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ADP-Ribosylation of Rho by C3 Ribosyltransferase Inhibits
IL-2 Production and Sustained Calcium Influx in Activated
T Cells1

Vachras Angkachatchai* and Terri H. Finkel 2*†

Activation of the T lymphocyte induces dramatic cytoskeletal changes, and there is increasing evidence that disruption of the
cytoskeleton inhibits early and late events of T cell signal transduction. However, relatively little is known about the signaling
molecules involved in activation-induced cytoskeletal rearrangement. The rho family of small GTP-binding proteins, which in-
clude rho, rac, and cdc42, regulates the cytoskeleton and coordinates various cellular functions via their many effector targets. In
prior studies, the Clostridium botulinum toxin C3 exoenzyme has been used to ADP-ribosylate and inactivate rho. In this study,
we demonstrate that treatment of T cells with C3 exoenzyme inhibits IL-2 transcription following ligation of the TCR. Inhibition
of IL-2 expression correlated with loss of sustained increase in [Ca12]i and mitogen activated protein kinase (MAPK/Erk) activity,
but not with activation of the tyrosine kinase, lck. These findings are the first to show that ADP-ribosylation of rho by C3
ribosyltransferase (exoenzyme) inhibits IL-2 production due, in part, to the requirement for sustained calcium influx and MAPK
activation after Ag receptor ligation. The Journal of Immunology,1999, 163: 3819–3825.

T he TCR relies on the signaling capacity of associated CD3
complex (g, d, e) andz-chains to convey Ag recognition
and activation to the cell interior. Early signaling events

that include inductive tyrosine phosphorylation, activation of the
mitogen-activated protein kinase (MAPK)3 cascade, and the influx
of calcium are critical for cytokine production and other down-
stream activation events (1). Another critical component of early T
cell activation is the involvement of the T cell cytoskeleton (1, 2).
Recently,vav, the rho family guanosine exchange factor (3), has
been shown to regulate cytoskeletal reorganization mediated by
the TCR via its binding to activated syk family kinases (4, 5). In
addition, members of the small GTP-binding rho family, which
include rac, cdc42, and rho, have been shown to play a role in
regulation of cell growth, differentiation, and signaling (6, 7), as
well as in organization of the actin cytoskeleton (8, 9). Cdc42 and
rac have been shown to bind to the Wiscott-Aldrich syndrome
protein (10) and to stimulate the stress-activated protein kinase/
c-jun kinase (SAPK/JNK) (11, 12), and cdc42 has been shown
to regulate the polarization of T cells toward their Ag-presenting
targets (13).

Previous studies have also shown that several small GTP-bind-
ing proteins regulate IL-2 production in T lymphocytes. p21ras

activates the MAPK/extracellular signal-regulated kinase (Erk)
cascade in response to TCR ligation and synergizes with calcium
pathways to regulate IL-2 transcription (14). Rac and cdc42 acti-
vate a transcription factor for IL-2,c-jun, by regulating the SAPK/
JNK cascade in response to costimulation by CD28 and TCR/CD3
(15). In addition, rac function synergizes with p21ras in the induc-
tion of NF-AT, another transcription factor needed for IL-2
production (16).

Though studies on the role of rho in T cells are incomplete, there
is evidence that rho activity is necessary for at least some events of
T cell signal transduction. TheClostridium botulinumtoxin C3
exoenzyme (17) has been used to ADP-ribosylate and inactivate
rho in multiple cell types (8, 18–22). In cytotoxic T cells, C3
exoenzyme inhibits exocytosis and release of cytotoxic granules
(18). C3 exoenzyme also induces aberrant pseudopodia formation
in response to coligation ofb1 integrin and CD3 (19) and has been
shown to inhibit shape changes and invasive capacity of a T cell
line (22). Given these reports, it is likely that rho plays a role in
linking the T cell cytoskeleton with T cell activation.

In this study, we used theC. botulinumtoxin C3 exoenzyme to
inhibit rho activity and investigate its effects on early and late
events of TCR-mediated activation. We show that treatment of T
cells with C3 exoenzyme leads to inhibition of IL-2 production. Of
interest, calcium influx was not sustained in these stimulated cells,
and only partial activation of MAPK/Erk was observed. In con-
trast, inductive tyrosine phosphorylation of major substrates down-
stream of the TCR, as well as the tyrosine kinase activity oflck,
were apparently intact in C3-treated cells. These data suggest that
rho is required for a late event of T cell activation, i.e., IL-2 pro-
duction, via its regulation of calcium influx and MAPK activation.

Materials and Methods
Cells

Jurkat T cells were obtained from American Type Culture Collection (Ma-
nassas, VA) and were grown in RPMI 1640 (Life Technologies, Grand
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Island, NY), supplemented with 10% FBS (Gemini Bio-Products, Calaba-
sas, CA), 100 U/ml penicillin and streptomycin, and 2 mML-glutamine
(Mediatech, Hernvon, VA) in a 37°C, humidified 5% CO2 incubator.

Electroporation of C3 exoenzyme into cells

For the introduction of C3 exoenzyme into cells, C3 exoenzyme (20mg/ml;
Calbiochem, La Jolla, CA) was added to 23 107 Jurkat cells/400ml RPMI
in a cooled 0.4-cm gap cuvette. Lower concentrations of C3 exoenzyme
produced inconsistent ADP-ribosylation of rho. Thus, 20mg/ml C3 exoen-
zyme was used. Cells were subjected to an electric pulse at 960mF and 260
V, then incubated in 10 ml of complete RPMI for an additional hour. Cells
were collected and used for subsequent experiments.

