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The Csk tyrosine kinase negatively regulates the Src family kinases Lck and Fyn in T cells. Engagement of
the T-cell antigen receptor results in a removal of Csk from the lipid raft-associated transmembrane protein
PAG/Cbp. Instead, Csk becomes associated with an �72-kDa tyrosine-phosphorylated protein, which we
identify here as G3BP, a phosphoprotein reported to bind the SH3 domain of Ras GTPase-activating protein.
G3BP reduced the ability of Csk to phosphorylate Lck at Y505 by decreasing the amount of Csk in lipid rafts.
As a consequence, G3BP augmented T-cell activation as measured by interleukin-2 gene activation. Conversely,
elimination of endogenous G3BP by RNA interference increased Lck Y505 phosphorylation and reduced TCR
signaling. In antigen-specific T cells, endogenous G3BP moved into a intracellular location adjacent to the
immune synapse, but deeper inside the cell, upon antigen recognition. Csk colocalization with G3BP occurred
in this “parasynaptic” location. We conclude that G3BP is a new player in T-cell-antigen receptor signaling and
acts to reduce the amount of Csk in the immune synapse.

The molecular mechanisms of T-cell-antigen receptor
(TCR) signal transduction and T-cell activation have been
intensely studied during the past decade. It has become evident
that several protein tyrosine kinases (PTKs) and protein ty-
rosine phosphatases (PTPs) play crucial roles (reviewed in
references 33 and 38). The earliest known biochemical re-
sponse to TCR ligation is an increased phosphorylation of a
number of cellular proteins on tyrosine residues (21, 25). Phar-
macological agents that prevent this phosphorylation block
T-cell activation altogether (37, 26), whereas inhibitors of
PTPs mimic TCR ligation and cause T-cell activation (44, 52)
and prevent reversion of activated T cells to a resting pheno-
type (22).

Biochemical and genetic evidence indicates that the Src-
family PTK Lck plays a crucial receptor-proximal role in TCR
signaling (31), even in T cells that lack CD4 or CD8 (55).
Although the molecular mechanism for the TCR-Lck connec-
tion is unclear, it seems that Lck responds to TCR stimulation
with a rapid increase in its phosphorylation of tyrosines within
the immunoreceptor tyrosine-based activation motifs (ITAMs)
of the CD3 and � subunits of the TCR. Once phosphorylated,
these motifs serve to recruit a second type of cytoplasmic PTK,
ZAP-70 (8, 23), which is subsequently activated by direct phos-
phorylation at Y493 in its activation loop by Lck (7). Due to
the presence of 10 ITAMs in the TCR complex, up to 10

ZAP-70 molecules may cluster on the fully phosphorylated
receptor. Once activated by Lck, ZAP-70 autophosphorylates,
presumably in trans, to create docking sites for SH2 domain-
containing signaling proteins (41). The Src family PTKs are
also responsible for recruitment and activation of the cytoplas-
mic Tec-related kinases Itk/Emt and Txk/Rlk (16, 19), which
are directly involved in phosphorylation and activation of phos-
pholipase C�1 (29, 48). It also appears that Src family PTKs
have numerous other substrates, including cytoskeletal pro-
teins, adapters, and other signaling molecules.

Given the central role of Src family PTKs, particularly Lck in
T-cell activation, it seems obvious that these kinases must be
extraordinarily tightly regulated to ensure that T cells respond
appropriately to antigen. Indeed, Lck is regulated at all avail-
able levels from transcription and translation to multiple post-
translational modifications and controlled subcellular location.
Perhaps the best studied regulation is the phosphorylation of
an inhibitory tyrosine in the C terminus of Lck, Y505 (reviewed
in reference 32). Mutation of this residue results in a consti-
tutively active form of Lck, which can transform fibroblasts (2,
30). In T cells, Y505 is phosphorylated by the Csk PTK (4) and
dephosphorylated by the CD45 PTP (34, 36, 45). It has been
estimated that ca. 50% of Lck molecules are Y505 phosphor-
ylated under physiological conditions in T cells (53), with a
relatively slow turnover (43). In agreement with the notion that
the balance between CD45 and Csk is important (35), most
CD45-negative T cells fail to respond to TCR stimulation (6,
28, 49), whereas increased CD45 expression, e.g., in memory T
cells (50), correlates with increased sensitivity to TCR ligation.
Conversely, overexpression of Csk very efficiently reduces TCR
signaling (9, 58), whereas a dominant-negative Csk augments it
(56). In addition, a two- to threefold activation of Csk is used
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as a physiological mechanism for immunosuppression by cyclic
AMP-inducing stimuli (58).

Csk is a 50-kDa cytoplasmic PTK comprised of Src homol-
ogy 3 (SH3) and SH2 domains and a catalytic kinase domain
(39, 47), but it differs from other nonreceptor PTKs in that it
lacks N-terminal membrane docking motifs, tyrosine phos-
phorylation sites, and C-terminal regulatory sequences. Csk
has a highly specialized and unique function as a general neg-
ative regulator of all Src family kinases (32, 40). Csk is ex-
pressed in all examined cell types but is particularly abundant
in hematopoietic cells.

An important advance in our understanding of Csk regula-
tion was the recent discovery of a transmembrane molecule,
termed PAG (5) or Cbp (27), which specifically binds Csk
through its SH2 domain. PAG/Cbp resides in lipid rafts and is
phosphorylated on tyrosine in resting T cells (5, 56), thus
anchoring a portion of Csk in the subcellular compartment that
is enriched in Src family kinases. Upon TCR triggering, PAG/
Cbp is rapidly dephosphorylated by an unknown PTP, resulting
in dissociation of Csk (56). This apparently allows lipid raft-
located Lck and Fyn to remain active longer and to phosphor-
ylate ITAMs and other molecules. After ca. 10 min (in primary
T cells), however, PAG/Cbp is rephosphorylated and Csk be-
gins to return to the lipid rafts. This coincides with the down-
turn of tyrosine phosphorylation. The importance of this mech-
anism is perhaps best illustrated by the consequences of
expression of a Csk-SH3-SH2 protein (lacking kinase domain),
which will compete with endogenous Csk for binding to PAG/
Cbp (56). This truncated protein caused a striking increase in
basal and induced levels of tyrosine phosphorylation, which
also lasted longer than in controls. The protein also augmented
NFAT/AP-1 reporter gene activation (56).

