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Rapl is a small GTPase that modulates adhesion of T cells by regulating inside-out signaling through LFA-1.
The bulk of Rapl is expressed in a GDP-bound state on intracellular vesicles. Exocytosis of these vesicles
delivers Rapl to the plasma membrane, where it becomes activated. We report here that phospholipase D1
(PLD1) is expressed on the same vesicular compartment in T cells as Rap1 and is translocated to the plasma
membrane along with Rap1. Moreover, PLD activity is required for both translocation and activation of Rapl.
Increased T-cell adhesion in response to stimulation of the antigen receptor depended on PLD1. C3G, a Rapl
guanine nucleotide exchange factor located in the cytosol of resting cells, translocated to the plasma mem-
branes of stimulated T cells. Our data support a model whereby PLD1 regulates Rapl1 activity by controlling
exocytosis of a stored, vesicular pool of Rapl that can be activated by C3G upon delivery to the plasma

membrane.

Regulated adhesion of lymphocytes is required for immune
function. The B2 integrin lymphocyte function-associated an-
tigen 1 (LFA-1) mediates lymphocyte adhesion to endothe-
lium, antigen-presenting cells, and virally infected target cells
(14). These cell-cell adhesions enable lymphocyte trafficking in
and out of lymphoid organs, T-cell activation, and cytotoxicity,
respectively (2, 34). Thus, the regulation of LFA-1 adhesive-
ness is central to adaptive immunity.

LFA-1 is a bidirectional receptor in that it mediates both
outside-in and inside-out signaling (30). Outside-in signaling is
analogous to signaling by conventional receptors and is defined
as stimulation of intracellular signaling pathways as a conse-
quence of ligation of LFA-1 with any of its extracellular li-
gands, such as intracellular adhesion molecule 1 (ICAM-1).
Inside-out signaling refers to intracellular signaling events that
result in a higher-affinity state of the ectodomain of LFA-1 for
its cognate ligands. Regulatory events that mediate inside-out
signaling converge on the cytoplasmic tails of the LFA-1 « and
B chains, which transduce signals to their ectodomains (14).
Signaling molecules implicated in inside-out signaling through
LFA-1 include talin, Vavl, PKDI, several adaptor proteins
(SLP-76, ADAP, and SKAP-55), the Ras family GTPase Rapl,
and two of its effectors, RAPL and RIAM (26). How these
proteins interact to activate LFA-1 remains poorly understood.

Rapl is a member of the Ras family of GTPases and has
been implicated in growth control, protein trafficking, polarity,
and cell-cell adhesion (6). The ability of activated Rapl to
promote LFA-1-mediated lymphocyte adhesion is well estab-
lished (33). The physiologic relevance of this pathway is high-
lighted by leukocyte adhesion deficiency type III (LAD III),
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where immunocompromised patients have a congenital defect
in GTP loading of Rapl in leukocytes (24). LFA-1 is a plasma
membrane protein, consistent with its role in cell-cell adhesion,
which by definition is a cell surface phenomenon. Paradoxi-
cally, the bulk of Rapl is expressed on intracellular vesicles.
We have characterized these vesicles as recycling endosomes
and have shown that the intracellular pool of Rapl can be
mobilized by exocytosis to augment the expression of Rapl at
the plasma membranes of lymphocytes, leading to increased
adhesion (5). We used a fluorescent probe of activated Rap1 in
live cells to show that only the pool of Rapl at the plasma
membrane becomes GTP bound upon lymphocyte activation.
Thus, it appears that delivery of Rap1 via vesicular transport to
the plasma membrane and activation of the GTPase on that
compartment are linked. Among the signaling enzymes known
to regulate vesicular trafficking is phospholipase D (PLD).
Whereas PLD type 2 (PLD2) is expressed at the plasma mem-
branes of lymphocytes, PLD1 is expressed on intracellular ves-
icles (29). We now show that PLDI1 resides on the same vesi-
cles as Rapl, is delivered along with Rapl to the plasma
membranes of stimulated T cells, and is required for Rapl
activation and T-cell adhesion.

MATERIALS AND METHODS

General reagents. RPMI medium, Dulbecco’s modified Eagle’s medium,
5-carboxyfluorescein, and Opti-MEM I were purchased from Invitrogen Corpo-
ration/Molecular Probes (Carlsbad, CA). Primary and tertiary butanol was pur-
chased from Sigma-Aldrich (St. Louis, MO).

