAT-1 were incubated with Moloney MLV at an
MOI of 5 at 37°C for 0 min (no virus) and for 5, 10, 15, 30, and 45 min (5 �
106 cells for each time point), and the medium was then removed. Cells

were immediately washed with ice-cold PBS 3 times and then lysed on ice
in pulldown buffer (30 mM octyl-�-D-glucopyroside, 50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 2 mM EDTA, 10% glycerol, 4 mM Na3VO4, 20
mM NaF, and EMD protease inhibitor cocktail). This buffer was used for
all immunoprecipitation experiments. Cell lysates were cleared by centrif-
ugation at 12,000 � g at 4°C for 15 min, and the supernatant was collected.
Next, 0.5 to 1 mg of total protein from the supernatant was added to
GST-GRB2 or GST-SH2 fusion protein-coated glutathione-agarose, in-
cubated overnight at 4°C, and then washed 3 times with ice-cold lysis
buffer, followed by washing with 50 mM Tris-HCl (pH 7.5). The bound
protein was then eluted by the addition of 8 M urea-containing SDS-
PAGE buffer (2% SDS, 8 M urea, 100 mM Tris-HCl, 4 mM Na3VO4, EMD
protease inhibitor cocktail) at room temperature. The supernatant was
collected by centrifugation at 12,000 � g for 5 min and then subjected to
SDS-PAGE. After the detection of mCAT-1–HA by use of monoclonal
antibody 12CA5 (Roche), the same membrane was stripped and blotted
with antibody against GST (Invitrogen). For immunoprecipitation,
HEK293 cells expressing HA-tagged mCAT-1 were stimulated with Molo-
ney MLV, and cell lysates were made by the method described above for
the GST pulldown assay. Anti-HA antibody 12CA5 was prebound to
NHS-activated Sepharose (GE Biosciences, Piscataway, NJ). One milli-
gram of each lysate was incubated with the antibody-coated beads at 4°C
overnight. The beads were then washed, and the protein was eluted by
using urea-containing SDS-PAGE buffer as described above. Immuno-
complexes were analyzed by SDS-PAGE and detected by blotting with
antibody against GRB2 (Santa Cruz Biotechnology, Santa Cruz, CA).
Goat anti-eMLV gp70 antibody (6) was used to detect the eMLV envelope
protein SU.

Infection assay and flow cytometry analysis. HEK293 cells expressing
mCAT-1–HA were transfected with pcDNA3-YFP, pEYFP-N1-GRB2,
pEYFP-GRB2(R86K), or pEYFP-GRB2(P49L�G203R) by calcium phos-
phate precipitation. After 30 h, cells were infected with recombinant
eMLV encoding truncated CD4 at an MOI of 0.1. The virus was left on the
cells overnight at 37°C in a CO2 incubator and then removed the next
morning. At 48 h postinoculation, cells were harvested in 5 mM EDTA in
PBS and then fixed in freshly made 4% paraformaldehyde (pH 7.4) in PBS
for 5 min. The infection marker was detected by surface staining with
anti-CD4 antibody conjugated with Alexa Fluor 647 antibody (Becton
Dickinson) according to the manufacturer’s protocol. Stained cells were
analyzed with a FACSCanto instrument (Becton Dickinson). Three inde-
pendent experiments were performed, and at least 4 � 105 cells were
collected each time. The cells were gated based on forward and side light
scatter. Debris or aggregates were excluded, and only the individual cells
were counted. The normalized percentage of infection within the trans-
fected population was calculated as the proportion of cells that were pos-
itive for both Alexa Fluor 647 and YFP divided by the proportion of cells
expressing YFP, which is the sum of the proportion of uninfected YFP-
expressing cells and the proportion of infected YFP-expressing cells.

Confocal microscopy and colocalization analysis. HeLa–mCAT-1–
mStrawberry cells were seeded in 8-well chamber slides and then trans-
fected with YFP-GRB2 or the YFP-GRB2(R86K) mutant with FuGene 6
(Roche) transfection reagent. After 30 h, the medium was changed to
DMEM, and cells were returned to a 37°C incubator overnight. Cells were
then incubated with Moloney MLV cells at an MOI of 10 for 45 min at
37°C. Cells were washed twice with PBS and fixed with freshly made 4%
formaldehyde in PBS for 10 min. Cells were also stained with phalloidin
conjugated with Alexa Fluor 633 (Invitrogen) at room temperature for 30
min. Cells were washed 3 times with PBS and then mounted with Slow
Fade reagent with DAPI (Invitrogen). Chamber slides were observed with
a Zeiss LSM 510 confocal microscope with a 100� oil (1.4-NA) immer-
sion objective. Colocalization analysis was performed with AutoQuant X
2.2.1 software (Media Cybernetics, Bethesda, MD). GraphPad Prism soft-
ware (GraphPad, La Jolla, CA) was used for statistical analysis using one-
way analysis of variance (ANOVA) with Tukey’s posttest or Student’s t
test.
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RESULTS
RNAi suppression of endogenous GRB2 expression inhibits
eMLV infection. To determine if GRB2 played a role in MLV
infection, we treated HEK293 cells expressing HA epitope-tagged
mCAT-1 with siRNA against GRB2. The tagged protein retains
wild-type virus receptor and amino acid transport properties and
was characterized in previous work (8). The clone of HEK293 cells
that was used in this work was selected to have levels of virus
binding similar to that seen for mouse NIH 3T3 cells, indicating
similar levels of surface-exposed receptor protein (not shown).
For infection analysis, we used pseudotyped MLV bearing glyco-
proteins of either ecotropic murine leukemia virus (eMLV) or
vesicular stomatitis virus (VSV). The eMLV glycoprotein gp85
mediates entry into the cell by a pH-independent mechanism ei-
ther at the cell surface or from within caveolae (18, 32). In con-
trast, the G protein of VSV mediates entry by a clathrin- and
pH-dependent mechanism (30). The VSV-G-pseudotyped virus
thus served to show that the impact of each treatment was specific
for the MLV envelope glycoprotein and not downstream of the
receptor interaction. A pool of 4 siRNAs targeting GRB2 was
found to significantly inhibit eMLV infection by 50% relative to
that of control transfected cells (data not shown). This finding was
validated with two distinct siRNAs against GRB2 (Fig. 1A). The
VSV-G-pseudotyped virus was unaffected by this treatment, indi-