Here we address the question of where Csk goes when it
dissociates from PAG/Cbp and leaves the lipid rafts. We have
identified another ligand for Csk, termed G3BP, which appears
to be anchored at some distance from the immune synapse.
The time course of Csk binding to G3BP is similar to the time
course of Csk dissociation from PAG/Cbp upon TCR stimu-
lation. In agreement with the notion that G3BP may sequester
a portion of Csk away from the immune synapse, we found that
expression of G3BP reduced Lck phosphorylation at Y505 and
improved T-cell activation.

MATERIALS AND METHODS

Antibodies, proteins, and cells. The antiphosphotyrosine (anti-PTyr) mono-
clonal antibody (MAb) 4G10 was from Upstate Biotechnology, Inc. (Lake Placid,
N.Y.), and the 12CA5 MAb, which recognizes the influenza virus hemagglutinin
(HA) epitope tag, was from Boehringer Mannheim (Indianapolis, Ind.). Anti-
Lck-phosphoY505 was from Cell Signaling Technology, Inc. (Beverly, Mass.).
The anti-TCR MAb C305 was from the American Type Culture Collection and
was used as a culture supernatant. The anti-Flag MAb and the antiactin were
from Sigma (St. Louis, Mo.). The anti-Lck and the polyclonal anti-Csk used for
the immunoblotting were from Santa Cruz (Santa Cruz, Calif.). The anti-CD3
used for the immunofluorescence staining was from Becton Dickinson (San
Diego, Calif.). The anti-G3BP MAb was described recently (54). A polyclonal
rabbit antiserum (�CskC) directed against Csk was generated against a synthetic
peptide corresponding to the last 30 amino acids of Csk conjugated to keyhole
limpet hemocyanin. An MAb to PAG was kindly provided by Vaclac Horejsi.

Plasmids and site-directed mutagenesis. The cDNA for human G3BP (54)
was subcloned into the pEF5HA vector, a newer version of the pEF/HA vector
(60), which adds a 9-amino-acid HA tag to the N terminus of the insert. The
same cDNA was also subcloned into pEF4/His/EGFP, a new version of the
pEF4/His vector from Invitrogen, into which we added the 720-bp enhanced

green fluorescent protein (EGFP) insert. The expression plasmids for the Csk,
Lck, Fyn, Itk/Emt, Syk, ZAP-70, Bcr-Abl, and Jak2 kinases were as before (12,
42, 61, 65). Csk expression plasmids with or without HA tag were used. The
expression plasmids for PAG/Cbp and PEP were as described previously (17, 56).
glutathione S-transferase (GST)–Csk, GST-Csk-SH2-SH3, GST-Csk-SH3, GST-
Csk-SH2, and GST-G3BP-N (corresponding to amino acid residues 1 to 206)
were produced by using the pGEX-2T prokaryotic expression vector (Pharmacia,
Uppsala, Sweden). Site-directed mutagenesis was carried out by PCR by using
the QuikChange kit (Stratagene, San Diego, Calif.) as recommended by the
manufacturer. All mutations were verified by sequencing.

Cells and transfections. Jurkat T leukemia cells were kept at logarithmic
growth in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum,
2 mM L-glutamine, 1 mM sodium pyruvate, nonessential amino acids, and 100 U
of penicillin G and streptomycin/ml. The cells were transiently transfected with
a total of 10 �g of DNA by electroporation with one 65-ms pulse at 230 V. Empty
vector was added to control samples to make a constant amount of DNA in each
sample.

Human peripheral blood and T cells were negatively selected directly from the
whole blood by using the Rosette Sep T cell Depletion Cocktails (Stem Cell
Technologies, Vancouver, British Columbia, Canada). The purity of the cell
populations was over 90% as determined by fluorescence-activated cell sorting.
CD8� OT-I T cells and SigOVA257-264MEC/B7.1 cells were prepared as de-
scribed previously (59). COS cells were grown in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum. These cells were trans-
fected by using Lipofectamine (QIAGEN, Valencia, Calif.) according to the
manufacturer’s instructions.

Isolation and identification of G3BP. A total of 4 �g of the fusion protein was
mixed with 1 ml of a lysate of �50 � 106 pervanadate-treated (100 �M, 2 min)
Jurkat cells in 20 mM Tris-HCl (pH 7.5)–150 mM NaCl–5 mM EDTA–10 �g of
aprotinin and leupeptin–1 mM Na3VO4, followed by incubation for 1 h on ice.
Next, 20 �l of glutathione-Sepharose 4B was added; after 1 h the beads were
pelleted by centrifugation and washed five times in lysis buffer, and the bound
proteins were eluted in sodium dodecyl sulfate (SDS) sample buffer and analyzed
by anti-PTyr immunoblotting. A parallel lane was used to excise the band cor-
responding to the 72-kDa proteins. The filter piece was washed three times in
deionized water, followed by incubation at 37°C with 1 �g of TPCK (tolylsulfonyl
phenylalanyl chloromethyl ketone)-treated trypsin in 50 mM NH4HCO3 for 3 h
and then with a second addition of trypsin overnight. The supernatant was
lyophilized twice, desalted in a ZipTip, and mixed with 5 �l of �-cyanohydroxy-
cinnaminic acid matrix. Then, 1 �l was spotted onto a target and analyzed by
matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) spec-
trometry.

