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Ras/ERK signaling plays an important role in T cell activation and
development. We recently reported that endothelial nitric oxide
synthase (eNOS)-derived NO regulates T cell receptor (TCR)-
dependent ERK activation by a cGMP-independent mechanism. Here,
we explore the mechanisms through which eNOS exerts this regula-
tion. We have found that eNOS-derived NO positively regulates
Ras/ERK activation in T cells stimulated with antigen on antigen-
presenting cells (APCs). Intracellular activation of N-, H-, and K-Ras
was monitored with fluorescent probes in T cells stably transfected
with eNOS-GFP or its G2A point mutant, which is defective in activity
and cellular localization. Using this system, we demonstrate that
eNOS selectively activates N-Ras but not K-Ras on the Golgi complex
of T cells engaged with APC, even though Ras isoforms are activated
in response to NO from donors. We further show that activation of
N-Ras involves eNOS-dependent S-nitrosylation on Cys118, suggesting
that upon TCR engagement, eNOS-derived NO directly activates
N-Ras on the Golgi. Moreover, wild-type but not C118S N-Ras in-
creased TCR-dependent apoptosis, suggesting that S-nitrosylation of
Cys'8 contributes to activation-induced T cell death. Our data define
a signaling mechanism for the regulation of the Ras/ERK pathway
based on the eNOS-dependent differential activation of N-Ras and
K-Ras at specific cell compartments.

S-nitrosylation | eNOS | apoptosis

role for nitric oxide (NO) has been reported as a regulator of

T cell development and differentiation (1). Previous studies
have shown that human T cells produce NO and express endothelial
nitric oxide synthase (eNOS) (2-4). eNOS is activated in a Ca?*-
dependent manner by the phosphoinositide 3-kinase (PI3K)/Akt
pathway through the phosphorylation of Ser''” (5, 6). eNOS
activation also entails denitrosylation of eNOS, which is constitu-
tively S-nitrosylated (7, 8). Another level of regulation is provided
by posttranslational NH,-terminal acylations, which determine
eNOS subcellular localization: palmitoylation of Cys" and Cys?
specifically targets eNOS to the plasma membrane, whereas my-
ristoylation of Gly? provides the general membrane association
required for S-nitrosylation and localization on the Golgi apparatus
(7, 9). In T lymphocytes, Golgi-localized eNOS is activated in
response to the binding of T cell receptor (TCR) to antigen on
antigen-presenting cells (APCs) (10).

The actions of NO on T cells can occur through cGMP-
dependent and -independent mechanisms. Prominent among
cGMP-independent mechanisms is the activation of ERK mitogen-
activated protein kinases (MAPKs) via the regulation of Ras
activity (11, 12). Ras proteins are small GTPases implicated in T cell
activation, proliferation, and apoptosis (13). Engagement of the
TCR by CD3 Ab, superantigens, or antigenic peptides results in
transient activation of Ras from the inactive GDP-bound state to
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the GTP-bound form (14). This GDP-GTP exchange is positively
controlled by guanine nucleotide exchange factors (GEFs) such as
RasGRP1 and is reversed by GTPase-activating proteins (GAPs),
which stimulate the intrinsic GTPase activity of Ras.

T lymphocytes predominantly express N- and K-Ras, with very
low levels of H-Ras (15). The three Ras isoforms share substantial
homology, but they differ considerably in their C-terminal hyper-
variable regions, which determine their subcellular localization as a
result of posttranslational acylations (16). Reversible palmitoylation
of H-Ras and N-Ras on Cys!8! allows their cycling between the
plasma membrane and the Golgi apparatus, whereas the most
frequent variant of K-Ras (K-Ras4B) contains a polybasic region
that confines it to the plasma membrane (17). Recruitment of Raf-1
by GTP-bound Ras has generally been considered to take place at
the plasma membrane before ERK activation (18); however, it has
recently been shown that Ras activation can also occur on the Golgi
apparatus (16). The pathway by which Golgi-associated Ras be-
comes activated involves PLC-y and RasGRP1 (19). Moreover,
previous studies in Jurkat cells suggest that Ras may be differen-
tially activated in response to TCR stimulation (15). Despite these
differences in localization and function, the mechanisms through
which the different Ras isoforms become activated in membrane
compartments are still poorly understood.