Activation and cell preparation

For assaying early activation events, 106 T cells were incubated with 5mg
anti-CD3 mAb (anti-CD3, OKT3) for 30 min on ice, washed three times,
and incubated for another 30 min on ice with 20mg of the cross-linker, goat
anti-mouse Ab (GAM; Jackson ImmunoResearch, West Grove, PA). Cells
were washed an additional two times, incubated at 37°C for the indicated
times, and then spun down and lysed using 0.5% Nonidet P-40 solution
(Calbiochem) containing Tris-buffered saline, protease inhibitors (10
mg/ml aprotinin, 10mg/ml leupeptin, and 100mM PMSF), and phosphatase
inhibitors (10 mM NaF, 10 mM Na4P2O7, and 0.4 mM NaVO3) (all from
Sigma, St. Louis, MO).

For the production of IL-2, 50mg/ml OKT3 was coated onto tissue-
culture-treated flat-bottom wells at 4°C overnight. Before plating cells,
wells were washed twice in complete media, then 2–53 105 cells/200ml
were plated/well and incubated for the indicated times. For cross-linking of
Ag receptors, 50mg/ml GAM was coated onto 6-well tissue culture wells
overnight at 4°C in PBS and washed three times before use. Pretreated or
mock-treated cells were incubated with 20mg OKT3 for 1 h onice, then
washed three times before plating onto immobilized GAM at 53 106

cells/plate. Nonactivated control cells were plated onto 50mg/ml GAM
alone and collected in the same manner.

Abs, Western blots, and in vitro kinase assays

For lck immunoblots, lysates of equal numbers of activated or nonactivated
cells were electrophoresed and transferred onto nitrocellulose, then probed
with 1 mg/ml anti-lck mAb (clone LCK 3A5; Zymed, San Francisco, CA)
or anti-phosphotyrosine mAb (clone Ab-2; Oncogene Research Products,
Cambridge, MA) and detected using GAM/HRP and the chemiluminescent
substrate. Similarly, for MAPK immunoblots, equivalent cell lysates were
probed using anti-ACTIVE MAPK (Promega, Madison, WI) or 1mg/ml of
rabbit anti-Erk-1 Ab (Santa Cruz Biotechnology, Santa Cruz, CA) and
1/10,000 dilution of protein A conjugated to HRP (Amersham, Arlington
Heights, IL) followed by detection using SuperSignal Substrate (Pierce
Immunochemicals, Rockford, IL). Note that the anti-Erk1 Ab, in our hands,
cross-reacts with Erk-2.

For in vitro kinase assays, 1–23 107 cells were stimulated for 2 min at
37°C with either GAM alone or GAM plus anti-CD3 mAb. Lysates were
prepared (as described above), measured for protein content using the DC
Protein Assay (Bio-Rad, Richmond, CA), and equal amounts of protein
were immunoprecipitated. Anti-lck mAb (5mg) and 50 ml protein
G-Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ) were used to
immunoprecipitate lck. Immunoprecipitates were washed twice in lysis
buffer and once in kinase buffer (25 mM HEPES (pH 7.4), 150 mM NaCl,
5 mM MgCl2, and 100mM sodium orthovandate). Kinase assays were
performed in 15ml kinase buffer in the presence of 20mCi Easytides
[g-32P]ATP (NEN Life Science Products, Boston, MA) for 10–15 min at
room temperature, then washed twice in PBS. Samples were prepared,
separated by 10% SDS-PAGE, dried, and exposed to Fuji film.

Preparation of total RNA and RT/PCR

Pretreated activated and nonactivated cells were incubated for a total of
5–6 h. RNA-STAT reagent (Tel-Test, Friendswood, TX) was used to iso-
late total RNA from samples, and the amount of RNA was quantified. Five
micrograms of total RNA from each treatment were reverse transcribed
(RT) in a total volume of 20ml using Superscript II (Life Technologies) at
42°C for 1 h. Two microliters of the RT product from each treatment were
amplified using actin and IL-2 sequences from Ehlers and Smith (23).
Amplification of cDNA actin was performed in final concentrations of 25
pmol 59 and 39 actin primers, 0.5 UTaq polymerase, 10mM dNTPs, and
1.5 mM MgCl2 in PCR buffer (20 mM Tris-HCl (pH 8.4), 50 mM KCl; all
were obtained from Life Technologies) at a final volume of 100ml. The
amplification of IL-2 cDNA was performed in the same manner, but using
25 pmol of 59 and 39 IL-2 primers in the presence of 2.5 mM MgCl2. Tubes

were incubated in the thermocycler (Perkin-Elmer, Norwalk, CT) at 94°C
for 3 min (to denature the template), and then 25 cycles of 94°C for 45 s
(to denature), 60°C for 45 s (to anneal), and 72°C for 1.5 min (to extend)
were performed. To analyze amplified products, 50ml of product was
loaded onto 1.5% Nu-sieve (FMC BioProducts, Rockland, ME) agarose gel
containing 0.5mg/ml ethidium bromide and visualized after electrophore-
sis for 2 h at 75 V.Predicted sizes of amplified actin (661 bp) and amplified
IL-2 (458 bp) were confirmed by comparing 1mg of DNA Molecular
Marker VI (range from 2176 to 154 bp; Boehringer Mannheim, Indianap-
olis, IN) that was electrophoresed in the same gel. To verify that the con-
ditions and dilutions used were in the linear range of detection, 4–0.5ml
of RT product from activated samples were also amplified as before, and
the relative density was measured using Stratagene’s Eagle Eye System
(Stratagene, La Jolla, CA). Two microliters of RT product were found to
be within the linear range of detection by 1.5% Nu-Sieve agarose gel for
both IL-2 and actin.