Cell culture, transfection, and stimulation. Jurkat T cells were obtained from
the American Type Culture Collection (Manassas, VA). Cells were maintained
in 5% CO, at 37°C in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 100 U/ml penicillin G and streptomycin. Transfection of Jurkat cells
was performed with DMRIE-C (Invitrogen, Carlsbad, CA), and cells were ex-
amined 24 to 48 h later. COS-1 and HeLa cells were maintained in 5% CO, at
37°C in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum.
Transfection of COS-1 and HeLa cells was performed with SuperFect (Qiagen,
Valencia, CA) according to the manufacturer’s instructions, and cells were ex-
amined the following day. Jurkat T cells were serum starved at 37°C for 2 to 6 h,
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followed by incubation with 5 ug/ml of mouse anti-human CD3 antibodies
(Ancell, Bayport, MN).

Mice. Wild-type C57BL/6 mice were bred under pathogen-free conditions.
Primary CD4* T lymphocytes were isolated from spleens of 6- to 8-week-old
female mice as previously described (29) and were kept in supplemented RPMI
1640 medium.

DNA constructs. GFP-Rap1WT, GFP-Rap1V12, GFP-Rap1N17, pcDNA3.1-
RapIWT, pcDNA3.1-Rap1V12, pcDNA3.1-RapIN17, and YFP-RalGDS RBD
constructs were described previously (5). GFP-TC10 was also described earlier
(28). To make RFP-PLD1, the coding sequence of PLD1 was amplified by PCR
and cloned in frame into the mammalian expression vector mRFP-C1. Plasmids
were verified by bidirectional sequencing. GFP-PLD1, PLD1 short hairpin RNA
(shRNA) (RFP/H1-PLD1), and PLD2 shRNA (RFP/H1-PLD2) were previously
described (37). GFP-C3G was a gift from Philip Stork (The Vollum Institute,
Portland, OR). A Rap1-Kras tail fusion construct was made by an overlapping
PCR designed to replace the last 19 codons of Rapla with those of Kras4B
(primer sequences are available upon request).

Antibodies. Mouse anti-human CD3 (Ancell, Bayport, MN) was used for
T-cell-receptor (TCR)-dependent activation. Anti-PLD1 antibody (3832) was
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-PLD2
antibody was a gift from Yoshiko Banno (Gifu International Institute of Bio-
technology, Gifu, Japan). Anti-Rap1 antibody (610195) and anti-RhoGDI anti-
body (clone 16) were purchased from BD Biosciences (San Jose, CA). Anti-C3G
(C-19) and anti-Erk (K-23) antibodies were purchased from Santa Cruz Biotech-
nologies (Santa Cruz, CA). Monoclonal anti-pan-Ras antibody (Rasl0) was
purchased from Calbiochem (San Diego, CA).

Microscopy. Live cells were plated in 35-mm dishes containing a no. 0 glass
coverslip over a 15-mm cutout (MatTek, Ashland, MA). Cells were maintained
at 37°C, using a PDMI-2 microincubator (Harvard Apparatus, Holliston, MA).
Individual cells were imaged continuously, before and after the addition of
stimuli, for periods of up to 30 min. Images were acquired with an inverted Zeiss
510 laser scanning confocal microscope (Carl Zeiss Microimaging, Inc., Thorn-
wood, NY) and processed with Adobe Photoshop CS2. For quantification of
GFP-Rap1 upregulation at the plasma membrane, line scans of the edge of the
cell were obtained before and 5 min after stimulation with anti-CD3, fluores-
cence intensity was plotted as a function of distance along this line, and the
integrated areas under the curves representing plasma membrane fluorescence
were compared.

Rap activation assays. Detection of activated Rapl was performed as de-
scribed previously (12). Immunoblots were developed using '*I-protein A and
quantified by a phosphorimager.

Subcellular fractionation. Jurkat T cells (3.5 X 10%) grown in supplemented
RMPI medium were washed three times in ice-cold phosphate-buffered saline.
Cells were resuspended in relaxation buffer (10 mM HEPES, 100 mM KCI, 3 mM
NaCl, 3.5 mM MgCl,, 0.1 mM phenylmethylsulfonyl fluoride, and protease
inhibitors) and subsequently equilibrated with N, at 350 Ib/in? for 20 min at 4°C
in a nitrogen bomb (Parr Instrument Company, Moline, IL). Dropwise release
from the bomb resulted in disruption of the cells by cavitation. The cavitated
sample was centrifuged at 500 X g for 10 min to remove unbroken cells and
nuclei. The postnuclear supernatant was loaded on top of a discontinuous su-
crose density gradient (20 to 60% [vol/vol]) and separated by centrifugation at
133,000 X g for 120 min at 4°C. Fractions were collected from the top of the
gradient. To detect Rapl, proteins were precipitated with ice-cold 10% trichlo-
roacetic acid, resuspended in sodium dodecyl sulfate sample buffer, and loaded
into 14% acrylamide gels. To detect PLDI1, fractions were immunoprecipitated
with anti-PLD1 antibodies and analyzed by 8% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. For subcellular localization of endogenous Rapl,
Ras, and Erk and for C3G translocation assays, cytosolic (S175) and membrane
(P175) fractions were generated from postnuclear supernatants of nitrogen cav-
itation samples by centrifugation at 175,000 X g for 45 min at 4°C.