Here, we have investigated whether eNOS regulates the activa-
tion of Ras in antigen-stimulated T cells and the mechanisms that
underlie this regulation. Our results show that N-Ras, but not
K-Ras, is selectively activated by eNOS on the Golgi. Through a
combination of affinity binding, quantitative confocal microscopy,
and nitrosothiol (SNO) detection analyses, we further show that
during antigen-specific T cell-FAPC interactions eNOS-derived NO
activates Golgi-localized N-Ras by a mechanism identified with
S-nitrosylation of Cys!'8.

Results

eNOS Regulates Ras/ERK Signaling in Antigen-Specific T Cell-APC
Conjugates. To study the mechanism by which NO regulates the
activity of ERK in antigen-specific T cellF-APC conjugates, we
stably transfected hemagglutinin (HA)-specific TCR-V3-
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Fig. 1. NO production and eNOS expression, phosphorylation, and localiza-
tion in eNOS- and G2A-GFP cells. (A) Flow cytometry of GFP fluorescence in
CH7C17 T cells stably transfected with eNOS- or G2A-GFP. (B) Electrochemical
detection of NO production in eNOS-, G2A-GFP, and control GFP cells stimu-
lated for 30 min with CD3 Ab plus IgG cross-linking. For controls, cells were
pretreated with the NOS inhibitor L-NAME (500 uM), or CD3 Ab was omitted
(I9G). The means = SEM of three independent experiments are shown. (C)
Time course phosphorylation of eNOS- and G2A-GFP in cells stimulated with
SEB-pulsed Raji APC for the times indicated. Phospho-Ser''7® and total eNOS-
and G2A-GFP were detected by immunoblotting. Arepresentative experiment
of three is shown. (D) Confocal fluorescence microscopy and DICimages of live
eNOS- and G2A-GFP cells labeled with the Golgi fluorescent probe Bodipy-TR
ceramide. (/Insets) Representative computerized 3D reconstructions of Golgi
(red) and eNOS- or G2A-GFP (green).

expressing CH7C17 T cells with a construct encoding eNOS fused
at its C terminus to green fluorescent protein (eNOS-GFP) or with
a similar construct encoding the eNOS G2A mutant (G2A-GFP).
The altered subcellular positioning of this mutant renders it defec-
tive for NO synthesis (9, 20). The levels of eNOS- or G2A-GFP-
expressed in cells were similar, as determined by flow cytometry
(Fig. 14). NOS activity was analyzed with an NO electrode. In
response to TCR engagement, NO production in cells expressing
eNOS-GFP was 2-fold higher than in GFP-expressing controls or
G2A-GFP cells and was abrogated by pretreatment with the NOS
inhibitor L-NAME (Fig. 1B).

The activation of eNOS- and G2A-GFP was studied in T cells
forming conjugates with superantigen B (SEB)-pulsed Raji APCs.
Phosphorylation on Ser!'” increased within 5 min of the initial T
cell-APC contact and was markedly more pronounced in eNOS-
GFP cells [Fig. 1C and supporting information (SI) Fig. S1]. To
investigate eNOS and G2A intracellular localization, live or fixed
cells were labeled with the Golgi-specific markers Bodipy Texas red
ceramide or Golgin-97, respectively. The staining pattern of en-
dogenous eNOS does not always fit exactly with that observed for
eNOS-GFP because of their different expression levels and the
antibodies used. Nonetheless, confocal fluorescence microscopy
revealed that endogenous eNOS and eNOS-GFP both localized
mainly on the Golgi complex, with a minor fraction at the plasma
membrane, whereas the G2A mutant was distributed diffusely
throughout the cytoplasm (Fig. 1D and Fig. S2).
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Fig. 2. eNOS increases the activation of Ras/ERK in T cells forming conjugates
with antigen-pulsed APC. (A and B) GFP, eNOS-, and G2A-GFP cells were mixed
with paraformaldehyde-fixed SEB-pulsed Raji cells for the times indicated. (A)
Time course activation of ERK. (B) Time course activation of Ras determined by
pull-down binding to GST-RBD-Raf-1 and subsequent immunoblotting with rab-
bit anti-pan-Ras mAb. GST-RBD-Raf-1 loadings are also shown. (C) Time course
activation of Ras in eNOS-GFP cells pretreated with L-NAME or vehicle for 30 min
before stimulation with SEB-pulsed Raji APC. (D) Time course activation of Ras in
T cells conjugated with HA-pulsed HOM-2 cells. (E) RT-PCR of eNOS in T lympho-
blasts from wild-type (WT) and eNOS-deficient (KO) mice. Control GAPDH mRNA
expression is shown. (F) Ras activation in WT and eNOS KO mouse T lymphoblasts
stimulated with CD3 Ab. As a control, eNOS KO cells were treated with 100 uM
DETA-NO. Ras activation in C, D, and F was determined as in B. Each panel is
representative of three independent experiments.