In vitro phosphorylation and tryptic peptide mapping. The phosphorylation
reaction contained 2 �g of GST-G3BP-�C, 100 ng of recombinant Lck in 25 �l
of 50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MnCl2, 1 mM Na3VO4, 10
�Ci of [�-32P]ATP, and 10 �M ATP. After 30 min at 30°C, the proteins were
resolved on SDS gels and transferred onto nitrocellulose filters. Phospho-G3BP
was localized by autoradiography, excised, and digested with trypsin as described
previously (1, 4, 61, 61). The resulting peptides were separated in two dimensions
by thin-layer electrophoresis at pH 1.9, followed by ascending chromatography.

Immunoprecipitation and Western blotting. Immunoprecipitation was per-
formed as described previously (17, 51, 63, 64). Proteins were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on 10 or 12% gels and transferred
onto nitrocellulose filters. All antibodies was used at a 1:1,000 dilution, except for
4G10 anti-PTyr MAb at a dilution of 1:3,000, and the blots were developed by a
standard alkaline phosphatase method or by using an enhanced chemilumines-
cence (Amersham, Arlington Heights, Ill.) technique according to the manufac-
turer’s instructions.

Cell conjugation and confocal microscopy. These procedures were performed
as described previously (1). Briefly, the adherent SAMBOK cells (used as anti-
gen-presenting cells [APC]) were seeded at 100,000 cells per chamber slide and
cultured overnight. The next day, the slides were washed twice with medium to
remove nonadherent cells or cell debris. Then, 200,000 OT-I cells were added to
the monolayer of APC in 1 ml of medium, and the chamber slides were centri-
fuged at 500 � g for 30 s to allow the two cells populations to make contact. After
various times at 37°C, the cells were carefully washed twice with warm phos-
phate-buffered saline (PBS) and fixed in ice-cold acetone. After permeabilization
in 0.1% saponin–0.02% NaN3 in PBS for 10 min, the cells were incubated with
the primary antibodies for 1 h. After three washes in 0.01% saponin in PBS, the
primary antibodies were revealed by using Alexa 594 goat anti-mouse and Alexa
488 goat anti-rabbit (Molecular Probes). The stained cells were mounted with
ProLong antifade kit (Molecular Probes) and then viewed under a confocal laser
scanning microscopy MRC-1024 (Bio-Rad). The stained cells were mounted with
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Vectashield mounting medium containing DAPI (4	,6	-diamidino-2-phenylin-
dole; H-1200; Vector Laboratories, Burlingame, Calif.). For the 3-dimensional
reconstructions, 40 serial z sections were taken at 0.25-�m increments. The serial
sections were then processed by using the software program Velocity (Velocity2

Pro Image3, LLC).
Luciferase assays. Luciferase assays were performed as described previously

(1, 24, 51, 62). Briefly, 2 � 107 cells were transfected 2 �g of NFAT/AP-1-luc or
IL-2-luc, together with empty pEF/HA vector alone or G3BP plasmids and 0.5
�g of Renilla luciferase as a transfection efficiency control. After stimulation for
6 h, the luciferase activity was measured in an automatic luminometer by using
a dual luciferase kit from Promega and according to the instructions of the
manufacturer. The activity of Renilla luciferase, which varied 
20% between
samples, was used for normalization of results.

Subcellular fractionation and isolation of lipid rafts. A total of 2 � 107 cells
were resuspended in ice-cold hypotonic buffer (42 mM KCl, 10 mM HEPES [pH
7.4], 5 mM MgCl2, 1 mM Na3VO4, 10 �g each of aprotinin and leupeptin/ml) and
incubated on ice for 10 min. Cells were then sheared by five passes through a
30-gauge needle. The lysates were centrifuged at 200 � g for 10 min to remove
the nuclei, which were washed twice in lysis buffer and then resuspended in 20
mM HEPES-KOH (pH 7.9), 20 mM NaCl, 10 mM NaF, 0.2% Triton X-100, 1
mM EDTA, 25% glycerol, and 10 �g each of aprotinin and leupeptin/ml. Lysates
were then vortexed, incubated on ice for 15 min, and centrifuged at 13,000 � g
for 15 min, and the supernatant containing the nuclear proteins was collected.
The supernatants from the first low-speed centrifugation were collected and
centrifuged at 13,000 � g for 60 min at 4°C. The supernatant (cytosol) was
collected, and the pellet was resuspended in 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1% NP-40, 1 mM Na3VO4, and 10 �g each of aprotinin and leupeptin/ml,
followed by vortexing for 5 min at 4°C and centrifugation at 13,000 � g for 60
min. The supernatant represents the detergent soluble particulate fraction, and
the pellet (i.e., the detergent-insoluble fraction) was solubilized in 1% SDS. Each
sample (nuclei, cytosol, and detergent-soluble and detergent-insoluble fractions)
was diluted in Laemmli buffer for analysis by SDS-PAGE and immunoblotting.

Isolation of lipid rafts or glycolipid-enriched membrane microdomains was
performed as described in detail elsewhere (66). Cells were homogenized in 1 ml
of ice-cold lysis buffer (50 mM HEPES [pH 7.4], 100 mM NaCl, 5 mM EDTA,
1% Triton X-100, 10 mM sodium pyrophosphate, 1 mM Na3VO4, 50 mM NaF,
1 mM phenylmethylsulfonyl fluoride, and 10 �g each of leupeptin, antipain,
pepstatin A, and chymostatin/ml) by 10 pestle strokes in a Dounce homogenizer,
loaded at the bottom of a 40 to 5% sucrose gradient, and centrifuged at 200,000
� g for 20 h. Next, 0.4-ml fractions were collected from the top and analyzed by
immunoblotting