In vitro ADP-ribosylation assay

Mock- or C3-treated cells were sonicated in Tris-buffered saline containing
phosphatase and protease inhibitors, as described above. The amount of
protein from each lysate was measured using the DC Protein Assay (Bio-
Rad), and 20mg of protein were then subjected to an in vitro ADP-ribo-
sylation assay adapted from Upstate Biotechnology’s (Lake Placid, NY)
protocol. Briefly, 6.25ml of assay buffer (10 mM HEPES (pH 8.0), 2 mM
MgCl2, 1 mM DTT, 0.2 mM GTP, 10 mM thymidine, 0.1% deoxycholate,
and 0.01% Triton X-100) with protease inhibitors (1 mM PMSF, 10 mM
EGTA, 10mg/ml leupeptin, and 1% aprotinin), 20mg of lysate, 2mCi of
32P-NAD (Amersham Pharmacia Biotech), and 1mg of C3 exoenzyme
were added in a final volume of 20ml. Lysates were incubated at 30°C for
1 h, and samples were prepared in 23 reducing sample buffer before boil-
ing. Boiled samples were electrophoresed in a 12% SDS-PAGE for 2 h at
75 V. The gel was dried and exposed for 1 h onto Fuji film.

Measurement of intracellular calcium [Ca12] i

A total of 107 cells was incubated with 5mM of Indo-1 AM pentaace-
toxymethyl ester (Sigma) for 30 min at 37°C. Cells were then washed and
resuspended at 106 cells/ml and analyzed using the Ortho Cytofluorograph
50H (Ortho Diagnostics Systems, Raritan, NJ) with a Phoenix Flow Ac-
quisition System (Phoenix Systems, La Jolla, CA). Data were collected,
and the ratios of Indo 1-AM violet/blue fluorescence (y-axis) were plotted
against time (x-axis). The MTIMEPLUS program was used to analyze for
the mean ratio and the percentage of responding cells. Basal [Ca12]i was
obtained before stimulation with either 500 ng/ml anti-CD3 or 1mg/ml
anti-TCR mAb (clone BMA-031, a kind gift from Dr. R. Kurrle, Hoechst
Marion Roussel, Frankfurt, Germany). For these Jurkat cells, cross-linking
with secondary Ab was not necessary to observe changes in [Ca12]i. Basal
[Ca12]i was below 100 nM and was calculated based on calibration
equations.

Results
Inactivation of Rho by C3 inhibits IL-2 expression

TheC. botulinumtoxin C3 exoenzyme has been reported to ADP-
ribosylate and inactivate rho by binding to an asparagine (Asn41)
in the effector domain of rho (17, 24). C3 exoenzyme has been
used previously to inactivate rho in T cells (18–22, 25). Here, C3
exoenzyme was introduced into Jurkat T cells by electroporation,
and the cells were allowed to recover for 1 h before assay. To
verify that rho was ADP-ribosylated in the intact cell, the mock
and C3 pretreated cells were sonicated and subsequently subjected
to an in vitro ADP-ribosylation assay using32P-NAD and C3 ex-
oenzyme. Samples pretreated with C3 exoenzyme are unable to
incorporate32P-NAD during the subsequent exposure to C3. As
shown in Fig. 1a, cells pretreated with 20mg/ml C3 exoenzyme
were unable to incorporate32P-NAD in vitro, because the majority
of the rho proteins had already been ribosylated by C3 exoenzyme
expressed in the intact cell. This indicates that rho is ADP-ribo-
sylated in T cells electroporated with C3 exoenzyme.

To determine the effects of C3 exoenzyme on TCR/CD3-medi-
ated IL-2 production, C3-treated cells were stimulated with anti-
CD3 mAb (OKT3). After 24 h of incubation, the culture superna-
tant from C3-treated cells was analyzed for IL-2, and compared
with supernatant from mock-treated cells. As shown in Fig. 1b,
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cells treated with C3 at concentrations of 20mg/ml or above se-
creted less IL-2 after 24 h of stimulation than mock-treated cells.
A caveat of these data is that inactivation of rho proteins by C3
exoenzyme has also been shown to compromise active secretion of
cytolytic granules in IL-2-activated NK cells and CTL (18). Fur-
thermore, a small (though not significant) loss in cell numbers after
extended C3 treatment (more than 12–24 h, data not shown)
prompted us to use a shorter and more definitive assay to measure
IL-2. Jurkat T cells were stimulated with immobilized anti-CD3
mAb and assayed for expression of IL-2 mRNA using RT-PCR.
This technique allowed analysis of cell cultures within 5 h of ac-
tivation and normalization of mock- and C3-treated lysates for
total RNA. Fig. 1c (upper) shows that C3-treated cells expressed
very little IL-2 transcript, in response to activation, compared with
mock-treated cells. To confirm the integrity of the RT product,
actin transcripts were examined in these cells. As shown in Fig. 1c
(lower), actin mRNA was expressed in C3-treated samples. These
data suggest that ADP-ribosylation of rho inhibits TCR signaling
pathways leading to IL-2 gene transcription.