cating that GRB2 suppression specifically impacted eMLV glyco-
protein function and was not a downstream component of the
retroviral infection mechanism. Western blots confirmed that
GRB2 expression was suppressed by the GRB2-targeted siRNA
(Fig. 1B). Conversely, GRB2 expression and eMLV infection were
unaffected by transfection with 2 different nontargeting siRNAs.

Impact of GRB2 on eMLV binding. The only difference be-
tween the eMLV- and VSV-pseudotyped retroviruses is in the gly-
coproteins present on the virion surface. Since the VSV-G-
pseudotyped virus was not inhibited by reduced GRB2 expression
levels, it was likely that GRB2 played a specific role in eMLV
glycoprotein-mediated entry and infection. The binding of virus
to cells is the first step in entry, so we first investigated whether
GRB2 plays a role in eMLV binding. eMLV particles were made
fluorescent by the incorporation of a matrix-GFP fusion protein
(43). These particles were visualized to bind to cells by conven-
tional microscopy as well as confocal epifluorescence microscopy.
Image analysis revealed that the number of eMLV particles asso-
ciated with cells treated with GRB2 siRNA was �50% (P � 0.01)
(Fig. 2) of that seen for cells transfected with nontargeting siRNA
(Fig. 2, top panels), while VSV-G-pseudotyped particles showed
no similar drop (Fig. 2, middle panels), consistent with what was
seen in the infection assay. For this experiment, cells were incu-
bated with virus at 14°C to prevent endocytosis (47), and Poly-
brene was not used. Under these conditions, nonspecific interac-
tions were minimized, with particles lacking an envelope protein
(Env�) or cells lacking a receptor showing few eMLV-
pseudotyped particles bound (Fig. 2, bottom panels). The results
of this binding assay indicated that GRB2 suppression directly
affects virus-receptor interactions with cells.

RNAi-mediated suppression of endogenous GRB2 reduces
mCAT-1 expression on the cell surface. One mechanism for the
siRNA suppression of GRB2 in reducing virus particle binding is
the alteration of mCAT-1 surface expression. Cells were treated
with control or GRB2 siRNAs, and cell surface proteins were la-
beled with the membrane-impermeable biotinylation reagent
sulfo-NHS-LC-biotin. Cell lysates were prepared, biotin-labeled
surface proteins were precipitated by using streptavidin-agarose
resin, and mCAT-1 or the cell surface protein transferrin was de-
tected by Western blotting (Fig. 3A). The intensities of the bands
were quantified by densitometry (Fig. 3B). Both siRNAs targeting
GRB2 (GRB2-1 and GRB2-1) reduced GRB2 expression levels to
�20% of those in untreated cells or nontargeting-siRNA-treated
cells. In these cells, the ratio of surface levels of mCAT-1 to total
mCAT-1 levels was reduced to �30% of that of untreated or
nontargeting-siRNA-treated cells, while the total mCAT-1 level
remained relatively constant (Fig. 3A, third panel, and B, right).
The surface localization of transferrin receptor, another integral
membrane protein with a single transmembrane segment, was on
average not reduced.

As an additional test, surface levels of mCAT-1 were measured
by using a fluorescently tagged MLV receptor binding domain
(11). This protein was generated in HEK293 cells to ensure correct
folding and was purified by a 6�His tag at its C terminus. The
protein demonstrated saturable binding kinetics on HEK293 cells
expressing the mCAT-1 receptor but showed no specific interac-
tion with HEK293 cells lacking the receptor (Fig. 3C). As de-
scribed above, cells were treated with siRNA against GRB2, and
the binding of the RBD-GFP fusion was measured by FACS anal-
ysis. Compared to cells treated with nontargeting siRNA, the

FIG 1 siRNA-mediated reduction of GRB2 expression inhibits eMLV infec-
tion. (A) Impact of siRNA on infection. Two siRNAs targeting distinct regions
of the GRB2 mRNA were introduced into HEK293 cells stably expressing
mCAT-1. siRNAs targeting GAPDH and a nontargeting siRNA (Ambion)
were used as nonspecific siRNA controls. At 72 h posttransfection, cells were
infected with eMLV gp85- or VSV-G-pseudotyped MLV encoding firefly lu-
ciferase at an MOI of 0.1. Infection levels were determined by measuring the
luciferase activity of cells at 36 h postinoculation. The data represent 3 inde-
pendent experiments. (B) Determination of RNAi-mediated reduction in
GRB2 expression levels. Cells transfected with siRNA were collected at 48 h,
and the levels of GRB2, mCAT-1, and GAPDH were examined by Western
blotting using specific antibodies against GRB2 and GAPDH. The expression
of mCAT-1 was detected with an anti-HA (12CA5) monoclonal antibody rec-
ognizing an HA epitope tag at the C terminus of mCAT-1. �, P � 0.05; ��, P �
0.01 (determined by one-way ANOVA).
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GRB2-targeting siRNA reduced the mean fluorescent intensity of
cells by 50% and 30%, respectively (Fig. 3D). While not as great as
that seen in the biotinylation experiment, both surface labeling
experiments were consistent with GRB2 being a necessary factor
in modulating surface levels of mCAT-1.