siRNA preparation and cells transfection. The two small interfering RNA
(siRNA) duplex sequences targeting G3BP were 5	-CUG CCA CAC CAA GAU
UCG CdTdT (sense) and dTdTG ACG GUG UGG UUC UAA GCG-5	 (an-
tisense), termed siRNA #1, and 5	-ACC ACC UCA UGU UGU UAA AdTdT
(sense) and dTdTU UUA ACA ACA UGA GGU GGU-5	 (antisense), termed
siRNA #2. Fluorescein-labeled luciferase GL2 siRNA duplex 5	-fluorescein-
CGU ACG CGG AAU ACU UCG AdTdT (sense) and dTdTG CAU GCG
CCU UAU GAA GCU-5	 (antisense) was used as a control. All of the siRNA
duplexes were synthesized by Dharmacon Research, Inc. (Lafayette, Colo.), and
were desalted and gel purified. A total of 2 � 107 Jurkat cells were transfected
with 1 �M G3BP siRNA and 100 �M control siRNA or with 100 �M control
siRNA alone. Cells positive for fluorescein were sorted by fluorescence-activated
cell sorting 24 h after transfection and used for experiments 48 h after transfec-
tion.

RESULTS

Identification of the Csk-associated 72-kDa phosphoprotein.
We reported some time ago (42) that Csk forms a complex
with a 72- to 75-kDa tyrosine-phosphorylated protein upon
TCR triggering. To identify this protein, we prepared a deter-
gent lysate of 5 � 107 Jurkat T cells treated for 2 min with 100
�M pervanadate and incubated it with 4 �g of GST-Csk-SH3-
SH2 for 1 h on ice. The fusion protein was precipitated with
glutathione-Sepharose beads, washed extensively, and resolved
by SDS-PAGE. Two sample lanes of the gel were transferred
to nitrocellulose, and one of them was immunoblotted with
anti-PTyr to localize Csk-SH3-SH2 binding phosphoproteins.
A major band at �72 kDa was detected (Fig. 1A, “before”).

With this blot as a guide, we cut out the corresponding region
of the parallel lane. The remaining filter was then immuno-
blotted with anti-PTyr to verify that the correct band had been
excised (Fig. 1A, “after”). The excised filter piece was then
washed and treated with two additions of 1 �g of TPCK-
treated trypsin in 50 mM NH4HCO3, lyophilized, desalted in a
ZipTip, and mixed with 5 �l of �-cyanohydroxycinnaminic acid
matrix. Then, 1 �l was spotted onto a target and analyzed by
MALDI-TOF spectrometry, which gave a good set of peptide
peaks (Fig. 1B). Several of these peptides corresponded to well
known trypsin autolysis products (indicated by “T” in Fig. 1B).
The remaining peaks were used in a database search by using
the ProFound (Rockefeller) software, which yielded RasGAP-
SH3-binding protein (G3BP) (46) as a hit with nine matching
peptides (indicated by asterisks in Fig. 1B), a sequence cover-
age of 28%, and a very high probability score. G3BP is a
466-amino-acid protein, which runs as a protein of ca. 72 kDa
on SDS gels.

To verify that the identification was correct, Csk was immu-
noprecipitated from Jurkat T cells stimulated with anti-CD3ε
MAbs for various periods of time and immunoblotted with an
anti-G3BP MAb (54). Although Csk did not coprecipitate
G3BP from resting cells, a 72-kDa band appeared within a few
minutes of stimulation to reach a maximum in ca. 10 min (Fig.
1C). Thus, in Jurkat T cells G3BP does form a physical com-
plex with Csk in an inducible manner and with the same time
course as that of the 72-kDa phosphoprotein (42). A similar
result was obtained with normal human T lymphocytes, but the
time course was skewed to the left: some G3BP was present in
Csk immunoprecipitates from resting cells, and maximal
amounts were seen at 5 min. In these cells, there was also a
clear shift to slower-migrating forms, suggesting that Csk-
bound G3BP was hyperphosphorylated. We conclude that
G3BP associates with Csk both in Jurkat T cells and in normal
human T lymphocytes.