C3 exoenzyme partially inhibits MAPK activation, but not
inductive tyrosine phosphorylation

Since the T cell-specific tyrosine kinaselck is critical for TCR-
mediated signal transduction, we asked whether the activity of this
src-family kinase was also inhibited by C3 treatment. Upon T cell
stimulation,lck is activated within 1 or 2 min and autophospho-
rylates (26) as shown by an immunoblot probed first with an anti-
phosphotyrosine Ab, then stripped and reprobed with an anti-lck
Ab (Fig. 2a). Pretreatment of the cells with C3 exoenzyme did not
inhibit lck phosphorylation; this was verified by a more sensitive in
vitro kinase assay measuring lck activity (Fig. 2b). Upon CD3
ligation, lck autophosphorylation, as demonstrated by [g-32P]ATP-
labeled lck, was increased in mock- and C3-treated cells. Since
basal levels (in nonstimulated cells) of lck activity contribute to
overall lck activity, lck activity in stimulated cells was normalized
to lck activity in nonstimulated cells from each treatment (data not
shown). Although in one representative experiment it appeared
that stimulated C3-treated cells contained more activated lck than
in stimulated mock-treated cells (see Fig. 2b), based on these nor-
malizations, there was no significant difference in the ability of
C3-treated cells to activate lck, in comparison to mock-treated
cells (see legend to Fig. 2b). Labeled phosphorylated proteins (at
;56 kDa) were confirmed to be lck by probing a parallel lane with
anti-lck mAb (data not shown). These data suggest that the ty-
rosine phosphorylation of lck lies upstream or parallels that of rho
activity and is not compromised by C3 treatment. In addition, there
were no apparent differences in the tyrosine phosphorylation pro-
file of proteins following CD3 ligation of mock or C3-treated cells.
These data suggest that a very early event of T cell activation, lck
tyrosine phosphorylation, is not dependent on intact rho.

The small GTP-binding protein, ras, mediates the synthesis of
IL-2, in part, by activating the MAPK/Erk cascade (27). Therefore,
we asked whether C3 has an inhibitory effect on Erk activity in
CD3-ligated, C3-treated cells. Erk1 (p44) and Erk2 (p42) belong to
a class of serine-threonine kinases that are threonine- and tyrosine-
phosphorylated after T cell stimulation (28). The dual phosphor-
ylation and subsequent activation of the Erks was detected using
anti-activated Erk (anti-ACTIVE MAPK) Ab. The same blot was
stripped, then reprobed with anti-Erk1 Ab to show that Erk protein
was present. Shown on the graph (Fig. 2c) is a normalized densi-
tometric measurement reflecting the ratio of activated Erk (the sum
of phospho-Erk1 and phospho-Erk2) to Erk1 and Erk2 protein.
Note that, in our hands, the anti-Erk1 polyclonal Ab cross-reacts
with Erk2. In accordance with others’ findings, Erk activity in

FIGURE 1. Inactivation of rho decreases IL-2 production in stimulated
Jurkat cells.a, Jurkat cells were pretreated with (lane 2) or without (lane
1) 20 mg/ml C3 exoenzyme for 1 h and then sonicated in Tris-buffered
saline. Lysates were subjected to an in vitro ADP-ribosylation assay using
1 mg of C3 and32P-NAD, electrophoresed in 12% SDS-PAGE, dried, and
exposed to autoradiograph. Only a single band of ADP-ribosylation was
observed from whole Jurkat cell lysate.b, Mock- and C3-pretreated (5, 20,
and 50mg/ml) cells were incubated in the presence (1) or absence (2) of
anti-CD3 mAb, washed, and placed in GAM-coated wells (50mg/ml) for
24 h. The percent viability of C3- and mock-treated cells was not signif-
icantly different (data not shown). Cell culture supernatant was isolated and
fed to HT2 cells (6000 cells/well) for another 24 h. Viability of HT2 cells
was determined by the MTT assay. Note that 5mg/ml produces incomplete
ADP-ribosylation (data not shown) and is unable to inhibit IL-2 produc-
tion. Similar results were obtained in two additional experiments.c,
Treated cells were incubated in the presence or absence of GAM cross-
linked anti-CD3 mAb for 24 h. Total RNA was isolated, quantified, and 5
mg of RNA were reverse-transcribed. Two microliters of the RT product
were amplified using specific IL-2 (top panel) and actin (bottom panel)
primers and separated in 1.5% Nu-Sieve agarose. Cells treated with 25
ng/ml PMA, and 10mg/ml ionomycin were used as positive controls for
IL-2 expression (lane 4). There is a marked decrease in IL-2 transcript from
activated C3-pretreated cells (lane 3) compared with the activated mock-
pretreated cells (lane 2). C3 pretreatment does not ablate actin expression
(bottom panel, lane 3). These data are representative of four experiments.
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mock-treated cells was maximal at 5 min, followed by a progres-
sive decrease in activity at 15 and 30 min (Fig. 2c) (28). Although
Erk activity in C3-treated cells was also maximal at 5 min, the
amount of activity in C3-treated cells was roughly half that of
mock-treated cells. This suggests that MAPK/Erk activity is par-
tially inhibited in C3-treated cells.

Inhibition of sustained calcium influx by C3 exoenzyme

Several studies have shown that sustained calcium influx is re-
quired for cytokine production (1, 29). We assessed the effect of
C3 treatment on calcium influx of T cells following CD3 ligation.
Minutes after electroporation, C3-treated cells were loaded with 5
mM of the calcium-binding fluorescent dye, Indo-1 AM, for 30
min, then stimulated with either anti-CD3 (Fig. 3,a and c) or
anti-TCR (Fig. 3,b andd) mAb and analyzed flow cytometrically.
Although both the mock- and C3-treated cells showed a rapid in-
crease in [Ca12]i following TCR/CD3 ligation, only the mock-
treated cells (Fig. 3,a andb) sustained this increase over a period
of minutes (Fig. 3,c and d). This was not due to a loss of cell
integrity, since addition of ionomycin to C3-treated cells resulted
in sustained and maximal calcium flux similar to that of mock-
treated cells (data not shown). Furthermore, the decrease in this
response was not due to differences in the levels of CD3 or TCR
expression between C3 and mock-treated cells (data not shown).
Rather, these data suggest that ADP-ribosylation of rho inhibits the
early signaling events required for sustained calcium influx.