Impact of GRB2 on eMLV entry. We have shown that endog-
enous GRB2 plays a role in eMLV binding by modulating the
expression of surface mCAT-1. If GRB2 is controlling this surface
receptor access, then a similar drop in the virus entry efficiency
should be seen. A content-mixing assay used by ourselves
and others (21, 41, 52) was used to measure the movement of
virion contents into the cell cytosol that occurs shortly after
glycoprotein-induced membrane fusion. Luciferase is encapsu-
lated into the lumen of fully infectious, intact viral particles. When
the virus envelope fuses with the cell membrane, the encapsulated
luciferase can access its substrates, ATP and luciferin, the latter of
which is readily taken into the cells by facilitated diffusion.

The kinetics of eMLV entry were measured by using the

luciferase-containing virus. Instead of cell suspensions, the assay
was modified to work with adherent cells on 96-well plates. The
kinetics were measured, and the signal was found to increase semi-
linearly up to 2 h (Fig. 4A). In further work, the signal plateaued
after this time (not shown). We therefore chose a 90-min time
point for subsequent measurements. Both siRNAs targeting GRB2
again reduced GRB2 expression levels (Fig. 4B) and reduced the
eMLV entry signal significantly (P � 0.05) (Fig. 4C) but did not
affect the signal from VSV-G-pseudotyped particles. This result
indicated that the suppression of GRB2 impacts virus entry, as
would be expected if receptor function had been affected.

mCAT-1 binds to GRB2 in vitro. To gain further insight into
the molecular role of GRB2 in eMLV entry, we tested whether
mCAT-1 and GRB2 interact. Glutathione S-transferase (GST)-
GRB2 fusion proteins (wild-type GRB2 and portions of different
functional domains) were used previously to identify and charac-
terize proteins that interact with GRB2 (4, 25). A nonionic deter-
gent (n-octyl-�-D-glucopyranoside)-containing buffer was mod-

FIG 2 Suppression of endogenous GRB2 inhibits eMLV binding. Fluorescent eMLV particles were generated by producing virus particles containing a fusion of
the MLV matrix protein coupled to GFP. Virus particles were purified by pelleting through a 20% sucrose cushion and titrated on HEK293 cells expressing
mCAT-1–HA. siRNA against GRB2 or nontargeting siRNA (Ambion, Qiagen) was transfected into cells, and virus binding was measured after 72 h. Cells were
first chilled to 14°C to prevent endocytosis, and GFP-tagged eMLV gp85 (top panels)- or VSV-G (middle panels)-pseudotyped particles were added for 1 h.
Unbound virus was removed by rinsing with DMEM, and cells were fixed in paraformaldehyde. In order to visualize the cell outline, the nonpermeabilized cells
were treated with Alexa Fluor 594-conjugated phalloidin. Under these conditions, some stain permeated through the cell membrane and stained cortical actin.
Cell nuclei were stained with DAPI. Samples were then examined by using confocal microscopy. As a control for the nonspecific binding of particles, particles
lacking an envelope glycoprotein (Env�) or eMLV g85-pseudotyped particles were incubated with mCAT-1-expressing cells or HEK293 cells lacking a receptor,
respectively (bottom panels). The number of virus particles bound to the cells was determined by using CellProfiler image analysis software to count virus
particles associated with each cell. The average numbers of viral particles per cell (with standard deviations) are shown and represent results obtained from 10
random images, each containing �20 cells for each individual treatment (bottom right). ��, P � 0.01, determined by one-way ANOVA.
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ified from that previously demonstrated to preserve the
interaction between mCAT-1 and MLV gp85 (8) and was used for
pulldown assays. Cell lysates from HEK293 cells expressing HA-
tagged mCAT-1 before or after incubation with virus were applied
onto glutathione beads coupled to GST-GRB2 (Fig. 5A). In resting
cells, mCAT-1 was found to bind GRB2 at a basal level (Fig. 5B,
top, lane 1). Interestingly, in the presence of virus, a time-
dependent increase in the association between mCAT-1 and
GRB2 was observed. Binding increased up to 60 min (Fig. 5B, top,
lanes 2 to 7). In other work, a plateau was seen after this time. This

increase followed kinetics similar to those seen with the eMLV
content-mixing assay.

GRB2 binds to receptor tyrosine kinases (RTKs) through spe-
cific phosphotyrosine residues in its Src homology 2 (SH2) do-
main, and the isolated SH2 domain retains binding activity (29).
However, for mCAT-1, a GST-tagged SH2 domain did not bind
mCAT-1 (Fig. 5B, middle). This indicated that binding between
GST-GRB2 and mCAT-1 is specific but that the SH2 domain is
insufficient in isolation to elicit the GRB2–mCAT-1 association.
Compared to that in resting cells, quantitative analysis of multiple
blots showed a consistent 3-fold increase in the mCAT-1 binding
to GRB2 at 45 min after incubation with virus (P � 0.01) (Fig.
5D). As a control for receptor integrity in the buffer and the spec-
ificity of the beads, blots were probed for MLV gp85 by using an
antibody against the surface domain (SU). With either GST-
GRB2- or anti-HA-primed beads, SU was observed but not when
GST alone was used as the bait (Fig. 5E).