To determine the involvement of the small GTPase Ras in
eNOS-mediated ERK activation, extracts from serum-starved
SEB-activated eNOS- or G2A-GFP cells were studied both by
Western blotting with anti-phospho-ERK Abs and by pull-down
with GST-linked Ras-binding domain of Raf-1 (GST-RBD-Raf-1).
Activation of ERK was detected 5 min after the initial T cell-FAPC
contact and diminished progressively from 15 min; Ras showed a
similar but shorter-lived activation, and both were more strongly
activated in eNOS-GFP than in either GFP or G2A-GFP T cells
(Fig. 2 A and B and Fig. S3 4 and B). Pretreatment of eNOS-GFP
cells with L-NAME reduced Ras activation, confirming the depen-
dence on eNOS (Fig. 2C and Fig. S3C). Ras activation was also
stronger in eNOS-GFP cells stimulated with HA-pulsed HOM-2
APCs (Fig. 2D and Fig. S3D). To confirm the role of eNOS in
NO-dependent Ras activation, we compared the responses to
stimulation with CD3 Ab of T lymphoblasts from eNOS knockout
and wild-type mice (Fig. 2 E and F). Ras activation in eNOS-
deficient cells was lower than in wild-type cells and was increased
by treatment with the NO donor DETA-NO (Fig. 2F and Fig. S3E).
These results demonstrate that eNOS-derived NO positively reg-
ulates Ras/ERK signaling in response to antigen-specific T cell-
APC interactions.

eNOS Preferentially Activates N-Ras in Antigen-Stimulated T Cells. To
identify the Ras isoform(s) activated by eNOS, we used isoform-

Ibiza et al.


http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0711062105/DCSupplemental/Supplemental_PDF#nameddest=SF3

Lo L

P

1\

=y

A B _eNOS-GFP_ _G2A-GFP_
] ~ _eNOS-GFP_ _G2A-GFP_ 0 510 30 0 510 30
Time (M0 5 10 30 0 5 10 30 N K H oTe-N_ia
CTP-N_ o prn . s
N-Ras —
N-Ras_ ool T T
T - GTP-K_
GTP-K_[ :
=~ A= g K-R
K-Ras_ :..v b od s . A e
RBD_ - RBD,
37 kD-= SR 37 kD-&

Fig. 3. eNOS selectively activates N-Ras in antigen-stimulated T cells. (A)
Time course activation of endogenous N- and K-Ras in eNOS- and G2A-GFP
cellsstimulated with CD3 Ab. Extracts of cells expressing HA-tagged N-, H-, and
K-Ras were loaded as controls of antibody specificity. (B) eNOS- and G2A-GFP
cells transiently expressing CFP-N-Ras or -K-Ras were stimulated with SEB-
pulsed Raji APC for the times indicated. The expression of activated and total
Raswas analyzed asin A. The loadings of GST-RBD-Raf-1 (RBD) are also shown.
Each panel is representative of three independent experiments.

specific anti-Ras antibodies. Endogenous N-Ras was activated in
response to TCR engagement, and this activation was markedly
increased in eNOS-GFP cells (Fig. 34 and Fig. S4A4). In contrast,
activation of K-Ras was barely detected, although a very slight
increase was observed in eNOS-GFP cells (Fig. 34 and Fig. S4B).
H-Ras was not detected even in whole-cell extracts (Fig. S54).
Similar results were obtained by transfecting cells with constructs
encoding enhanced cyan fluorescent protein (CFP) linked to N- or
K-Ras (CFP-N-Ras and -K-Ras) and stimulating with SEB-pulsed
Raji APC (Fig. 3B and Fig. S4 C and D). These results demonstrate
that eNOS-derived NO preferentially activates N-Ras in superan-
tigen-specific T cell-APC conjugates. However, it is worth noting
that exogenously expressed H-Ras behaved in a way similar to
N-Ras (Fig. S5B).