G3BP reduces Lck phosphorylation at Y505 and keeps Csk
from lipid rafts. The principal function of Csk in T cells is to
phosphorylate Lck at Y505 (4) and thereby inhibit TCR-in-
duced T-cell activation (9, 58). To directly determine whether
G3BP would affect this function of Csk, we expressed GFP or
a GFP-G3BP fusion protein in Jurkat T cells, sorted out the
green cells, and analyzed them for Lck phosphorylation at
Y505 by immunoblotting with a phospho-Y505 specific anti-
body. These experiments (Fig. 2A) clearly showed that there
was less phosphate on Lck Y505 in the presence of G3BP,
suggesting that association of G3BP with Csk prevented Csk
from phosphorylating Lck. In agreement with this notion, we
found that G3BP reduced the amount of Csk in lipid raft
fractions of T cells upon TCR triggering (Fig. 2B). In control
cells, the amount of Csk in lipid rafts was reduced to approx-
imately half at the 5-min time point, whereas in G3BP-express-
ing cells the decrease was much more dramatic (compare lanes
4 and 1 in the lower panels of Fig. 2B). G3BP had no effect on
the amount of Csk in lipid rafts in resting cells (compare lanes
4 in the upper and lower panels of Fig. 2B), and there were no
significant changes in the amounts of detergent soluble or
cytosolic Csk in these experiments. Lipid raft fractionation
(Fig. 2C) also showed that endogenous G3BP is present in very
small amounts in lipid rafts in resting T cells and completely
vanishes from this location upon TCR stimulation to accumu-
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FIG. 1. Identification of the 72-kDa Csk-associated phosphoprotein as G3BP. (A) Anti-PTyr immunoblots of material precipitated by a
GST-Csk-SH3-SH2 protein (“before”). The second lane represents a parallel second sample, from which the region corresponding to the 72-kDa
band was cut out with the help of the first lane, and the remaining filter was then blotted with anti-PTyr to verify that the correct band had been
excised (“after”). The second filter is darker because it contained four times more material. (B) Mass spectrogram of the trypsin digest of the
72-kDa protein band from panel A. Peptide peaks derived from G3BP (❋ ) and trypsin (T) are indicated. (C) Anti-G3BP immunoblot of anti-Csk
immunoprecipitates from untreated Jurkat T cells (lane 1) and from cells treated with OKT3 for 1 min (lane 2), 3 min (lane 3), 5 min (lane 4),
or 10 min (lane 5). (D) Anti-G3BP immunoblot of anti-Csk immunoprecipitates from untreated normal human T lymphocytes (lane 1) and from
cells treated with OKT3 and F(ab	)2 fragments for 2 min (lane 2), 5 min (lane 3), or 10 min (lane 4). The immunoglobulin heavy chain seen in
lanes 2 to 4 is from OKT3.
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FIG. 2. G3BP decreases Csk function and sequesters Csk away from lipid rafts. (A) The top panel shows an anti-Lck-phospho-Y505
immunoblot of lysates from Jurkat T cells transfected with GFP (lane 1) or GFP-G3BP (lane 2) and sorted for green fluorescence. The middle
panel shows anti-Lck immunoblotting of the same filter to verify equal loading. The bottom panel shows anti-G3BP immunoblots of the same
lysates. Note that endogenous G3BP is present in both lanes, but the transfected GFP-G3BP is only seen in lane 2. (B) The upper panel shows
anti-Csk immunoblot of C305-treated (lanes 1 to 3) or resting (lanes 4 to 6) control Jurkat T cells fractionated into buoyant detergent-insoluble
(lipid rafts), detergent-soluble fractions (soluble), or detergent-free soluble (cytosol) fractions. The lower panel shows anti-Csk immunoblot of a
similarly fractionation of G3BP-transfected cells. Equal amounts of protein were loaded in each lane between the upper and lower panels. (C) The
top panel shows anti-G3BP immunoblots of lipid raft fractionation of resting Jurkat T cells. Lipid rafts are in fractions 1 and 2. The second to fifth
panels show the same experiment with cells stimulated through the TCR for 5, 10, 30, and 60 min. The sixth and seventh panels show immunoblots
with anti-PAG, anti-Lck, and anti-Csk antibodies of the same fractions as in the top panel. The seventh panel is a longer exposure (without
anti-Lck) to show Csk better. The bottom panel shows an anti-LAT blot of the same fractions as a lipid raft marker. (D) The upper panel shows
an anti-Lck-phospho-Y506 immunoblot of lysates from Jurkat T cells transfected with control siRNA (lane 1) or G3BP siRNA (lane 2) together
with a fluorescent RNA oligonucleotide and sorted for green fluorescence. The lower panel shows anti-G3BP immunoblots of the same lysates.
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FIG. 3. Stimulatory role of G3BP in TCR signaling. (A) Luciferase activity of lysates from Jurkat T cells transfected with a luciferase reporter
driven by a NFAT/AP-1 element from the 5	 IL-2 promoter alone or together with the G3BP expression plasmid. Prior to lysis, the cells were either
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late in fractions 3 to 5 instead, which contains less buoyant
material. These results demonstrate that G3BP can sequester
Csk and keep it away from lipid rafts (where Lck is located)
after TCR stimulation.

Since overexpression of G3BP may have nonphysiological
effects on Csk, we decided to use the technology of RNA
interference (14) to reduce the levels of endogenous G3BP. A
double-stranded RNA oligonucleotide was designed that spe-
cifically targets G3BP mRNA and causes its degradation. In
HeLa cells, this oligonucleotide causes a �80% decrease in
immunoreactive G3BP protein, whereas control oligonucleo-
tides did not (not shown). The expression of G3BP was also
reduced in Jurkat T cells cotransfected with a fluorescein-
conjugated control RNA duplex and sorted out for green flu-
orescence (Fig. 2D, lower panel). Immunoblotting of these
cells with the phospho-Y505 specific antibody showed that the
loss of G3BP resulted in increased phosphorylation of Lck at
Y505. Csk levels were unchanged (data not shown). We con-
clude that endogenous G3BP indeed sequesters a portion of
Csk from the vicinity of Lck.

G3BP augments TCR signaling and elimination of G3BP by
RNAi reduces TCR signaling. To determine whether the se-
questering of Csk away from Lck and the reduced phosphor-
ylation of Lck at Y505 have further consequences for TCR-
driven T-cell activation, we measured the transactivation of the
interleukin-2 (IL-2) gene. First, Jurkat T cells were cotrans-
fected with a luciferase reporter gene driven by the NFAT/
AP-1 element from the 5	 IL-2 promoter and either empty
pEF/HA vector or the G3BP expression plasmid. At 2 days
after transfection, the cells were stimulated for 6 h with anti-
TCR plus anti-CD28 MAbs and lysed, and the activity of in-
duced luciferase was measured. These experiments repeatedly
showed that expression of G3BP significantly augmented the
response (Fig. 3A). Similar results were obtained with the
entire 5	 IL-2 promoter (Fig. 3B). In the experiment shown in
Fig. 3B, IL-2 transactivation was 94-fold in controls and 188-
fold in the presence of G3BP. These results were obtained in
five independent experiments.

Conversely, when Jurkat T cells were cotransfected with the
G3BP-specific siRNA oligonucleotide and the IL-2 gene pro-
moter luciferase plasmid, it was clear that the subsequent
TCR-induced gene activation was reduced (Fig. 3C) compared
to the control cells, which were transfected with an irrelevant
RNA oligonucleotide. A second siRNA oligonucleotide had

the same effect (Fig. 3D). The cells did not show any change in
control Renilla luciferase activity, morphology, or viability.
Thus, endogenous G3BP appears to exert a positive influence
on TCR signaling, and exogenous G3BP can augment the
response even further. These data are in good agreement with
a Csk-sequestering function of G3BP.