Immunoprecipitation reveals that mCAT-1 binds to endog-
enous GRB2. GRB2 is composed of one SH2 domain flanked by
two Src homology 3 (SH3) domains (Fig. 6A, top) (27). The SH2
domain binds to specific phosphorylated tyrosine peptide se-
quences and protein ligands (31), whereas the N-terminal SH3
domain binds the guanine nucleotide exchange factor SOS1, an
important mediator that couples activated growth factor RTKs to
Ras signaling (16). The N-terminal SH3 domain was also reported
previously to play an important role in receptor endocytosis, by
interacting with the E3 ubiquitin ligase Cbl and the GTPase dy-
namin 1 (4). The C-terminal SH3 domain of GRB2 also functions
to link activated signaling receptors to the phosphatidylinositol
3-kinase (PI3K)/Akt pathway by binding to GRB2-associated

FIG 3 RNAi suppression of endogenous GRB2 reduces surface mCAT-1 lo-
calization. (A) HEK293 cells stably expressing mCAT-1–HA were transfected
with siRNAs against GAPDH, nontargeting siRNA (Ambion), or two siRNAs
targeting GRB2. At 48 h posttransfection, cells were either lysed in SDS-PAGE
buffer or surface labeled with membrane-impermeable sulfo-NHS-LC-biotin,
and labeled proteins were then immunoprecipitated with streptavidin-agarose
resin. Proteins present in cell lysates or bound to beads were detected after
Western blotting using anti-GRB2 (top panel), anti-GAPDH (second panel),
anti-HA (third and fourth panels), or anti-human transferrin receptor (TfnR)
(fifth and sixth panels) antibodies. (B) Densitometry and analysis of band
intensities from 3 independent Western blots. GRB2 levels were normalized to
those of untreated samples (top left). Surface-labeled mCAT-1 (top right) and
transferrin receptor (bottom left) were normalized to total mCAT-1 or trans-
ferrin receptor levels in cell lysates for nontargeting and GRB2-specific
siRNAs, averaged between 2 independent experiments. (C) Binding curve for
the MLV receptor binding domain (RBD)-GFP fusion protein binding to cells.
Protein purified over a nickel chelating Sepharose column was incubated with
cells at 14°C for 1.5 h. After washing, the mean fluorescence intensity of the
cells was determined by FACS analysis. Data for signals from HEK293 cells
expressing mCAT-1 (open circles) or the parental cell line lacking a receptor
(solid circles) are shown. The arrowhead indicates the amount of protein (15
ng per sample) used in subsequent assays. (D) Binding of the RBD-GFP fusion
protein to cells transfected with the indicated siRNAs. The subsaturating
amount of RBD-GFP indicated in panel C was used, and the incubation time
was 1 h at 14°C. �, P � 0.05, determined by one-way ANOVA.

FIG 4 Suppression of endogenous GRB2 inhibits eMLV entry. A content-
mixing assay was used to assess the impact of the reduction of GRB2 expression
levels on virus entry. (A) The assay was adapted to 96-well plates, and the entry
kinetics of eMLV particles were measured. In other assays, the entry signal
reached a plateau after 120 min, and so a 90-min time point was chosen for
subsequent assays. RLU, relative light units. (B) The impact of the GRB2-
targeting siRNA was confirmed with cells used in the entry assay and showed a
reduction in GRB2 levels but no change in either mCAT-1 or GAPDH levels in
cells. (C) The impact of the indicated siRNA on eMLV entry into cells was then
measured. Cells were transfected with siRNA and then challenged with eMLV
gp85 (top)- or VSV-G (bottom)-pseudotyped, luciferase-containing MLV 72
h later. After 90 min, the luciferase activity in intact cells was measured by
using luciferin-containing buffer lacking detergent. �, P � 0.05; ��, P � 0.001
(determined by one-way ANOVA).
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binding protein 1 (Gab1) (26). GRB2 mRNA exists as two splice
variants (12). Full-length GRB2 mRNA gives a protein of 25 kDa,
while the smaller mRNA gives a 20-kDa protein, with a deletion in
the N-terminal portion of the SH2 domain from amino acids 59 to

100 (Fig. 6A). This portion harbors the phosphotyrosine recogni-
tion site used to bind EGFR and other receptor tyrosine kinases,
rendering it unable to bind via this motif. Accordingly, the smaller
product behaves as a dominant negative protein in EGFR traffick-
ing (12).