eNOS Activates N-Ras on the Golgi Complex. Because H- and N-Ras,
but not K-Ras, are variably localized on the Golgi (16, 17), we
examined whether eNOS underlies the preferential activation of
N-Ras in this cell compartment. We performed triple fluores-
cence confocal microscopy analysis of stable conjugates formed
between SEB-pulsed Raji APC and eNOS-GFP or G2A-GFP
cells cotransfected with enhanced yellow fluorescent protein
(YFP)-RBD-Raf-1 and CFP-N-Ras or -K-Ras (Fig. 4). N-Ras
and RBD-Raf-1 colocalized predominantly with eNOS on the
Golgi of T cells, whereas K-Ras showed a limited colocalization
with RBD-Raf-1 at the plasma membrane (Fig. 44). More
detailed analysis showed that the localizations of N-Ras on the
Golgi and K-Ras at the plasma membrane change little upon
stimulation with SEB-pulsed APC (Fig. 4B). In contrast, the
localization of RBD-Raf-1 on the Golgi of N-Ras-transfected
cells increased, and this effect was greater in eNOS-GFP than in
G2A-GFP cells (78.7% cells vs. 54.8% cells) (Fig. 4B). Small
amounts of RBD-Raf-1 were detected at the plasma membrane
of SEB-stimulated eNOS- and G2A-GFP cells expressing CFP-
K-Ras (21.0% and 10.0%, respectively) (Fig. 4B).

To investigate the dynamics of eNOS-mediated activation of
N-Ras on the Golgi, we performed time lapse confocal fluores-
cence videomicroscopy of YFP-RBD-Raf-1 and CFP-N-Ras in
SEB-stimulated eNOS-GFP T cells (Fig. 4 C and D). Initially,
RBD-Raf-1 was broadly localized in the cytoplasm, whereas N-Ras
was concentrated with eNOS-GFP on the Golgi (Fig. 4C). In
response to SEB stimulation, RBD-Raf-1 progressively redistrib-
uted to the Golgi, colocalizing with N-Ras and eNOS-GFP after ~4
min (Fig. 4C). Interestingly, although the localization of RBD-
Raf-1 on the Golgi was 2-fold higher in eNOS-GFP than in
G2A-GFP cells, the kinetic constants of redistribution were similar
(2.30 £ 0.5 and 2.07 = 0.4, respectively) (Fig. 4D). Because only the
activated form of Ras can recruit Raf-1 (16), these data indicate that
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Fig.4. eNOS activates N-Ras on the Golgi complex of APC-conjugated T cells.
(A) SEB-pulsed Raji APC were mixed with eNOS-GFP cells cotransfected with
YFP-RBD-Raf-1 (RBD) and CFP-N-Ras (Upper) or -K-Ras (Lower). The subcellular
localizations of eNOS (green), Ras (cyan), and RBD-Raf-1 (yellow) are shown.
Raji APC (blue) was superposed on DICimages. (B) Quantitative analysis of the
cellular localization of YFP-RBD-Raf-1 (RBD) in T cell-APC conjugates between
naive (—) or SEB-pulsed (+) Raji APC and eNOS- or G2A-GFP cells expressing
YFP-RBD-RAF-1 and CFP-N-Ras (Left) or -K-Ras (Right). Histograms show the
percentages of T cells showing accumulation of YFP-RBD-Raf-1 and CFP-N-Ras
on the Golgi (Left) or CFP-K-Ras at the plasma membrane (PM) (Right). More
than 100 cells were scored for each condition. Data are the means + SEM of
three independent experiments. **, P < 0.001; *, P = 0.05 compared with
nonstimulated cells; ++, P =< 0.001 compared with SEB-stimulated G2A-GFP
cells. (C) eNOS-GFP cells transiently cotransfected with YFP-RBD-Raf-1 (yellow)
and CFP-N-Ras (cyan) were mixed with SEB-pulsed Raji APC, and images were
recorded by real-time confocal fluorescence microscopy at the times indi-
cated. The fluorescence signals of eNOS (green at 0 and 15 min) and Raji APC
(blue) were superposed on DIC images. (D) T cells cotransfected with CFP-N-
Ras and YFP-RBD-Raf-1 were activated as in C, and the redistribution of
RBD-Raf-1 toward CFP-N-Ras on the Golgi was monitored from the time of
initial intercellular contacts. Three representative traces and the mean kinetic
constants of YFP-RBD-Raf-1 redistribution are presented for each condition.

eNOS activates N-Ras on the Golgi without modifying the kinetics
of Raf-1 redistribution.