Discussion
Several small GTP-binding proteins, including rac, ras, and cdc42,
have been shown to be involved in T and B cell activation. In this
paper, we used C3 ribosyltransferase (or exoenzyme), which ADP-
ribosylates and inactivates rho (18, 19, 25, 30), to investigate the
effects of rho inhibition on early and late events of TCR-mediated
activation. We demonstrate that C3 treatment inhibits sustained
calcium influx and TCR-mediated IL-2 production.

Since early T cell signaling events require the tyrosine kinase
lck and the phosphorylation of downstream targets (3, 26, 31, 32),
we investigated whether inhibition of rho affected eitherlck phos-
phorylation or the tyrosine phosphorylation profile of activated T
cell lysates. In our hands, treatment with C3 did not appear to
increase or decrease tyrosine phosphorylation, nor did it affectlck
activity or thelck mobility shift observed after T cell stimulation.
These data suggest that rho may function downstream oflck or that
lck and rho may be independently regulated. However, recent data
regardinglck and its role in activatingvav, the guanine nucleotide
exchange factor for the rho family, suggest that rho function is
dependent onlck activity (3). Data supporting this view derive
from studies by Henning and Cantrell (25); expression of consti-
tutively active lck induces increased proliferation of pre-T cells,
while, with expression of both activatedlck and C3 exoenzyme,
the proliferative effects are lost. These data suggest thatlck must
lie upstream of rho activity, since activatedlck was unable to by-
pass the C3-mediated inhibition of proliferation.

While our results showing a lack of effect of C3 onlck activation
were predicted, our results showing inhibition (even partial

absence of (2) of GAM cross-linked anti-CD3 mAb at 37°C for the indi-
cated times. Lysates were prepared, and electrophoresis was performed as
above. Duplicate samples were probed with anti-ACTIVE MAPK or anti-
Erk1 Ab. The graph shows normalized densitometric measurements (re-
flecting the ratio of the sum of phosphorylated Erks/the sum of Erk1 and
Erk2) of activated Erk in mock (l) and C3 (M) pretreated cells over a
30-min period. These data are representative of four experiments.

FIGURE 2. C3 exoenzyme partially inhibits Erk activity, but not induc-
tive tyrosine phosphorylation orlck activity. a, Equivalent numbers (106)
of mock-treated (lanes 1and3) and C3-treated (lanes 2and4) cells were
activated in the presence (1) or absence (2) of GAM cross-linked anti-
CD3 mAb for 2 min at 37°C. Cells were lysed, solubilized in nonreducing
Laemmli SDS buffer, separated on 10% SDS-PAGE, and transferred to
nitrocellulose. Themembrane was first probed with an anti-phosphotyrosine
mAb (left), stripped, and reprobed with anti-lck mAb (right). There were no
differences in the phosphotyrosine profiles orlck mobilities between C3
and mock treatment.b, Equal numbers of cells per treatment (23 107 cells)
were activated as before in the presence (1) or absence (2) of cross-linked
anti-CD3, lysed, and equal amounts of protein were immunoprecipitated
using anti-lck mAb. Immunoprecipitates were washed, subjected to
[g-32P]ATP, electrophoresed in 10% SDS-PAGE, dried, and exposed to
film. Densitometric measurements for each treatment were used to evaluate
autophosphorylation and activation of lck, calculated as density of phos-
phorylated lck in stimulated cells divided bydensity of phosphorylated
lck in nonstimulated cells. The mean ratio of pooled experiments indi-
cated that the activation-induced increase of lck activity in C3-treated
cells was not significantly different fromthat of mock-treated cells
(2.176 0.86 vs 1.216 0.31,n 5 4). c, Cells were treated without (mock)
or with C3 exoenzyme, and then incubated in the presence (1) or
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inhibition, see Fig. 2B) of MAPK/Erk activation were not. The
inhibition of MAPK/Erk activation was surprising since ras, not
rho, has been shown to regulate the MAPK/Erk cascade (27, 33).
In fact, constitutively active rho, rac, and cdc42 have been shown
to synergize with an activated ras effector, raf, to stimulate Erk (5).
It is possible that rho inhibition is inactivating a component needed
for potentiation of the MAPK/Erk pathway. What effect does this
potentiation have on downstream signal transduction? Rho-medi-
ated potentiation of the MAPK/Erk cascade is not responsible for
the rho-mediated enhancement of AP-1 activity, since this has
been shown to be MAPK/Erk-independent (34). In these studies,
expression of a MEK inhibitor had no effect on the augmentation
of AP-1 activity mediated by activated rho and PMA (34). These
data suggest that the enhancement of MAPK/Erk activity by rho
does not lead to enhanced AP-1 activity. Collectively, these data
suggest that rho may function to potentiate several TCR-mediated
signaling cascades. The MAPK/Erk cascade may be one pathway
by which inactivation of rho affects IL-2 production.