The in vitro binding assay (Fig. 5) showed that mCAT-1 asso-
ciated with GST-tagged GRB2 in a time-dependent manner upon
eMLV stimulation. To determine if GRB2 and mCAT-1 associate
in cells, lysates were prepared from HEK293 cells expressing
mCAT-1–HA and were incubated with beads covalently coupled
to anti-HA monoclonal antibody. The bound protein was then
eluted by the addition of buffer containing SDS and urea and by
applying the eluate onto SDS-PAGE gels. Western blotting
showed that endogenous GRB2 coprecipitated with mCAT-1 (Fig.
6B). Interestingly, both forms of GRB2 were present. At this point,
while we do not know whether GRB2 interacts with mCAT-1 di-
rectly or indirectly through other cellular factors, this finding in-
dicated that the mCAT-1 interaction with GRB2 does not require
the SH2 phosphotyrosine recognition site of GRB2 used by EGFR
and some other receptor tyrosine kinases. Similar to data from the
in vitro binding studies, quantitative analysis of multiple blots
showed a 3-fold increase in binding between endogenous GRB2
and mCAT-1 after a 45-min incubation with virus (Fig. 6C).

eMLV stimulation results in the subcellular redistribution of
GRB2. To determine the subcellular localization of the GRB2–
mCAT-1 complex, HeLa cells stably expressing mStrawberry-
tagged mCAT-1 were transfected with YFP-tagged GRB2. Consis-

FIG 5 In vitro binding of mCAT-1 to GRB2. (A) Schematic representation of
the configuration of the pulldown assay using GST-GRB2 and GST-GRB2-
SH2 fusion proteins as bait. (B) GST pulldown assay. HEK293 cells stably
expressing HA-tagged mCAT-1 were incubated with eMLV for the indicated
times. Cell lysates were then made, and the protein concentration was deter-
mined by a bicinchoninic acid (BCA) assay. The same amount of total protein
from each sample was incubated with glutathione-agarose beads that had been
coated with either GST-GRB2 (top) or GST-GRB2-SH2 (middle). The
amount of HA-tagged mCAT-1 retained on the beads was analyzed by Western
blotting using an anti-HA monoclonal antibody. The GST-tagged GRB2 pres-
ent in each sample was blotted with an anti-GST antibody as a loading control
(bottom). (C) Densitometry analysis of HA–mCAT-1 precipitated with GST-
GRB2 shown in panel B. (D) Relative fold change of mCAT-1 binding to
GST-GRB2 in untreated cells after a 45-min exposure to eMLV. Data represent
3 independent experiments. ��, P � 0.01 (determined by Student’s t test). (E)
The surface domain of MLV gp85 (SU) coprecipitates with GRB2. Untreated
(�) or virus-treated (�) cells were prepared as described above and applied
onto GST-GRB2-, GST-, or anti-HA-coated beads. The bound protein on
Western blots was then analyzed by probing with an anti-SU antibody.

FIG 6 Association of endogenous GRB2 with mCAT-1 increases in a time-
dependent manner after eMLV exposure. (A) Schematic showing predomi-
nant 25-kDa and 20-kDa forms of GRB2 seen in cells due to the alternative
splicing of pre-mRNA. The smaller protein differs by a deletion at the
N-terminal side of the SH2 domain. (B) mCAT-1 immunoprecipitates GRB2
from cells. HEK293 cells stably expressing HA-tagged mCAT-1 were incubated
with eMLV, and cell lysates were made as described in the legend of Fig. 5.
Protein was then immunoprecipitated by using anti-HA covalently coupled
Sepharose beads. Endogenous GRB2 bound to mCAT-1 was detected by West-
ern blotting with an anti-GRB2 antibody. The membrane was stripped and
then reprobed with anti-HA antibody to determine the amount of mCAT-1
present in each sample. (C) Quantitative analysis of the GRB2 binding level
determined by densitometry. The relative fold change in endogenous GRB2
binding to mCAT-1 after a 45-min exposure to eMLV was calculated relative to
that of cells not incubated with virus. Data are the averages and standard errors
from 3 independent experiments.
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tent with previous reports of GRB2 localization, YFP-GRB2 was
seen diffusely distributed in the cytoplasm and in nuclei, and some
was close to the plasma membrane (46). As expected, mCAT-1
was primarily on or close to the plasma membrane, with some
protein present in the perinuclear region consistent with the en-
doplasmic reticulum (ER) or Golgi apparatus (Fig. 7, left). Impor-
tantly, some of the YFP-tagged GRB2 overlapped with the
mStrawberry-tagged mCAT-1 signal on the plasma membrane
(Fig. 7, bottom left) and is consistent with the basal-level binding
that was detected by immunoprecipitation (Fig. 5 and 6). As with
the immunoprecipitation, after 45 min of incubation with Molo-
ney MLV, higher levels of GRB2 appeared colocalized with the
mCAT-1 signal (Fig. 7, center and top right); colocalization anal-
ysis revealed a 3-fold increase in the level of the GRB2 signal over-
lapping that of mCAT-1 (Fig. 7, bottom right). The mCAT-1 pro-
tein was also visible within the cell cytoplasm in punctate clusters
together with GRB2, which could represent endocytic vesicles.
Interestingly, a similar redistribution of GRB2 with EGFR was
reported previously after the treatment of cells with EGF for 20
min (46). The level of colocalization of mCAT-1 with GRB2 also
appeared to be increased at contact points between cells (Fig. 7,
top right).

Overexpression of the dominant negative GRB2 R86K mu-
tant reduces eMLV infectivity. After the binding of EGF to EGFR,
a rapid recruitment of GRB2 occurs at the plasma membrane. The
association of EGFR with GRB2 occurs through the interaction of
the GRB2 SH2 domain with phospho-Tyr1068 in the activated
EGFR (39). The mutation of R86 to K in the GRB2 SH2 domain

(Fig. 8A) results in a dominant negative protein that is unable to
recognize and bind to phospho-Tyr1068 on activated EGFR and
the subsequent inhibition of downstream Ras signaling (5, 29).
Consistent with this, the GRB2 R86K mutant is unable to translo-
cate to the membrane upon EGF stimulation. Conversely, the mu-
tations P49L (N-terminal SH3 domain) and G203R (C-terminal
SH3 domain) block the interactions of dynamin 1, Cbl, and Gab1
with GRB2 (51).