Activated eNOS S-Nitrosylates Proteins on the Golgi Complex of
Antigen-Stimulated T Cells. We next studied the localization of
activated eNOS (eNOS-pSer!'”) in APC-conjugated T cells ex-
pressing CFP-N-Ras or -K-Ras (Fig. 54). Phosphorylated eNOS
colocalized mainly with N-Ras on the Golgi and partially with
K-Ras at some points of the plasma membrane that are in contact
with APC (Fig. 54). In contrast, phospho-eNOS was barely de-
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tected in G2A-GFP cells (Fig. S6). To explore whether eNOS could
mediate local S-nitrosylation of proteins on the Golgi, we examined
protein S-nitrosylation in APC-conjugated T cells by immunoflu-
oresence analysis with a nitrosocysteine-specific antibody (Fig. 5B).
Whereas SEB-pulsed APC induced a 1.87-fold increase in S-
nitrosocysteine polarization at the proximity of eNOS-GFP, polar-
ized S-nitrosocysteine staining did not increase in G2A-GFP cells
(Fig. 5B). The SEB-induced pattern of protein S-nitrosylation in
eNOS-GFP cells was abolished by HgCl, pretreatment (Fig. 5B).
These results suggest that during antigen-specific T cellFAPC
interactions the activation of eNOS leads to protein S-nitrosylation
on the Golgi.

eNOS Activates N-Ras by S-Nitrosylation at Cys''8. To study whether
Ras was among the S-nitrosylated proteins detected by immuno-
fluorescence, we performed biotin switch assays (21). CD3 stimu-
lation significantly increased S-nitrosylation of Ras in eNOS- but
not in G2A-GFP cells (Fig. 64, and Fig. S74). NO from donors is
known to S-nitrosylate H-Ras on Cys'!®, and this modification
increases the proportion of active GTP-bound H-Ras by promoting
GDP-GTP exchange (11). We therefore studied whether TCR
engagement would induce eNOS-mediated S-nitrosylation of N-
Ras on Cys'!8; we found that stimulation of eNOS-GFP cells with
CD3 Ab or DEA-NO induced S-nitrosylation of wild-type N-Ras
but had little detectable effect on S-nitrosylation of C118S N-Ras
(Fig. 6B and Fig. S7B).

To investigate whether Cys!!® is critical for NO-dependent Ras
activation, we transfected CH7C17 T cells with wild-type or C118S
CFP-Ras isoforms and stimulated with CD3 Ab in the absence or
presence of DETA-NO. Whereas DETA-NO activated all wild-
type Ras isoforms to a similar extent, only N- and H-Ras were
noticeably activated in response to CD3 Ab (Fig. 6C and Figs. S8
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Fig.5. Activated eNOS S-nitrosylates proteins on the
Golgi complex of APC-conjugated T cells. (A) eNOS-GFP
cells expressing CFP-K-Ras or -N-Ras were mixed with
SEB-pulsed Raji APC for 10 min. Cells were fixed and
then stained with eNOS-pSer''7? pAb. The localization
of phospho-eNOS (red), eNOS (green), and Ras (cyan)
were analyzed by confocal fluorescence microscopy.
The figure shows merged images of p-eNOS with CFP-
N-Ras and -K-Ras, and fluorescence profile analysis of
the intensity and distribution p-eNOS (red) and CFP-N-
Ras (blue) along an 8-um cross-section through the
region of interest (ROI) (Bottom Right). ROI1, the
Golgi; ROI2, the plasma membrane. (B) (Left) eNOS-
GFP (green) cells were mixed with naive (—) or SEB-
pulsed (+) Raji APC, and S-nitrosylation of endogenous
proteins (red) was detected with anti-S-nitrosocysteine
mAb. To control for specificity, paraformaldehyde-
fixed conjugates were treated before S-nitrosocysteine
staining with 0.2% HgCl, to break protein S—NO

1.0 bonds. Raji APC (blue) was superposed on DIC images.