Adhesion assay. Jurkat T-cell adhesion to ICAM-1-coated multiwell plates was
performed as described previously (5). Recombinant ICAM-1 was produced as
described previously (19). Cells were either transfected with green fluorescent
protein (GFP)-tagged constructs (as indicated) or labeled with 5-carboxyfluores-
cein. Cells (1.5 X 10°) were plated for 20 min before removal of nonadherent
cells by serial washes. Adherent cells were detected with a plate reader at 525 nm
(DTX 800 multimode detector; Beckman Coulter, Fullerton, CA).

RESULTS

Rapl and PLD1 colocalize on cytoplasmic vesicles. Both
PLD1 (10) and Rapl (5) have been reported to reside on

MoL. CELL. BIOL.

cytoplasmic vesicles. To determine if these two signaling mol-
ecules are expressed on the same class of vesicle, we tagged
PLD1 with monomeric red fluorescent protein (mRFP) and
Rap1 with GFP and coexpressed the fusion proteins in Jurkat
T cells. As we previously reported (5), GFP-Rapl was ex-
pressed on both the plasma membrane and intracellular ves-
icles that coalesced in a paranuclear region consistent with re-
cycling endosomes. mRFP-PLD1 was observed on the same
vesicles (Fig. 1A). Colocalization of GFP-Rapl and mRFP-
PLD1 was also observed in fibroblasts and epithelial cells (Fig.
1B). To test whether the pool of vesicles decorated by Rapl
and PLD1 represented a distinct class of endocytic vesicles, we
coexpressed mRFP-PLD1 with GFP-TC10, a Rho family
GTPase expressed on Glut4-containing vesicles (39). Jurkat
cell vesicles decorated with these two fusion proteins were
entirely distinct (Fig. 1A), indicating that PLD1 decorates only
a subset of endocytic vesicles that also carry Rapl.

Antibodies to PLD1 and Rapl did not support immuno-
fluorescence analysis of endogenous proteins. We therefore
turned to subcellular fractionation to analyze the localization
of endogenous Rapl and PLD1. Jurkat T cells were disrupted
by nitrogen cavitation to preserve the integrity of cytoplasmic
vesicles, and the postnuclear supernatant was subjected to
equilibrium centrifugation through discontinuous sucrose gra-
dients. Fractions were analyzed by immunoblotting for PLD1
and Rapl. The distributions of the two proteins were found to
overlap (Fig. 1C). These data support the observation that
Rapl and PLDI1 have affinity for the same subpopulation of
endocytic vesicles.

Since small GTPases are peripheral membrane proteins,
their translocation from one membrane compartment to an-
other can be either via vesicular transport, through the fluid
phase of the cytosol, or both. Whereas farnesylated Ras can
cycle off membranes and into the fluid phase without a
chaperone (16, 36), geranylgeranylated Rho proteins re-
quire RhoGDI as a cytosolic chaperone (27, 28). To determine
if geranylgeranylated Rap1, without a known cytosolic chaper-
one, can be found in the fluid phase, we analyzed subcellular
fractions of Jurkat T cells generated by nitrogen cavitation.
Whereas a significant portion of endogenous Ras proteins
could readily be detected in the cytosol (S175; 175,000 X g
supernatant), along with most of the cellular Erk, endogenous
Rapl was found exclusively in the membrane fraction (P175)
(Fig. 1D). These data demonstrate that the subcellular trans-
port of Rapl does not involve a cytosolic phase and is there-
fore entirely vesicular.