To gain a further understanding of the mechanism of action of
GRB2 for eMLV infection, we expressed wild-type GRB2 or the
dominant negative GRB2 mutants in mCAT-1-expressing
HEK293 cells, and virus infection was measured by FACS analysis.
The GRB2 constructs were tagged with EYFP, a modification that
was previously shown not to affect the phenotypes of wild-type
GRB2 and its mutants (22). A recombinant eMLV encoding a
truncated form of CD4 was used as an infection marker. This
marker can be stained with anti-CD4 antibody, but the truncation
prevents signaling (38). Cells expressing the YFP-tagged GRB2
R86K construct showed a 6-fold reduction in infection compared
to cells expressing YFP alone or wild-type GRB2-YFP (Fig. 8B). In
contrast, the SH3 mutant form did not alter infection (Fig. 8B,
bottom left). To compensate for differences in transfection and
expression efficiencies, the data were normalized by comparing
the number of infected cells with a strong YFP signal to the num-
ber of infected cells lacking a YFP signal (Fig. 8C). While this
analysis reduced the overall impact of the R86K mutant to a 2-fold
drop, this was significant (P � 0.01). An examination of the ex-
pression intensity of the R86K form (data not shown) suggested

FIG 7 Confocal microscopy analysis shows increased colocalization of GRB2 and mCAT-1 signals during eMLV infection. HeLa cells stably expressing
mStrawberry-tagged mCAT-1 were seeded into 8-well chamber slides and then transfected with YFP-tagged GRB2. At 48 h posttransfection, cells were untreated
(no virus) or incubated with eMLV for 45 min at 37°C at an MOI of 10. Unbound virus was then removed, and cells were fixed and examined with a confocal
microscope using a 100� objective lens. Images at the bottom show highlighting (white) of overlapping mCAT-1 and GRB2 signals, as determined by using
AutoQuant X v.2.2.1 software. Panels at the top right show magnified views and each fluorescent channel of the indicated areas labeled a to d. The bar graph
(bottom right) shows averages and standard errors of the means (SEM) of data obtained from 9 images from 3 independent experiments including more than 45
cells. ��, P � 0.001, determined by Student’s t test.
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that it may have a higher turnover rate than the wild-type protein,
and so the normalized data may be an underestimate of its po-
tency. All three constructs did not affect cell viability, as deter-
mined by a trypan blue exclusion assay.

Overexpression of the GRB2 R86K mutant depletes mCAT-1
from the cell surface. The expression of the dominant negative
GRB2 R86K mutant inhibited eMLV infection. However, the ca-
nonical recognition site for phosphotyrosine residues present in
the SH2 domain of GRB2 is apparently dispensable for the binding
of GRB2 to mCAT-1 during virus entry. To further elucidate the
mechanism of the GRB2–mCAT-1 interaction in infection, the
YFP-tagged GRB2 R86K mutant was expressed in HeLa cells ex-
pressing mStrawberry-tagged mCAT-1 and examined by confocal
microscopy. The R86K form showed a very distinct colocalization
with mCAT-1. However, the expression of the GRB2 R86K mu-
tant resulted in a prominent redistribution of plasma membrane-
associated mCAT-1 into intracellular puncta containing the
GRB2 R86K form (Fig. 9). This was in striking contrast to the
pattern seen in neighboring cells lacking GRB2 R86K expression
(Fig. 9, top right). This finding indicated that the GRB2 R86K
mutant inhibits eMLV infection by the intracellular sequestration
of mCAT-1, making it inaccessible to virus. In addition, while the
SH2 domain may be dispensable for the association of mCAT-1
and GRB2, it must play a role in the transportation to or retention
of mCAT-1 in the plasma membrane, presumably through SH2-
mediated interactions with an as-yet-unidentified protein.

DISCUSSION

Viruses have developed complex interactions with host cellular
machinery to promote viral invasion, replication, and persistence.
Ecotropic MLV, a gammaretrovirus, utilizes mouse or rat cationic
amino acid transporter 1 as its principal receptor (3). In this study,
we report that GRB2, a major cellular adaptor protein, is impor-
tant for eMLV entry and infection by interacting with the virus
receptor mCAT-1. We first showed that the RNAi-mediated sup-
pression of endogenous GRB2 resulted in a 50% reduction in
eMLV infection (Fig. 1), an observation that was later substanti-
ated by the overexpression of a dominant negative form of GRB2
(Fig. 8). Since cell entry is the first step for the virus to establish
infection, the role of GRB2 in eMLV entry was next examined.
Consistent with the reduction in infection observed, the inhibi-
tion of endogenous GRB2 also resulted in a similar reduction in
levels of eMLV binding and membrane fusion, while the infection
and entry of a VSV-G-pseudotyped MLV were not affected (Fig. 2
and 4, respectively). Because the only differences between the
MLV- and VSV-pseudotyped viruses are the envelope glycopro-