(Right) The corresponding Golgi/cytoplasm polariza-
tion ratios of S-nitrosocysteine staining, including SEB-
stimulated G2A-GFP cells, are represented as means =
SEM of three independent experiments. More than 80

A cells were scored. **, P < 0.001 compared with non-
stimulated cells.

A and B and S94). The C118S mutation strongly reduced the
activation of Ras; however, a very low activation in response to CD3
AD was still detected (Fig. 6C and Figs. S8 4 and B and S94),
suggesting that an NO-independent component may be also re-
quired for Ras activation. To study whether the C118S mutation
also impaired Ras activation by NO derived from eNOS, we
stimulated eNOS-GFP cells transiently expressing C118S Ras mu-
tants with CD3 Ab and determined Ras activation as above.
Whereas wild-type N- and H-Ras were clearly activated in eNOS-
GFP cells, activation of their corresponding C118S mutants was
weak, similar to wild-type activation in G2A-GFP cells (Fig. 6D and
Figs. S8C and S9B). In contrast, activation of wild-type K-Ras was
weak in both cell types and similar to C118S Ras (Fig. 6D and Fig.
S8D). These results indicate that eNOS S-nitrosylates N-Ras at
Cys'!8 upon TCR engagement; moreover, even though this residue
is important for NO-dependent activation of all three Ras isoforms,
only N- and H-Ras were clearly activated by eNOS-derived NO in
TCR-stimulated T cells.

Cys'8 Is Dispensable for Localization but Critical for eNOS-Mediated
N-Ras Activation and Function on the Golgi. Impaired activation of
C118S Ras mutants was not caused by mislocalization because they
are localized similarly to their wild-type counterparts (Fig. S10). To
explore whether eNOS-mediated S-nitrosylation of Cys'!® activates
N-Ras on the Golgi, we formed stable conjugates between SEB-
pulsed Raji APC and eNOS-GFP cells cotransfected with YFP-
RBD-Raf-1 and wild-type or C118S CFP-N-Ras and analyzed
RBD-Raf-1 localization as in Fig. 4B. Antigen stimulation in-
creased Golgi redistribution of Raf-1 in both cases, but the pro-
portion of Golgi-redistributed RBD-Raf-1 was considerably higher
in cells expressing wild-type N-Ras than in cells expressing the
C118S mutant (85.0% vs. 56.0%) (Fig. 6E). In contrast, in cells
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Fig. 6. eNOS activates N-Ras on the Golgi complex by S-nitrosylation of Cys''8.
(A) Biotin switch of endogenous Ras S-nitrosylation in eNOS- and G2A-GFP cells
stimulated with CD3 Ab as indicated or 1 mM DEA-NO (DEA) for 15 min. (B)
eNOS-GFP cells expressing wild-type or C118S HA-N-Ras were stimulated as in A.
Cell extracts were analyzed by biotin switch andimmunoblot with anti-Ras Ab. (C)
CH7C17 T cells transfected with wild-type or C118S CFP-N-Ras or -K-Ras were
stimulated with CD3 Ab for the times indicated in the presence or absence of
DETA-NO (DETA). Ras activation was detected by GST-RBD-Raf-1 pull-down assay.
(D) eNOS- and G2A-GFP cells expressing wild-type CFP-N-Ras or -K-Ras, and
eNOS-GFP cells expressing the corresponding C118S mutant, were stimulated
with CD3 Ab; the activation of Ras was determined as in C. Controls GST-RBD-
Raf-1(RBD) are shown. Each panel is representative of at least three independent
experiments. (£) eNOS-GFP cells coexpressing YFP-RBD-Raf-1 (RBD) and wild-type
or C118S CFP-N-Ras were mixed with naive (—) or SEB-pulsed (+) Raji APC.
Histograms show the percentages of cells showing accumulations of YFP-RBD-
Raf-1 and wild-type or C118S N-Ras on the Golgi (Left) or the plasma membrane
(PM) (Right). More than 100 cells were scored for each condition. Data are
means * SEM of three independent experiments. **, P < 0.001 and *, P < 0.05
compared with nonstimulated cells; ++, P = 0.001 compared with SEB-
stimulated C118S N-Ras-expressing cells.

expressing wild-type N-Ras the proportion of RBD-Raf-1 at the
plasma membrane was low (17%) although slightly higher than in
cells expressing C118S N-Ras (4%) (Fig. 6E).