We have previously shown that stimulation of the antigen
receptor on T cells rapidly increases the expression of Rap1 at
the plasma membrane via exocytosis of Rapl-laden vesicles
(5). To determine if PLD1 is translocated to the plasma mem-
brane in parallel with Rapl, we studied Jurkat T cells coex-
pressing GFP-Rapl and mRFP-PLD1 before and after stimu-
lation. Indeed, stimulation of the TCR induced translocation
of mRFP-PLD1 to the plasma membrane (Fig. 1E). Whereas
all transfected Jurkat cells grown in serum revealed GFP-Rapl
on both the plasma membrane and cytoplasmic vesicles (Fig.
1A), two populations of GFP-Rapl-expressing cells were ob-
served after serum starvation. Eighty percent of cells showed
some GFP-Rapl at the plasma membrane, but 20% of cells
revealed GFP-Rapl only on intracellular vesicles that were
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FIG. 1. Rapl colocalizes with PLD1 on cytoplasmic vesicles of resting cells and on the plasma membranes of activated T cells. (A) GFP-Rapl1 or
GFP-TC10 (vesicular GTPase control) was coexpressed with RFP-PLD1 in Jurkat T cells, which were imaged alive with a laser scanning confocal
microscope. (B) GFP-Rapl and RFP-PLD1 were expressed in COS-1 and HeLa cells and imaged live with a laser scanning confocal microscope.
Colocalization is evident on both the plasma membrane and cytoplasmic vesicles. The inset shows a high-magnification view of vesicles. (C) Endogenous
Rapl and PLD1 in Jurkat T cells were analyzed for vesicle association by nitrogen cavitation, sucrose density centrifugation, and immunoblotting. Both
molecules were expressed on vesicles that have the same buoyant density profile. (D) The cytosolic (S175) and membrane (P175) fractions of the
postnuclear supernatant of Jurkat cell cavitation samples were analyzed by immunoprecipitation and immunobloting (Rapl and Ras) or by immuno-
blotting only (Erk), as indicated. (E) The subpopulation of serum-starved Jurkat T cells expressing neither GFP-Rap1 nor mRFP-PLD1 at the plasma
membrane (20% of total) was imaged before and after stimulation with an anti-CD3 antibody. Bars, 5 um (A and E) and 10 um (B).
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also marked by mRFP-PLD1 (Fig. 1E). Upon TCR stimulation
of serum-starved cells expressing GFP-Rapl and mRFP-PLD1
only on vesicles, both molecules translocated to the plasma
membrane (Fig. 1E). For the population of cells that retained
plasma membrane-associated GFP-Rapl after serum starvation,
GFP-Rapl upregulation on this compartment was confirmed by
quantitative analysis of line scans of confocal micrographs and
revealed that TCR stimulation for 10 min increased GFP-Rapl
expression on the plasma membrane to 131% * 3% of control
levels (n = 5; P < 0.0001). These data suggest that Rapl and
PLD1 are transported to the plasma membrane in tandem via
exocytosis of the vesicles upon which both proteins reside.

PLD1 controls Rapl trafficking. PLD activity has been im-
plicated in vesicular trafficking (7). We therefore explored the
dependence on PLD activity of GFP-Rapl translocation in
response to TCR stimulation. Whereas 95% = 3% of Jurkat
cells transfected with GFP-Rap1 and stimulated with anti-CD3
antibodies manifested plasma membrane fluorescence, this
number dropped to 60% * 5% (P < 0.005) for cells treated
with n-butanol (Fig. 2A). r-Butanol was inactive, indicating that
the effect of the alcohol was mediated by inhibition of PLD.

Interestingly, unlike wild-type GFP-Rapl, which can un-
dergo GTP-GDP exchange, the plasma membrane localization
of constitutively active GFP-Rapl1V12 was insensitive to n-
butanol. This suggests that either delivery of Rapl-laden ves-
icles to the plasma membrane is PLD independent when Rapl
is activated or the removal of Rap1 from the plasma membrane
by endocytosis requires GAP-induced GTP hydrolysis that is
blocked by the GI12V substitution. The absence of plasma
membrane expression of GFP-Rap1N17 (not shown), a dom-
inant-negative mutant that is either GDP bound or nucleotide
free, supports the latter possibility. These data indicate that
upregulation of wild-type Rapl at the plasma membrane re-
quires both PLD activity and the ability of Rapl to cycle
between the GDP- and GTP-bound states.

If PLD1 and Rapl reside on the same cytoplasmic vesicles,
the effects of n-butanol on GFP-Rapl translocation should
parallel the effects on mRFP-PLD1 translocation. Indeed, n-
butanol but not ¢-butanol inhibited plasma membrane expres-
sion of mRFP-PLD1 (Fig. 2B), indicating that like the case for
Rapl, PLD1 delivery to the plasma membrane required the
catalytic activity of the enzyme. These data suggest that the
lipase activity of PLD serves to promote the exocytic events
that deliver both the lipase and Rap1 to the plasma membrane.