FIG 8 FACS analysis reveals that overexpression of the dominant negative
GRB2 R86K mutant inhibits eMLV infection. (A) Schematic of the YFP-tagged
GRB2 wild type, SH2 domain R86K mutant, and SH3 domain P49L G203R
mutant. Circles indicate sites of amino acid substitutions. (B) HEK293 cells
expressing mCAT-1–HA were untreated (none) or transfected with plasmids
encoding YFP, YFP-GRB2 (wild type), YFP-GRB2(R86K), and YFP-
GRB2(P49L G203R). Two days after transfection, cells were challenged with
recombinant eMLV encoding a truncated CD4 protein as an infection marker.
Two days after infection, cells were stained with Alexa Fluor 647-labeled anti-
CD4 antibody and analyzed by FACS. At least 5 � 105 cells were analyzed. The
horizontal bar shows the gate containing infected cells, with percentages of
infected cells indicated. (C) To compensate for differences in expression levels
of each YFP-tagged protein, data were normalized by calculating the percent-
age of infected cells within the transfected population (number of cells infected
and expressing YFP/total number of YFP-expressing cells). Data are the aver-
ages and standard deviations from 3 independent experiments. �, P � 0.01,
determined by one-way ANOVA.

FIG 9 Overexpression of dominant negative GRB2(R86K) causes a loss of mCAT-1 from the cell surface and accumulation inside the cell. HeLa cells stably
expressing mStrawberry-tagged mCAT-1 were transfected with a plasmid encoding the YFP-tagged GRB2 R86K mutant. At 48 h posttransfection, cells were
fixed, and nuclei were stained with DAPI and then observed by confocal microscopy. Composite images as well as each fluorescence channel are shown. The
square on the top corner shows a cell not expressing the GRB2 R86K mutant.
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teins that they bear and receptors with which they interact, we
investigated the impact of GRB2 on the surface expression of
mCAT-1. Both the chemical labeling of cell surface protein and an
RBD (receptor binding domain of gp85) binding assay indicated
that surface mCAT-1 levels were significantly reduced as a result of
the GRB2 depletion, while the total mCAT-1 levels remained
comparable to those of the controls. A combination of biochem-
ical and imaging approaches was then used to dissect the molecu-
lar mechanism of the mCAT-1–GRB2 interaction. These studies
revealed that mCAT-1 associated with GRB2 in uninfected cells.
However, this interaction was enhanced by the incubation of cells
with purified MLV (Fig. 5, 6, and 7). Furthermore, the interaction
between GRB2 and mCAT-1 increased in a time-dependent man-
ner that correlated with the entry kinetics of eMLV (Fig. 5 and 6).

GRB2 has been shown to bind a variety of receptor and non-
receptor tyrosine kinases, such as the EGFR (14). In response to
EGF binding to its receptor, GRB2 is recruited to plasma
membrane-localized EGFR through its SH2 domain and subse-
quently cointernalizes with EGFR into early endosomes in an SH3
domain-dependent manner (51). In contrast to the EGFR, our
studies revealed that the binding between GRB2 and mCAT-1 did
not depend on the recognition of phosphotyrosine resides
through the SH2 domain. Two isoforms of endogenous GRB2
bound to mCAT-1 were detected by immunoprecipitation in
HEK293 cells. Both isoforms were previously identified in differ-
ent cell types, and they are produced by splice variation in the
GRB2 pre-mRNA (12). The shorter form differs from the full-
length protein by lacking part of the SH2 domain (residues 59 to
100), which is responsible for binding phosphotyrosine residues
in the receptor tyrosine kinase (45). Arginine 86 is a key residue
important for this function and is within the portion missing in
the smaller isoform. The finding that this isoform binds to and
responds by increased binding to mCAT-1 in the presence of
eMLV, like the full-length protein, indicates that this part of the
SH2 domain is not necessary to bind mCAT-1 (Fig. 6). Consistent
with this observation, confocal imaging also showed that the SH2-
defective GRB2 R86K mutant still bound mCAT-1 (Fig. 9). The in
vitro binding work showed that the GRB2-SH2 domain, by itself,
did not bind mCAT-1 (Fig. 5). This result showed that the mCAT-
1–GRB2 interaction is distinct from growth factor receptors like
EGFR and must utilize a different strategy to engage GRB2. In
recent years, numerous studies have reported that some SH2
domain interactions do not require the canonical phos-
photyrosine-dependent mechanisms. For example, the in vivo
association of V-Abl and GRB2 was found previously to involve
a non-phosphotyrosine-dependent mechanism (37). Similarly,
the HIV Nef protein interacts with the Lck-SH2 domain in a
phosphotyrosine-independent manner (9).

Both RNAi and the overexpression of dominant negative
GRB2 imply that GRB2 plays a significant role in the plasma mem-
brane distribution of mCAT-1. Two possible mechanisms that
could contribute to the reduced level of surface mCAT-1 are that
the inhibition of the GRB2 function either promotes the endocy-
tosis of mCAT-1 or decreases its anterograde trafficking to the
plasma membrane. The expression of the GRB2 R86K protein
resulted in the localization of most of the mCAT-1 protein to the
cytosol, rendering it inaccessible to MLV and resulting in reduced
viral infection. Unfortunately, our data do not discriminate if the
intracellular protein was newly synthesized or cycling from the cell
surface. Since GRB2 does not act alone in trafficking proteins, it is

likely that protein binding partners could also be affected by the
change in the SH2 domain. This activity would perturb down-
stream signaling events that depend on GRB2-SH2 domain inter-
actions. Since the GRB2 R86K mutant retains two functional SH3
domains, it remains competent for binding to mCAT-1 but is
unable to interact with downstream factors that are necessary for
mCAT-1 surface localization. This finding suggests that mCAT-
1’s functional trafficking relies on the integrity of GRB2.