Our data also show a marked inhibition of sustained calcium
influx associated with ADP-ribosylation of rho by C3. Rho has
been reported to regulate the synthesis of phosphatidylinositol 4,
5-bisphosphate (PIP2) (35), a lipid that is cleaved by phospholipase
C (PLC) into diacylglycerol (DAG), which activates protein kinase
C, and inositol 1, 4, 5-triphosphate (IP3), which initiates the ele-
vation of [Ca12]i. PIP2 is also used as a substrate by PI3 kinase for
the production of phosphatidylinositol 3, 4, 5 triphosphate and that,
in turn, aids in the breakdown of PIP2 to IP3 and DAG by PLC
(36). One direct effect of IP3 production is the transient and sub-

stantial rise in [Ca12]i, via release of IP3 receptor-gated intracel-
lular Ca12 stores. Sustained increases in [Ca12]i are due to plasma
membrane or store-regulated extracellular Ca12 entry (37, 38).
There are several mechanisms by which extracellular Ca12 entry
may be regulated in T cells, namely via regulation of IP3 receptor-
gated intracellular Ca12 stores and calcium release activated chan-
nels (CRACs) (37, 39) and/or involvement of a Na/Ca12 ex-
changer (40). The former mechanism requires depletion of IP3-
regulated intracellular calcium stores for activation of CRACs (and
entry of extracellular Ca12). Inhibition of calcium influx has been
observed when IP3 levels are low, and insufficient IP3 is available
within the cell to deplete the intracellular calcium stores (39). In
our case, by treating the cells with C3 exoenzyme and inactivating
rho, we may have lowered IP3 levels, thereby preventing the de-
pletion of IP3-regulated intracellular calcium stores. Lower levels
of IP3 would not affect the initial release of intracellular calcium
stores observed after TCR/CD3 ligation, which requires only a low
concentration of IP3 (39, 41). Alternatively, it is possible that rho
effectors such as p160ROCK are affected and regulate an as-yet-
unknown pathway for calcium influx. Indeed, p160ROCK has been
shown to activate the Na-H exchanger (42). Inhibition of sustained
calcium influx in C3-treated cells are consistent with recent data
showing that T cells fromvav2/2 mice have impaired calcium
mobilization in response to stimulation (4). Sincevav is a
guanosine exchange factor for the rho family, this suggests that rho
may mediatevav’s regulation of calcium influx after T cell
stimulation.

FIGURE 3. Sustained [Ca12]i is inhibited by C3.
Mock-treated cells (a andb) and C3-treated cells (c and
d) were loaded with Indo-1 AM for 30 min at 37°C,
washed, and analyzed for [Ca12]i. Anti-CD3 (a andc)
or anti-TCR (b andd) mAb were added at the indicated
times (arrow), and the results are expressed as the ratio
of Indo-1 AM violet/blue fluorescence (395 nm/500
nm) plotted against time. With C3 treatment, a sub-
stantial percentage of the responding population re-
turned to baseline levels within minutes following Ag
receptor ligation. These data are representative of five
experiments.
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Finally, rho plays a major role in organizing the cytoskeletal
framework in many cell types (8, 20, 22). In T cells, an intact
cytoskeleton is required for sustained calcium signaling (1).
Whether TCR-dependent elevation of [Ca12]i is due to or causes
the reorganization of the T cell cytoskeleton after activation is
under investigation. Rac, but not rho, has been shown to accumu-
late at focal adhesion-like cell contacts in response to CD28 liga-
tion (43). It is possible that rho may be solely involved in TCR/
CD3-dependent, and not CD28-dependent, changes in the
cytoskeleton. That said, others have shown that JNK, a kinase
activated by rac and cdc42, integrates signals mediated by TCR
and CD28 (11, 12, 15, 44). Studies are in progress to determine
whether inactivation of rho attenuates cytoskeletal polarization or
actin polymerization in TCR/CD3-ligated T cells.

Although C3 exoenzyme has been shown to specifically ADP-
ribosylate and inactivate rho (8, 18–22), it is possible that other
proteins within the cell are targets of C3. Indeed, other rho sub-
family members such as rac and cdc42 are subjected to similar
ADP-ribosylation by C3 under nonphysiological and denaturing
conditions (45). From total Jurkat cell extracts, we observed only
one radiolabeled ADP-ribosylated product (see Fig. 1), and this
product migrated to the same location as rho (data not shown).
While it is possible that the in vitro ADP-ribosylation assay does
not detect other lesser C3 targets, our data confirm the work of
others suggesting that rho is the primary target of C3.

To date, little is known regarding a role for rho in T cell sig-
naling. Here, we examined the effects of an inhibitor of rho on
early and late events of T cell activation. Our data suggest that rho
is required for IL-2 expression, perhaps by regulating sustained
calcium influx or by potentiating MAPK/Erk activity. This does
not preclude the possibility that other rho-mediated actions may
have been compromised by C3 treatment and that these may be
responsible for IL-2 production. Others have demonstrated that rho
regulates transcriptional activation ofc-fos by binding of serum-
response element factor to the serum-response element in thec-fos
promoter (7). Expression ofc-fosis needed for the formation of the
AP-1 complex and subsequent binding of the AP-1 complex to
AP-1 binding sites present in the IL-2 promoter. Recent reports
demonstrate that rho can potentiate AP-1 activity in Jurkat T cells
(34). In addition, another small GTP-binding protein, rac, has been
shown to potentiate ras-mediated NFAT activity (16), while rho
has been shown to potentiate rac-mediated T lymphoma invasion
of a fibroblast monolayer (46). The regulation of IL-2 expression
may, therefore, involve a number of pathways that require the
activity of several small GTP-binding proteins namely, rho, rac,
and ras. Our data suggest that rho, in addition to ras, is a small
GTP-binding protein required for optimal activation of T cells.

References
1. Valitutti, S., M. Dessing, K. Aktories, H. Gallati, and A. Lanzavecchia. 1995.

Sustained signaling leading to T cell activation results from prolonged T cell
receptor occupancy. Role of T cell actin cytoskeleton.J. Exp. Med. 1995:577.