Csk can neutralize the stimulatory effect of G3BP on TCR
signaling. To obtain further evidence that the positive effect of
G3BP on TCR signaling is related to the ability of G3BP to
sequester Csk, we tested whether additional Csk would neu-
tralize the stimulatory effect of G3BP. Indeed, when Csk and
G3BP were cotransfected, the positive effect of G3BP vanished
(Fig. 3E). This result supports the notion that G3BP augments
TCR signaling through its binding of Csk.

“Parasynaptic” localization of G3BP in antigen-specific T
cells. To further examine the notion that G3BP can keep Csk
away from its Src family substrates, we decided to directly
visualize endogenous G3BP and examine its subcellular loca-
tion during antigen recognition and the formation of an im-
mune synapse between a T-cell and an APC. Freshly isolated
OVA257-264/Kb-specific CD8� T cells from OT-I TCR trans-
genic mice (20) were overlaid on adherent antigen-expressing
SigOVA257-264MEC/B7.1 cells (SAMBOK) (59) at 37°C for
various times, fixed, and stained for endogenous G3BP and
TCR/CD3 (Fig. 4) or Csk (Fig. 5). Before stimulation, the
TCR was quite evenly distributed over the surface of the cells,
whereas G3BP was cytoplasmic. Upon contact with APC, the
distribution changed in that much of both G3BP and Csk in the
T cells became concentrated toward the APC. The two mole-
cules differed, however, in their proximity to the immune syn-
apse: whereas much of Csk was at the plasma membrane (Fig.
5), G3BP never became associated with the cell surface (Fig. 4
and 5). Overlays of the two colors and three-dimensional re-
constructions of 40 serial z-sections of the T cells showed that
G3BP accumulated in the cytoplasm adjacent to the immune
synapse but clearly deeper inside the cell by ca. 0.5 to 1 �m
(Fig. 4B and 5B). A quantitation (Fig. 4C) of this location
revealed that only �5% of G3BP was within 100 nm from the
plasma membrane, whereas �25% of G3BP remained 100 to
200 nm deeper in, and the majority of G3BP was between 200
and 400 nm from the surface. This organization became evi-
dent within 5 min, became clear at 20 min, and lasted for many
hours. Although it is not surprising that extracellularly labeled
TCR/CD3 cover intracellular G3BP (Fig. 4), it is highly signif-

left untreated or stimulated for 6 h with anti-TCR (C305) plus anti-CD28 MAbs, as indicated. The inset shows an anti-HA immunoblot of the same
lysates. The results are given as the fold induction versus unstimulated samples with reporter alone and represent the means of triplicate
determinations. Error bars show the standard deviations of the values. Very similar results were obtained in two additional independent
experiments. (B) Similar assay with a luciferase reporter containing the entire 5	 IL-2 gene promoter. The results are given as the fold induction
versus unstimulated samples with reporter alone and represent the means of triplicate determinations. Error bars show the standard deviations of
the values. Very similar results were obtained in one additional independent experiment. (C) Luciferase activity of lysates from Jurkat T cells
transfected with the same NFAT/AP-1 luciferase reporter as in panel A plus either a control RNA or the G3BP-specific RNA interference
oligonucleotide (RNAi). Three days later the cells were either left untreated or stimulated for 6 h with anti-TCR (C305) plus anti-CD28 MAbs,
as indicated. The results are given as the fold induction versus unstimulated samples with reporter alone and represent the means of triplicate
determinations. Error bars show the standard deviations of the values. Very similar results were obtained in another independent experiment. The
insert shows an anti-G3BP immunoblot of lysates of Jurkat cells transfected with fluorescein-conjugated control RNA duplex alone (control) or
together with a G3BP-specific RNA duplex (RNAi) and then sorted out for green fluorescence. The lower panel is an antiactin blot to verify equal
loading. (D) Same experiment as in panel C with a different G3BP-specific siRNA used at 800 nM and 2 �M. The insert is a G3BP immunoblot
(upper panel) and anti-LAT blot (lower panel) as a loading control. (E) Luciferase activity of lysates from Jurkat T cells transfected with the same
NFAT/AP-1 luciferase reporter as in panel A plus either Csk, G3BP, or both. The insert shows an anti-HA immunoblot of the same lysates to
demonstrate the expression of Csk and G3BP. The upper half represents a longer exposure.
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FIG. 4. Parasynaptic localization of G3BP during antigen recognition. (A) Location of G3BP (green) and CD3 (red) in CD8� OT-I T cells
overlaid on control BOK cells (�Ag) or OVA-presenting SAMBOK APC (�Ag) and viewed under the confocal microscope as described in Materials
and Methods. The second panel in each row is a Nomarski differential phase-contrast image of the same T-cell, and the last panel is an overlay of the
two first panels. (B) Quantitation of G3BP location in relation to the plasma membrane in immune synapses. The data are given as a percentage of the
total G3BP pixels within 100-nm-wide zones from the plasma membrane and represent the average  the standard deviations from five different images,
including the two three-dimensional reconstructions shown in panel B and in Fig. 5. (C) Three-dimensional reconstruction of a representative OT-I T-cell
stained for G3BP (green) and CD3 (red) in contact with a SAMBOK cell (white arrow at the contact site). The reconstructed cell is gradually
rotated counterclockwise around the x axis from panel to panel, so that the bottom right hand panel represents the direction from which the APC
would see the T cell. Note that G3BP accumulates at the T-cell–APC contact site but remains �0.5 �m from the cell surface.
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FIG. 5. Parasynaptic localization of G3BP and partial colocalization with Csk during antigen recognition. (A) Location of G3BP (green) and
Csk (red) in CD8� OT-I T cells overlaid on OVA-presenting SAMBOK APC and viewed under the confocal microscope. The second panel in each
row is a Nomarski differential phase-contrast image of the same T-cell, and the last panel is an overlay of the two first panels. (B) Three-
dimensional reconstruction of a representative OT-I T-cell stained for G3BP (green) and Csk (red) in contact with a SAMBOK cell (white arrow
at contact site). The reconstructed cell is gradually rotated counterclockwise around the y axis, so that the bottom right-hand panel represents the
direction from which the APC would see the T cell. Note that G3BP accumulates at the T-cell–APC contact site but remains deeper inside the
cell than Csk.
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icant that intracellular Csk is so obviously layered on top of
intracellular G3BP, which is restricted to deeper regions of the
cytoplasm. This is particularly evident in the three-dimensional
reconstructions when rotated 90° to show the stained mole-
cules from the direction of the APC (Fig. 5B). We refer to the
type of location displayed by G3BP as “parasynaptic” (“para”
meaning “adjacent to”), and it represents a novel pattern of
higher order organization of signaling molecules in the im-
mune synapse. Most importantly, colocalization of Csk and
G3BP occurred in the outermost half of the G3BP containing
area, which is well separated from the plasma membrane.
Thus, the portion of Csk that binds G3BP is physically sepa-
rated from the pool of Csk that is associated with lipid rafts,
PAG/Cbp, and thereby with the Src family PTKs that mediate
TCR signaling.