To assess the functional relevance of N-Ras S-nitrosylation in T cells,
we determined the extent of activation-induced programmed cell death,
which can be detected by the binding of annexin V on the plasma
membrane as a marker of phosphatydilserine externalization (Fig. S11).
Transfection of wild-type but not C118S N-Ras increased the binding
of annexin V to CD3-stimulated eNOS-GFP cells (Fig. S11). Taken
together, these results strongly suggest that during T cell activation,
eNOS selectively activates N-Ras on the Golgi complex and regulates
T cell apoptosis by S-nitrosylation on Cys!'8,

Discussion

In this work we have shown that the regulation of Ras/ERK
signaling in antigen-stimulated T cells is compartmentalized by the
local production of NO. eNOS positively regulates Ras activation
during antigen-specific T cell-APC interactions by S-nitrosylation
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on the Golgi, thus favoring activation-induced T cell death. eNOS-
derived NO preferentially activates N-Ras but not K-Ras even when
this isoform of Ras is overexpressed. In contrast, when expressed in
T cells, H-Ras is activated to a similar extent as N-Ras, suggesting
the presence of common eNOS-dependent regulatory elements on
both isoforms.

The different compartmentalization of the known Ras isoforms
in cellular endomembranes is critical for their specific biological
activities. Our results show that in superantigen-specific T cel-F-APC
conjugates N-Ras colocalizes with phosphorylated eNOS on the
Golgi, where it is strongly activated in response to TCR engage-
ment, as indicated by the redistribution of RBD-Raf-1 toward this
organelle. In contrast, K-Ras was preferentially concentrated at the
plasma membrane, where it is activated only slightly. We have also
shown that the kinetic of RBD-Raf-1 redistribution was unaffected
by eNOS, even though eNOS-derived NO rapidly increased the
TCR-dependent activation of N-Ras on the Golgi. Previous studies
have shown that whereas K-Ras is constitutively localized at the
plasma membrane under steady-state conditions, depalmitoyla-
tion—palmitoylation cycling drives a rapid exchange of H- and
N-Ras between the plasma membrane and the Golgi (16, 17). eNOS
also traffics between these cell compartments, displaying substan-
tial Golgi localization as a consequence of its inefficient acylation
(17, 22, 23). In this context, our results demonstrate that eNOS
selectively activates N-Ras on the Golgi, although we cannot
completely rule out the possibility that the minor fraction of eNOS
associated with the plasma membrane might play a role in the slight
activation of K-Ras we detected.

Whether activation of Ras by tyrosine kinase-coupled receptors
takes place on Golgi or at the plasma membrane is still a matter of
open debate. Some groups, using new RBD-based specific probes,
have detected Ras activation preferentially at the plasma mem-
brane (24, 25). However, studies carried out using classical fluo-
rescent RBD probes to detect the subcellular activation of Ras in
T cells have shown that TCR engagement or CD28 costimulation
activate H- and N-Ras almost exclusively on the Golgi, whereas
costimulation via the integrin LFA-1 activates Ras on both the
Golgi and the plasma membrane (26). In light of this finding, our
results suggest that the release of NO from eNOS might provide a
link between CD28 costimulation and the activation of N-Ras on
the Golgi. In fact, CD28 costimulation increases the production of
NO in T cells and is responsible for the major part of sustained Ca>*
fluxing and activation of PI3-K (3), two key signaling pathways
upstream of the activation of eNOS (6, 10).

Recent studies have shown S-nitrosylation to be an important
molecular mechanism in NO-dependent signal transduction (27,
28). We have demonstrated here that eNOS increases S-
nitrosylation of proteins on the Golgi of superantigen-activated T
cells and nitrosylated N-Ras on Cys!'8. Moreover, although Cys!!8
is a key amino acid for the activation of N-, H-, and K-Ras by NO
from donors, our experiments indicate that, upon TCR engage-
ment, eNOS is able to activate only N-Ras and H-Ras. Because the
C118S mutant was significantly less activated than wild-type N-Ras,
despite maintaining its normal localization on the Golgi, our results
strongly suggest that eNOS S-nitrosylates N-Ras in this organelle.
Our findings are in agreement with previous work demonstrating
that the local production of eNOS-derived NO on the Golgi can
regulate S-nitrosylation-dependent protein activity (29).