To confirm the dependence of Rapl translocation on PLD
activity, we silenced the two PLD isoforms with shRNA (Fig.
2C and D). Whereas knockdown of PLD2 had little effect on
the expression of GFP-Rapl on the plasma membranes of
Jurkat cells, silencing of PLD1 inhibited plasma membrane
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expression by 43% * 3% (Fig. 2E) (P < 0.01). Thus, expres-
sion of Rapl at the plasma membrane depends on PLD1.

PLD lipase activity is required for Rapl activation on the
plasma membrane. Because GTP loading of Rapl and its
delivery to the plasma membrane appeared to be linked, we
studied the requirement of PLD activity for Rapl activation.
n-Butanol but not #-butanol inhibited TCR-stimulated GTP
exchange on Rapl, as measured in cell lysates with a glutathi-
one S-transferase (GST)-RalGDS-RBD pulldown assay (Fig.
3A). YFP-RalGDS-RBD can be used as a biosensor for acti-
vated Rapl in live cells (5). Using this probe, we confirmed
that although wild-type Rapl is expressed on both the plasma
membrane and intracellular vesicles (Fig. 1), the only pool that
can recruit the probe is on the plasma membrane (Fig. 3B, left
panel), indicating that the intracellular pool remains GDP
bound. Rap1V12 is constitutively GTP bound and, like wild-
type Rapl, is distributed on both the plasma membrane and
the endomembrane (Fig. 2A). Rap1V12 therefore served as a
control in this analysis and demonstrated that the probe has
access to Rapl decorating intracellular vesicles if the Rapl is
GTP bound (Fig. 3B, center panel). As expected, RapIN17
recruited the probe to no membrane compartment (Fig. 3B,
right panel). Using this live-cell assay, we determined that
n-butanol but not #-butanol inhibited Rapl activation at the
plasma membrane (Fig. 3C and D).

Rapl-dependent lymphocyte adhesion requires PLD1. Rapl
controls lymphocyte adhesion by regulating inside-out signal-
ing to the integrin LFA-1 (30). Whereas Jurkat T cells express-
ing wild-type Rapl remained responsive to TCR stimulation of
increased adhesion to ICAM-1, cells expressing constitutively
active Rap1V12 were relatively sticky but unresponsive to TCR
cross-linking (Fig. 4A). This result confirms that the constitu-
tively active mutant of Rap1l does not require upstream signals
for full activity. Cells expressing RapIN17 were less adhesive
and were unresponsive to TCR stimulation (Fig. 4A), consis-
tent with the dominant-negative properties of this mutant.
These results suggest that the Rapl pathway mediates the full
effect of TCR signaling for increased adhesion. Although basal
adhesion to ICAM-1 was not affected by n-butanol, TCR-
stimulated Jurkat cell adhesion was inhibited 56% (P < 0.01)
after treatment with n-butanol, whereas ¢-butanol had no sig-
nificant effect (Fig. 4B). n-Butanol versus ¢-butanol had the
same differential effect on primary murine T cells (Fig. 4C),
demonstrating that the dependence on PLD activity was not
specific to Jurkat cells. Silencing the gene for PLD1 had an
effect on lymphocyte adhesion to ICAM-1 similar to that of
n-butanol, but knockdown of PLD2 had no significant effect
(Fig. 4D). Thus, TCR-stimulated T-cell adhesion to an LFA-1

FIG. 2. Rapl expression on the plasma membrane depends on PLD1. (A) Inhibition of PLDs with n-butanol affects the plasma membrane
(PM) localization of GFP-Rapl but not GFP-Rap1V12. (B) n-butanol inhibits anti-CD3-stimulated translocation of both GFP-Rapl and
RFP-PLD1 from cytoplasmic vesicles to the plasma membrane. (C) Endogenous PLD1 and PLD2 in HeLa cells, detected by immunoblotting
before and 72 h after expression of the indicated shRNA. (D) PLD1 knockdown in Jurkat cells, shown by cytofluorimetry of cells expressing
GFP-PLD1 (x axis) and the indicated shRNA, which also directs expression of RFP from an internal ribosome entry site (y axis). (E) Silencing
PLD1 but not PLD2 expression with shRNA inhibits plasma membrane localization of GFP-Rap1. Images show representative cells (bars, 5 pm),
and the bar graph shows means * standard errors of the means (SEM) (n = 3) for the percentage of cells with plasma membrane expression of