Csk binds G3BP via SH1, SH2, and SH3 interactions. To
clarify the molecular mechanisms of TCR-induced complex
formation between G3BP and Csk, we undertook a series of
experiments in vitro and in cells. First, we established that
G3BP becomes tyrosine phosphorylated in response to TCR
triggering in Jurkat T cells (Fig. 6A) but not in the Lck-nega-
tive JCaM1 cell line (Fig. 6A, lanes 5 to 8). G3BP was also
readily tyrosine phosphorylated in COS cells coexpressing Lck
or Fyn, and perhaps to a low extent by Bcr-Abl (Fig. 6B). Other
PTKs, including Csk, did not phosphorylate G3BP. Tyrosine
phosphorylation of G3BP was also observed in the ZAP-70-
negative P116 and LAT-negative JCaM2 sublines of Jurkat,
JCaM1 (not shown). Lck also readily phosphorylated recom-
binant G3BP in vitro (Fig. 6C). By tryptic peptide mapping of
recombinant G3BP or its tyrosine-to-phenylalanine mutants,
we determined that the principal in vitro phosphorylation site
is Y56 (Fig. 7A). When the G3BP-Y56F mutant was expressed
in COS cells, together with Lck or Fyn, subsequent anti-PTyr
blots showed that is was much less phosphorylated than the
wild-type G3BP (Fig. 7B). In contrast, all other mutants
showed no change or only small reductions (lanes 10 and 11
and data not shown). Since the Y56F mutant still contained a
small amount of PTyr, we created a series of double and triple
mutants of Y56F and Y56F/Y125F in combination with all
other tyrosines. However, all of these mutants still reacted with
the anti-PTyr to the same low extent as the Y56F single mutant
(not shown). These results suggest that Y56 is the major phos-
phorylation site and that there may be a low amount of phos-
phate at multiple other sites. Y56 resides in a putative
Csk-SH2 binding motif (YGQK). G3BP also contains several
Pro-rich motifs that could bind the Csk SH3 domain.

GST fusion proteins of full-length Csk, as well as its SH3,
SH2, and tandem SH3-SH2 regions, all bound G3BP (not
shown), with clearly the strongest binding seen with full-length
Csk. The SH2 domain bound significant amounts of G3BP only
after pervanadate treatment of the cells, suggesting that ty-
rosine phosphorylation of G3BP was needed. In contrast, the
SH3 domain bound G3BP best from untreated T cells. We
conclude that the interaction between Csk and G3BP occurs
through multiple contacts involving all three domains of Csk
and that the strongest binding by far is seen with full-length
Csk. The implications of this mode of binding include the
notion that Csk bound to G3BP presumably is unable to in-
teract with other ligands for its SH3 or SH2 domains and thus
probably cannot act on Src family kinases. In agreement with

this notion, we have not observed any coimmunoprecipitation
between G3BP and either PEP or PAG/Cbp (data not shown).

DISCUSSION

We have identified an inducibly tyrosine phosphorylated 72-
kDa Csk-associated protein in T cells as G3BP, a protein
originally cloned by virtue of its binding to the SH3 domain of
Ras-GAP (46). G3BP coimmunoprecipitated with Csk from
both Jurkat T leukemia cells and from normal primary human
T lymphocytes. We have obtained evidence that the association
between Csk and G3BP in primary antigen-specific mouse T
cells occurs at a physically distinct subcellular location close to,
but separate from, the immune synapse. We suggest that this
may serve as a means to keep Csk segregated from the Src-
family PTKs that transmit signals from antigen-triggered
TCRs. This model is presented schematically in Fig. 8 and
predicts that G3BP plays a positive role in TCR signaling by
reducing the Csk-mediated inhibition of TCR-associated ki-
nases. Indeed, we find that loss of endogenous G3BP resulted
in decreased TCR signaling and that expression of G3BP re-
duced Lck phosphorylation at Y505 and augmented T-cell
activation as measured by TCR/CD28-induced gene transacti-
vation. The positive effect of G3BP was eliminated by increas-
ing the amount of Csk. This growth-stimulatory function of
G3BP is in agreement with its increased expression in human
malignancies and stimulation of entry into S phase (18). We
also find that G3BP expression becomes higher in proliferating
T cells (not shown).