2. Rozdzial, M. M., B. Malissen, and T. H. Finkel. 1995. Tyrosine-phosphorylated
T cell receptorz chain associates with the actin cytoskeleton upon activation of
mature T lymphocytes.Immunity 3:623.

3. Han, J., B. Das, W. Wei, L. v. Aelst, R. D. Mosteller, R. Khosravi-Far,
J. K. Westwick, C. J. Der, and D. Broek. 1997. Lck regulates vav activation of
members of the rho family of GTPases.Mol. Cell. Biol. 17:1346.

4. Fischer, K.-D., Y.-Y. Kong, H. Nishina, K. Tedford, L. E. M. Marengere,
I. Kozieradzki, T. Sasaki, M. Starr, G. Chan, S. Gardener, et al. 1998. Vav is a
regulator of cytoskeletal reorganization mediated by the T-cell receptor.Curr.
Biol. 8:554.

5. Frost, J. A., S. Xu, M. R. Hutchinson, S. Marcus, and M. H. Cobb. 1996. Actions
of rho family small G proteins and p21-activated protein kinases on mitogen-
activated protein kinase family members.Mol. Cell. Biol. 16:3707.

6. Vojtek, A. B., and J. A. Cooper. 1995. Rho family members: activators of MAP
kinase cascades.Cell 81:527.

7. Hill, C. S., J. Wynne, and R. Treisman. 1995. The Rho family GTPases RhoA,
Rac1, and CDC42Hs regulate transcriptional activity by SRF.Cell 81:1159.

8. Ridley, A. J., and A. Hall. 1992. The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth factors.
Cell 70:389.

9. Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diekman, and A. Hall. 1992. The
small GTP-binding protein rac regulates the growth factor-induced membrane
ruffling. Cell 70:401.

10. Kolluri, R., K. F. Tolias, C. L. Carpenter, F. S. Rosen, and T. Kirchhausen. 1996.
Direct interaction of the Wiscott-Aldrich syndrome protein with the GTPase
cdc42.Proc. Natl. Acad. Sci. USA 93:5615.

11. Coso, O. A., M. Chiariello, J. Yu, H. Teramoto, P. Crespo, N. Xu, T. Miki, and
J. S. Gutkind. 1995. The small GTP-binding proteins rac1 and cdc42 regulate the
activity of the JNK/SAPK signaling pathway.Cell 81:1137.

12. Minden, A., A. Lin, F. Claret, A. Abo, and M. Karin. 1995. Selective activation
of the JNK signaling cascade and c-jun transcriptional activity by the small GT-
Pases rac and cdc42Hs.Cell 81:1147.

13. Stowers, L., D. Yelon, L. J. Berg, and J. Chant. 1995. Regulation of the polar-
ization of T cells toward antigen presenting cells by Ras-related GTPase CDC42.
Proc. Natl. Acad. Sci. USA 92:5027.

14. Woodrow, M., N. A. Clipstone, and D. Cantrell. 1993. p21ras and calcineurin
synergize to regulate the nuclear factor of activated T cells.J. Exp. Med. 178:
1517.

15. Kaga, S., S. Ragg, K. A. Rogers, and A. Ochi. 1998. Activation of the p21-
cdc42/rac activated kinases by CD28 signaling: p21-activated kinase (PAK) and
MEK kinase 1 (MEKK1) may mediate the interplay between CD3 and CD28
signals.J. Immunol. 160:4185.

16. Genot, E., S. Cleverley, S. Henning, and D. Cantrell. 1996. Multiple p21ras ef-
fector pathways regulate nuclear factor of activated T cells.EMBO J. 15:3923.

17. Aktories, K., U. Braun, S. Rosener, I. Just, and A. Hall. 1989. The rho gene
product expressed inE. coli is a substrate of botulinum ADP-ribosyltransferase
C3. Biochem. Biophys. Res. Commun. 158:209.

18. Lang, P., L. Guizani, I. Vitte-Mony, R. Stancou, O. Dorseuil, G. Gacon, and
J. Bertoglio. 1992. ADP-ribosylation of theras-related, GTP-binding protein
RhoA inhibits lymphocyte-mediated cytotoxicity.J. Biol. Chem. 267:11677.

19. Woodside, D. G., D. K. Woolen, and B. W. McIntyre. 1998. Adenosine diphos-
phate (ADP)-ribosylation of the guanosine triphosphatase (GTPase) rho in resting
peripheral blood human T lymphocytes results in pseudopodial extension and the
inhibition of T cell activation.J. Exp. Med. 188:1211.

20. Moorman, J. P., D. A. Bobak, and C. S. Hahn. 1996. Inactivation of the small
GTP binding protein rho induces multinucleate cell formation and apoptosis in
murine T lymphoma EL4.J. Immunol. 156:4146.

21. Galandrini, R., S. W. Henning, and D. A. Cantrell. 1997. Different functions of
the GTPase rho in prothymocytes and late pre-T cells.Immunity 7:163.

22. Verscheuren, H., P. D. Baetselier, J. D. Braekeleer, J. Dewit, K. Aktories, and
I. Just. 1997. ADP-ribosylation of rho-proteins with botulinum C3 exoenzyme
inhibits invasion and shape changes of T-lymphoma cells.Eur. J. Cell Biol.
73:182.

23. Ehlers, S., and K. A. Smith. 1991. Differentiation of T cell lymphokine gene
expression: the in vitro acquisition of T cell memory.J. Exp. Med. 173:25.