each fluorescent protein.
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FIG. 3. Activation of Rapl requires PLD activity. (A) Jurkat T cells were serum starved for 2 h and treated with or without ¢-butanol or
n-butanol for 15 min prior to stimulation with anti-CD3 antibodies for 10 min, as indicated. Cell lysates were immunoblotted for total Rapl and
GTP-Rapl (GST-RalGDS-RBD pulldown assay). (B) Jurkat T cells expressing YFP-RalGDS-RBD, a probe for GTP-bound Rapl, and the
indicated Rapl construct were imaged live growing in serum. (C) Serum-starved Jurkat T cells expressing YFP-RalGDS-RBD and Rapl were
treated with or without ¢-butanol or n-butanol and imaged live before and after stimulation with anti-CD3 antibodies. Bars, 5 um. (D) Quanti-
fication of the results shown in panel C, plotted as means* SEM (n = 4).

ligand required PLDI, indicating that inside-out signaling
through Rapl1 requires this lipase.

C3G translocates from the cytosol to the plasma membrane
and regulates adhesion in a PLD-dependent fashion. The re-
sults discussed above suggest that PLD1 controls the delivery
of Rapl to the plasma membrane via exocytosis of storage
vesicles and that translocation to the cell surface is associated
with GTP-GDP exchange on Rapl. This model requires a
plasma membrane-associated guanine nuclear exchange factor

(GEF). The best-characterized exchange factor for Rapl is
C3G (17, 38). We found that C3G is expressed at significantly
higher levels in Jurkat T cells than in fibroblasts (not shown),
suggesting a prominent role in T-cell signaling. GFP-tagged
C3G gave a cytosolic pattern in Jurkat T cells that did not
change with TCR stimulation (not shown). In contrast, follow-
ing endogenous C3G by subcellular fractionation revealed
translocation. Whereas in resting T cells virtually all of the
endogenous C3G was found in the cytosol, in cells stimulated
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FIG. 4. PLD activity is required for TCR-stimulated lymphocyte adhesion to ICAM-1. (A) Jurkat T cells transfected with the indicated Rapl
construct tagged with GFP were plated on ICAM-1 and stimulated with or without anti-CD3 antibodies, and adherent, transduced cells were
measured with a fluorescent plate reader. Untransfected Jurkat cells (B) or CD4" splenocytes from C57BL/6 mice (C) were labeled with
S-carboxyfluorescein, treated with or without #-butanol or n-butanol, and stimulated with or without anti-CD3 antibodies, and adhesion to ICAM-1
was measured as in panel A. (D) Jurkat cells labeled with 5-carboxyfluorescein and transfected with the indicated shRNA were stimulated with
or without anti-CD3 antibodies, and adhesion to ICAM-1 was measured as in panel A. Results are shown as means = SEM (n = 4), except in panel

C, where the results of an experiment representative of two are shown.

by cross-linking of the TCR 10% of the total pool translocated
to membranes (Fig. 5). RhoGDI, a cytoplasmic protein, did
not appear in the membrane fraction under the same condi-
tions (Fig. 5). The pool of membrane-associated C3G was too
small to analyze by sucrose gradient centrifugation, such that
the identity of the light membranes with which C3G associated
could not be determined. Nevertheless, the result is consistent
with translocation of C3G to the plasma membranes of T cells,
as previously shown with PC12 cells (38).

Cavitate Membrane _Cytosol

-+ - + - + Anti-CD3
- — ——— <—(C3G
A — _— e <—RhoGDI

FIG. 5. TCR activation stimulates translocation of C3G from cy-
tosol to membranes of Jurkat T cells. Serum-starved Jurkat T cells
were stimulated with or without anti-CD3 antibodies and disrupted by
nitrogen cavitation. The cavitated samples were separated into total
membranes (P175) and cytosol (S175) and analyzed for C3G and
RhoGDI by immunoblotting. Results shown are representative of
three independent experiments.

To confirm a functional role for C3G translocated to the
plasma membrane, we studied T-cell adhesion to ICAM-1.
Overexpression of C3G in Jurkat T cells increased the level of
adhesion to ICAM-1 stimulated by TCR engagement (Fig.
6A). The increased adhesion was sensitive to n-butanol but not
t-butanol (Fig. 6A), suggesting that the activity of C3G requires
PLDI1-mediated upregulation of Rapl at the plasma mem-
brane. This was confirmed using shRNA. Silencing of PLD1
but not PLD2 diminished C3G-dependent, TCR-stimulated
increased adhesion (Fig. 6B). If PLD1 regulates Rapl-depen-
dent adhesion by controlling delivery of Rapl to the plasma
membrane, where it can encounter C3G, then Rap1V12, which
requires neither C3G nor any other exchange factor for full
activity, should be insensitive to inhibition by PLD. Indeed, the
proadhesive effect of Rap1V12 was independent of PLD ac-
tivity (Fig. 6C).