Our model for G3BP function may well be an oversimplifi-
cation of a more complex reality. Csk not only phosphorylates
the C-terminal negative regulatory tyrosine of Lck and Fyn but
also affects Src family PTKs indirectly by forming a physical
complex with the PEP PTP (10), which dephosphorylates the
positive regulatory tyrosines in Lck (17) and Fyn (11), ZAP-70,
and perhaps other substrates. Since it appears that G3BP binds
to Csk via multiple contacts, including the SH3 domain of Csk,
it seems likely that G3BP competes with PEP for binding to
Csk. Therefore, it may be that G3BP also serves to break up
Csk-PEP complexes. Since Csk may play a role in targeting
PEP to its Src family PTK substrates (or vice versa), the net
effect of this function of G3BP may be to prevent inhibition of
TCR-associated kinases not only by Csk but also by PEP. In
this scenario, Csk exists in an equilibrium between PEP asso-
ciation and G3BP association in a manner that determines how
large a fraction of the Csk pool that can access Src family PTKs
at the plasma membrane. This equilibrium appears to shift
toward G3BP upon TCR triggering. The reasons for this shift
may include the tyrosine phosphorylation of G3BP, exposure
of proline-rich motifs, increased expression of G3BP, and/or its
translocation to a parasynaptic subcellular location. Together,
these changes may allow Lck and Fyn to undergo a burst of
activity (13, 57) and a prolonged elevation in basal activity.

It is also fully possible that G3BP has additional functions, as
signaling molecules often do. G3BP was originally identified as
a protein able to bind the SH3 domain of RasGAP, which, like
Csk, is thought to be a negative regulator of signaling. The
consequences of binding to RasGAP are unknown, but could
also serve to keep RasGAP away from plasma membrane-
associated Ras. G3BP has also been reported to associate with
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a ubiquitin-specific protease USP10 (54), an enzyme that spe-
cifically removes ubiquitin from other proteins and thereby
rescues them from targeted proteolysis by the 26S proteasome.
Binding of G3BP inhibited the activity of USP10 (54). It is not
known yet if Csk and USP10 bind G3BP in a mutually exclusive
manner. If so, Csk binding would release and activate USP10
and thereby affect the ubiquitination status of proteins in-

volved in TCR signaling or receptor recycling. Finally, nuclear
localization and induced nuclear import of G3BP has been
reported (3). The N terminus of G3BP contains an NTF2
domain, which may interact with the Ran GTPase in nuclear
pores, whereas the C terminus of G3BP has homology with
ribonucleoproteins (46) and has RNase activity (15). Together,
all of these findings suggest that the TCR-induced tyrosine

FIG. 6. Tyrosine phosphorylation of G3BP by Src family PTKs. (A) The upper panel shows an anti-PTyr immunoblot of G3BP immunopre-
cipitated with the anti-G3BP MAb from Jurkat T leukemia cells (lanes 1 to 4) or the Lck-negative JCaM1 variant of Jurkat (lanes 5 to 8) stimulated
with the C305 anti-TCR MAb for the indicated times. The lower panel shows equal amounts of G3BP in each lane verified by MAb anti-G3BP
immunoblotting. (B) The upper panel shows an anti-PTyr immunoblot of G3BP immunoprecipitated with the anti-HA epitope tag antibody from
COS cells cotransfected with the indicated kinases. The lower panel shows equal amounts of G3BP in each lane verified by anti-HA immuno-
blotting of the same filter. (C) Autoradiogram of GST (lanes 1 and 2) or GST-G3BP-N (lanes 3 and 4) incubated with recombinant Lck in the
presence of [�-32P]ATP for 30 min and resolved by SDS-PAGE. Lane 5 shows Lck alone.
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phosphorylation of G3BP and its association with Csk may
fulfill multiple functions, which we suggest include the segre-
gation of a pool of Csk to reduce its inhibitory effect on the Src
family PTKs that initiate TCR signaling and T-cell activation.

In addition, G3BP may carry out other tasks with or without
the aid of Csk in T lymphocytes.

A novel aspect of our study is the identification of an spatial
organization of TCR signaling proteins not only in the plane of

FIG. 7. Mapping of the major tyrosine phosphorylation site in G3BP. (A) Tryptic peptide maps of G3BP or G3BP mutants phosphorylated in
vitro by recombinant Lck as in Fig. 2C. The bottom right-hand panel is a schematic view of the major peptides and the spot that contains Y56.
Note that this spot is missing in the maps of the Y56F and Y56F/Y125F mutants. A sample origin is indicated by an arrow. (B) The upper panel
shows an anti-PTyr immunoblot of G3BP immunoprecipitated with the anti-HA epitope tag antibody from COS cells cotransfected with G3BP
mutants and Lck or Fyn, as indicated. The lower panel shows equal amounts of G3BP in each lane verified by anti-HA immunoblotting of the same
filter.
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the membrane but also perpendicular to it. We refer to this
anchoring of molecular components inside the cell at a dis-
tance from the plasma membrane upon formation of an im-
mune synapse as a parasynaptic location. It may be significant
that the staining for endogenous G3BP in Fig. 4 and 5 clearly
reveals a partly organized structure resembling a cluster of
bodies or vesicles. Since much of G3BP is poorly soluble in

detergent-containing buffers, it seems likely that this structure
is associated with cytoskeletal elements and perhaps endocytic
or lysosomal vesicles involved in downmodulation or recycling
of surface molecules. Alternatively, since the T-cell becomes
polarized toward the APC, G3BP may be directed from the
Golgi apparatus and/or the trans-Golgi network. These possi-
bilities will have to be addressed experimentally. In either case,

FIG. 8. Schematic model of G3BP function in T-cell activation. (A) In a resting T cell, much of G3BP is diffusely distributed throughout deeper
cytosolic regions, whereas the functionally important portion of Csk is at the plasma membrane bound to PAG/Cbp in lipid rafts adjacent to the
targets for Csk, Lck, and Fyn. (B) Upon activation of the T cell, some of Csk is released from PAG/Cbp and binds to G3BP, which becomes
enriched in the deeper cytoplasmic regions facing the APC in the polarized T cell. Thus, the portion of Csk bound to G3BP is kept away from the
plasma membrane of the immune synapse.
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our findings indicate that the TCR-associated signaling mole-
cules in the immune synapse are organized into a three-dimen-
sional machinery of higher complexity than previously demon-
strated.
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