24. Sekine, A., M. Fujiwara, and S. Narumiya. 1989. Asparagine residue in the rho
gene product is the modification site for botulinum ADP-ribosyltransferase.
J. Biol. Chem. 264:8602.

25. Henning, S. W., and D. A. Cantrell. 1998. p56lck signals for regulating thymocyte
development can be distinguished by their dependency on rho function.J. Exp.
Med. 188:931.

26. Straus, D. B., and A. Weiss. 1992. Genetic evidence for the involvement of the
lck tyrosine kinase in signal transduction through the T cell antigen receptor.Cell
70:585.

27. Izquierdo, M., S. J. Leevers, C. J. Marshall, and D. A. Cantrell. 1993. p21ras

couples the T cell antigen receptor to extracellular signal-related kinase 2 in T
lymphocytes.J. Exp. Med. 178:1199.

28. Whitehurst, C. E., T. G. Boulton, M. H. Cobb, and T. G. Geppert. 1992. Extra-
cellular signal-related kinases in T cells. Anti-CD3 and 4-b-phorbol 12-myristate
13-acetate induced phosphorylation and activation.J. Immunol. 148:3230.

29. Goldsmith, M. A., and A. Weiss. 1988. Early signal transduction by the antigen
receptor without commitment to T cell activation.Science 240:1029.

30. Lang, P., F. Gesbert, M. Delespine-Carmagnet, R. Stancou, M. Pouchelet, and
J. Bertoglio. 1996. Protein kinase A phosphorylation of rho A mediates the mor-
phological and functional effects of cyclic AMP in cytotoxic lymphocytes.EMBO
J. 15:510.

31. Veillette, A., I. D. Horak, E. M. Horak, M. A. Bookman, and J. B. Bolen. 1988.
Alterations of the lymphocyte-specific protein tyrosine kinase (p56lck) during T
cell activation.Mol. Cell. Biol. 8:4353.

32. Oers, N. S. C. v., N. Killeen, and A. Weiss. 1996. Lck regulates the tyrosine
phosphorylation of the T cell receptor subunits and ZAP-70 in murine thymo-
cytes.J. Exp. Med. 183:1053.

33. Williams, N. G., H. Paradis, S. Agarwal, D. L. Charest, S. L. Pelech, and
T. M. Roberts. 1993. Raf-1 and p21v-ras cooperate in the activationof mitogen-
activated protein kinase.Proc. Natl. Acad. Sci. USA 90:5772.

34. Chang, J., J. C. Pratt, S. Sawasdikosol, R. Kapeller, and S. J. Burakoff. 1998. The
small GTP-binding protein rho potentiates AP-1 transcription in T cells.Mol.
Cell. Biol. 18:4986.

35. Chong, L. D., A. Traynor-Kaplan, G. M. Bokoch, and M. A. Schwartz. 1994. The
small GTP-binding protein Rho regulates a phosphotidylinositol 4-phosphate
5-kinase in mammalian cells.Cell 79:507.

3824 Rho REGULATES CALCIUM INFLUX AND IL-2 PRODUCTION
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3819/1109698/im
199903819p.pdf by guest on 22 M

ay 2023



36. Bae, Y., L. Cantley, C. Chen, S. Kim, K. Kwon, and S. Rhee. 1998. Activation
of phospholipase C-g by phosphatidylinositol 3, 4, 5, triphosphate.J. Biol. Chem.
273:4465.

37. Hoth, M., and R. Penner. 1992. Depletion of intracellular calcium stores activates
a calcium current in mast cells.Nature 355:353.

38. Putney, J. W., and G. S. J. Bird. 1993. The signal for capacitative calcium entry.
Cell 75:199.

39. Parekh, A. B., A. Feig, and R. Penner. 1997. The store-operated calcium current
ICRAC: nonlinear activation by InsP3 and dissociation from calcium release.Cell
89:973.

40. Wacholtz, M. C., J. E. J. Cragoe, and P. E. Lipsky. 1992. A Na1-dependent Ca12

exchanger generates the sustained increase in intracellular Ca12 required for T
cell activation.J. Immunol. 149:1912.

41. Scharenberg, A. M., and J. Kinet. 1998. PtdIns-3, 4, 5-P3: a regulatory nexus
between tyrosine kinases and sustained calcium signals.Cell 94:5.

42. Tominaga, T., T. Ishizaki, S. Narumiya, and D. L. Barber. 1998. p160ROCK me-
diates RhoA activation of Na-H exchange.EMBO J. 17:4712.

43. Kaga, S., S. Ragg, K. A. Rogers, and A. Ochi. 1998. Cutting Edge: Stimulation
of CD28 with B7-2 promotes focal adhesion-like cell contacts where rho family
small G proteins accumulate in T cells.J. Immunol. 160:24.

44. Su, B., E. Jacinto, M. Hibi, T. Kallunki, M. Karin, and Y. Ben-Neriah. 1994. JNK
is involved in signal integration during costimulation of T lymphocytes.Cell
77:727.

45. Just, I., C. Mohr, G. Schallehn, L. Menard, J. R. Didsbury, J. Vandekerckhove,
J. v. Damme, and K. Aktories. 1992. Purification and characterization of an
ADP-ribosyltransferase produced byClostridium limosum. J. Biol. Chem. 267:
10274.

46. Stam, J. C., F. Michiels, R. A. v. d. Krammen, W. H. Moolenaar, and
J. G. Collard. 1998. Invasion of T-lymphoma cells: cooperation between rho
family GTPases and lysophospholipid receptor signaling.EMBO J. 17:4066.

3825The Journal of Immunology
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/163/7/3819/1109698/im
199903819p.pdf by guest on 22 M

ay 2023