PLD does not regulate adhesion when Rapl is delivered
directly to the plasma membrane by nonvesicular transport.
To test further the idea that PLD1 regulates adhesion by con-
trolling the trafficking of Rapl, we constructed a Rapl/Kras
fusion protein in which the membrane-targeting C terminus of
Rapl was replaced with the C terminus of Kras (Rap1-Ktail).
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FIG. 6. C3G-dependent TCR-stimulated T-cell adhesion to ICAM-1
requires PLD1. (A) Jurkat T cells transfected with GFP-C3G or GFP
vector and treated with or without ¢-butanol or n-butanol were assayed
for adhesion to ICAM-1 as described in the legend to Fig. 5, before
and after stimulation with anti-CD3 antibodies. (B) Jurkat T cells were
transfected with GFP-C3G and the indicated shRNA, and the adhe-
sion of transduced, fluorescent cells to ICAM-1 was determined.
(C) Jurkat T cells transfected with GFP-Rap1V12 and treated with or
without #-butanol or n-butanol were stimulated or not with anti-CD3
antibodies, and adhesion to ICAM-1 was measured. Results are shown
as means = SEM (n = 3).
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We predicted that this chimera would traffic directly to the
plasma membrane, like Kras (9), in a fashion independent of
PLD1-regulated exocytic vesicles. Jurkat T cells expressing
Rap1-Ktail displayed an enhanced adhesion response to TCR
stimulation (Fig. 7), indicating that artificially targeted Rapl
was biologically active in inside-out signaling to LFA-1. Impor-
tantly, this effect was insensitive to n-butanol, demonstrating
that PLD1 regulates the activity of Rapl1 at the level of protein
trafficking rather than distal signaling to LFA-1.

DISCUSSION

Our data support the idea that the trafficking of Rapl and
PLD1 is linked and depends on the enzymatic activity of the
lipase. Mature Rapl possesses a potent membrane-targeting
motif at the C terminus, consisting of a 20-carbon geranylgera-
nyl group and an adjacent polybasic region. Geranylgerany-
lated Rho family proteins traffic through the cytosol by virtue
of association with a chaperone, RhoGDI (28), but no analo-
gous chaperone has been described for Rapl. This suggests
that Rap1 is constitutively associated with membranes. Indeed,
whereas we readily observed farnesylated Ras proteins in
Jurkat cell cytosol, we detected no Rapl in this fraction. There-
fore, although Rapl is a peripheral membrane protein that, in
principle, could be transported between membrane compart-
ments by modulation of its affinity for the membranes, the
evidence presented here argues against such fluid-phase traf-
ficking. We concluded that the level of expression of Rapl at
the plasma membrane is acutely modulated by the delivery of
the GTPase to the cell surface via vesicular transport (5).
Exocytosis of recycling endosomes upregulates Rapl expres-
sion at the cell surface, and endocytosis has the opposite effect.

PLDs are signaling enzymes best known for their ability to
generate phosphatidic acid (PA), an important lipid second
messenger (15). Among the cellular processes regulated by
PLDs and their lipid products is vesicular trafficking, including
endoplasmic reticulum-to-Golgi transport (4), post-Golgi se-
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FIG. 8. Model of Rap1 upregulation and activation at the plasma membrane. In resting cells, Rap1 is stored on a pool of intracellular, endocytic
vesicles in an inactive, GDP-bound state. PLD1 is expressed on the same pool of vesicles. T-cell activation leads to PLD-dependent exocytosis of
these vesicles, which results in increased expression of Rap1 at the plasma membrane. TCR signaling induces concomitant translocation of C3G
in a complex with an SH2/SH3 adapter, such as Crk, from the cytosol to the plasma membrane such that both the GTPase and its cognate GEF
meet only at the plasma membrane, coupling upregulation to activation and leading to increased T-cell adhesion.

cretion (8), and endocytosis (35). In lymphocytes, PLD has
been found to regulate the exocytosis of CTLA-4-containing
vesicles (25). Our results add exocytosis of recycling endo-
somes laden with Rap1 to this list.