The only other cellular factor that is known to affect CAT-1
surface expression is protein kinase C-� (PKC-�). The activation
of PKC indirectly promotes the endocytosis of human CAT-1
(40). Recently, it was reported that human CAT-1 undergoes
clathrin-dependent endocytosis as a result of PKC activation (49).
However, eMLV uses a clathrin-independent endocytic pathway
to infect cells (18, 23). This suggests that the PKC-mediated down-
regulation of CAT-1 may not play a major role in MLV infection.
Further work will be required to determine if GRB2 has a role in
PKC activation as well as how the reduction in GRB2 levels im-
pacts the anterograde trafficking of mCAT-1.

Previous studies on the trafficking of insulin receptor (IR)
showed that ligand stimulation (insulin-like growth factor 1 or
insulin) resulted in the recruitment of GRB2 to caveolae, and
GRB2 has been implicated in the bidirectional trafficking of the
caveosome: the retrograde transport of cargo from the caveosome
to the ER or the anterograde transport back to the surface by
transient fusion between the caveosome and the early or recycling
endosome (35). The caveosome is an endosomal compartment
distinct from the “conventional” early endosome (EEA1�/
Rab5�). Caveosomes have a neutral pH and stain negative for the
early endosome marker EEA1 but are positive for caveolin-1 (36).
Endocytosis to caveosomes is a clathrin-independent mechanism
that can be blocked by either cholesterol extraction or the overex-
pression of the dominant negative dynamin II K44A mutant (36).
Another study showed that cholesterol depletion led to a reduced
amount of GRB2 in the caveolar fraction (13). Together with data
from the insulin receptor studies, this suggests a possible role of
GRB2 in mediating caveosome trafficking.

Interestingly, mCAT-1 has been shown to associate with
caveolin in a number of cell lines (28), and Moloney MLV was
reported to use the clathrin-independent endocytic pathway to
enter cells (23). We speculate that GRB2 may play a role in the
recycling of mCAT-1 through the regulation of caveosome traf-
ficking, but further investigation will be required to examine this
possibility.

It remains unclear whether the interaction between mCAT-1
and GRB2 is direct or involves additional proteins. Zharikov and
Block reported previously that the association with the cytoskele-
ton binding protein fodrin is important for the full activity of
CAT-1 (53). The actin-disrupting toxin swinholide leads to a 25%
reduction of L-arginine transport in pulmonary artery endothelial
cells, and conversely, the actin-stabilizing toxin jasplakinolide in-
creases L-arginine transport without an alteration of the total
CAT-1 expression level (54). Likewise, the disruption of the cell
actin network by cytochalasin D, a drug that depolymerizes
filamentous actin, inhibits eMLV entry into rat cells without
downregulating the surface expression of mCAT-1 (20). Sev-
eral proteins important for actin remodeling and cellular com-
partmentalization contain SH3 binding motifs that can interact
with GRB2 (17). For example, the N-terminal SH3 domain of
GRB2 binds to the guanine nucleotide exchange factor SOS1, the
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E3 ubiquitin ligase Cbl, and dynamin. Dynamin is a GTPase that is
essential for coated-vesicle formation and receptor-mediated en-
docytosis. The C-terminal SH3 domain binds to GRB2-associated
binding protein 1 (Gab1) to relay signals to PI3K pathways (34).
Of note, several viral proteins have been reported to interact di-
rectly with SH3 domain-containing proteins. HIV Nef and feline
immunodeficiency virus (FIV) Nef bind to a variety of SH3 do-
mains (7), the hepatitis C virus (HCV) NS5 protein interacts di-
rectly with the N-terminal GRB2 SH3 domain (48), and the ORF3
protein of hepatitis E virus (HEV) activates mitogen-activated
protein kinase (MAPK) through the binding of the SH3 domain
(22). However, these are all interactions that occur between GRB2
and virus proteins in the cell cytoplasm. To date, our data dem-
onstrating that GRB2 interacts with a viral receptor, mCAT-1, and
that this interaction is stimulated by the virus are novel.

We propose a model in which GRB2 regulates mCAT-1 traf-
ficking. Normally, GRB2 binds to mCAT-1 at a basal level in rest-
ing cells, mainly on the plasma membrane, which accounts for the
basal binding that we observed in the immunoprecipitation, pull-
down, and confocal imaging experiments. The physiological level
of endogenous GRB2 is important for regulating the turnover of
mCAT-1, which may include the anterograde transport of mCAT-
1-recycling endosomes from the caveosome and/or from the
trans-Golgi network to the plasma membrane. The binding of
eMLV recruits more GRB2 to associate with mCAT-1. We specu-
late that GRB2 binding to mCAT-1 triggers the movement of the
receptor on the plasma membrane and/or the internalization of
the virus–mCAT-1–GRB2 complex into intracellular compart-
ments. In this way, GRB2 may also play a role in the surface avail-
ability of mCAT-1.

In conclusion, we identified the signaling adaptor protein
GRB2 as an important factor for facilitating mCAT-1 trafficking
and, hence, ecotropic MLV entry and infection. The knowledge
that we gained from this study not only elucidates an important
part of the molecular mechanism of receptor trafficking during
ecotropic retrovirus entry but also reveals the previously un-
known mechanism of mCAT-1 participation in signaling path-
ways by its interaction with GRB2. Additional work needs to be
done to investigate if these mechanisms apply to other CAT-1
proteins and to other retrovirus receptors.
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