In addition to affecting vesicular transport, PA and diacyl-
glycerol (DAG) produced from PA can regulate GEFs that act
on Ras (29, 40). Thus, although the effects of PLD inhibition
on exocytosis were unambiguous, PLD inhibition might also
affect one or more GEFs that act on Rapl. To explore this
possibility, we sent Rapl to the plasma membrane by using
the Kras C-terminal targeting motif, which delivers proteins
to the plasma membrane independent of vesicular transport.
The Rapl-Ktail chimera was biologically active in our ad-
hesion assay, but the activity was independent of PLD, pro-
viding strong support for PLD operating at the level of
vesicular trafficking rather than GTP-GDP exchange.

Three classes of GEFs activate Rapl in leukocytes. C3G is
regulated through adaptor proteins that bind phosphotyrosine
(20). Epacl is regulated by cyclic AMP (cAMP) (13, 22).
CalDAG-GEFI (a splice variant of RasGRP2) is regulated by
DAG and calcium (23). The physiological significance of the
last of these observations was highlighted by a recent report
that revealed that the genetic basis for two cases of LAD III
could be attributed to a splice junction defect in the CalIDAG-
GEFI gene (31). Because much of the PA produced by PLDs
is converted by phosphatidic acid phosphatase into DAG, in
addition to controlling the upregulation of Rapl1 at the plasma
membrane, PLD may also regulate its activation through
CalDAG-GEFI. However, CalDAG-GEFI is activated more
effectively by chemokines than by TCR signaling (31), and
TCR stimulation alone does not induce translocation of this
GEF to the plasma membrane (32). Moreover, CalDAG-

GEFI is highly expressed in the murine brain (23) and in
myeloid cells but is undetectable in thymocytes (11), and mice
deficient in CalDAG-GEFI have normal lymphopoiesis but
severely impaired neutrophil and platelet function (3), similar
to the phenotype of patients with LAD III (31). Thus, although
overexpression of CalDAG-GEFTI in Jurkat T cells promotes
Rapl activation and adhesion (21), it is not likely to represent
the physiologically relevant Rapl GEF downstream of the
TCR.

Epacl is also not likely to play a physiologic role in stimu-
lating T-cell adhesion, since elevated cAMP inhibits T-cell
activation, is associated with anergy, and results in decreased
GTP loading of Rapl (18). In contrast, C3G is an attractive
candidate for the GEF that transmits the signal from the TCR
to Rapl. This exchange factor and its signaling partners Cbl
and CrkL are highly expressed in thymocytes (1). Indeed, we
found that C3G is much more highly expressed in Jurkat T
cells than in fibroblasts. Moreover, we found that TCR stimu-
lation led to the translocation of C3G to the membranes of
Jurkat cells. The relatively small fraction of endogenous C3G
that could be driven to the membrane from the cytosol in
response to TCR stimulation is consistent with that observed
for many Ras family GEFs, e.g., SOS. This may explain why we
failed to observe translocation of GFP-C3G, even when we
co-overexpressed Crk and CrkL. The high background fluores-
cence of the untranslocated pool did not permit resolution of
the small portion that associates with the membrane. Our
observation that C3G overexpression markedly increased
TCR-stimulated T-cell adhesion strongly supports a role for
C3G in Rapl-mediated inside-out signaling to LFA-1. The
inhibition by n-butanol of this augmented adhesion is consis-
tent with a requirement for PLD for the full effect of C3G. This
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suggests a model whereby Rap1 activation at the plasma mem-
brane is the consequence of two independent translocation
events. Rapl is delivered to the plasma membrane by exocy-
tosis concomitant with the delivery of its GEF, C3G, to the
same compartment by fluid-phase translocation from the cy-
tosol as a consequence of phosphotyrosine-binding adaptor
proteins (Fig. 8).

The spatial separation of small GTPases and their GEFs is
a common theme in the biology of these regulatory molecules.
In some systems, such as growth factor stimulation of Ras, the
GTPase is constitutively present at the membrane and activa-
tion involves translocation only of the GEF. In other systems,
such as the activation of Racl by Vavl, both GTPase and GEF
translocate to the membrane from the aqueous cytosol, afford-
ing a higher order of regulation and therefore more stringent
control. Our data suggest that the control of Rap1 in T cells fits
the second pattern. However, unlike Rho proteins that trans-
locate from cytosolic chaperones, Rap1 is delivered by vesicu-
lar transport, and this process is controlled in part by PLD1.
PLD antagonists, in particular those specific for PLD1, may
therefore prove to be immunosuppressive.
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