The existence of eNOS-mediated N-Ras S-nitrosylation on the
Golgi is compatible with a mechanism in which NO facilitates
GDP-GTP exchange (30); this model proposes that S-nitrosylation
may be involved in the generation and quenching of Cys radicals
that weaken the interaction of Ras with GDP and enhance the
binding of GTP. Thus, it is feasible that, in response to antigen-
binding to the TCR, simultaneous PI3K-Akt and PLC-y-Ca?*
signals activate Golgi-localized eNOS by phosphorylation on
Ser''” and Ca?" binding to calmodulin, respectively (10). eNOS-
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derived NO would then activate N-Ras by enhancing guanine
nucleotide exchange.

Controversies exist about the functional role of NO-mediated
S-nitrosylation in Ras signaling. Inhibition of ERK activation by
S-nitrosylation of H-Ras has been reported in human embryonic
kidney 293 cells transfected with nNOS (31), whereas in T lym-
phocytes and neurons S-nitrosylation is associated with activation of
this pathway (12, 32). In this regard, parallels can be drawn between
the mechanisms of action of NO in neurons and those described
here in T cells. The binding of N-methyl-D-aspartate (NMDA) to
its receptor on neurons stimulates neuronal NOS to produce NO,
which S-nitrosylates the small GTPases Ras and Dexras, located in
membrane-associated complexes with cell-specific adaptor and
scaffolding proteins (33). Whether the association of eNOS with
similar protein complexes on the Golgi of antigen-stimulated T cells
is important for TCR-induced N-Ras S-nitrosylation and activation
merits further investigation.

In summary, our data provide insights into the regulation of
Ras/ERK activation by defining an eNOS-dependent mechanism
that allows differential activation of Ras isoforms at specific sub-
cellular compartments in T cells. In this regard, it has been reported
that CD8™" selection is impaired in immature thymocytes from
N-Ras knockout mice (34) and that activation of Ras/ERK signal-
ing on the plasma membrane or the Golgi regulates cell fate
decisions in a mouse model of T cell development (35). In this
model, activation of Ras on the Golgi directs positive selection,
whereas activation on the plasma membrane directs negative se-
lection depending on the TCR-antigen affinity. Our finding that, in
response to strong TCR engagement, N-Ras S-nitrosylation posi-
tively regulates activation-induced cell death in mature T cells also
argues in favor of a functional compartmentalization of Ras.
Whether eNOS underlies the role of N-Ras in thymic selection
deserves further investigation.

Materials and Methods

Further information is presented in S/ Material and Methods.

Cell Transfection Studies and Cell Sorting. T cells (15 X 105) were transfected by
using the Pulser X-cell Electroporation System (Bio-Rad) at 250 V and 1,200 uF
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with 25 pg of expression plasmids encoding the indicated constructs. T cells stably
expressing GFP, eNOS-GFP, or G2A-GFP were obtained by cell sorting with a
MoFlo flow cytometer (DakoCytomation).

T Cell Activation and Raf-Ras-Binding Domain Pull-Down. T cells (15 X 10°) were
serum-starved at 37°C for 2 h before stimulation with CD3 T3b mAb (5 ng/ml), and
after 2 min goat anti-mouse IgG (10 wg/ml) was added as cross-linker for 30 min.
For superantigen-specific stimulation, APCs (5 X 10%) were incubated with SEB
(0.5 pg/ml) for 30 min and then mixed with T cells at a ratio of 1:3. For antigen-
specificstimulation, HOM-2 APCs (5 X 108) were incubated at 37°C for 3 h with 200
ng/ml HA 307-319 peptide and then mixed with T cells at a ratio of 1:3.

To detect GTP-bound Ras, cells were sedimented and lysed in buffer contain-
ing [150 mM NacCl, 25 mM Hepes, 10 mM MgCl,,10% (vol/vol) glycerol, 1%
Nonidet P-40, 50 uM GTP, 1 mM NazVO,, 25 mM NaF] and protease inhibitors
(Complete; Roche Molecular Biochemicals) at 4°C. Lysates were cleared by cen-
trifugation and incubated (60 min, 4°C) with GST-Raf-1-RBD fusion proteins
coupled to glutathione-Sepharose beads (Amersham Biosciences). After incuba-
tion, GTP-bound Ras was eluted with Laemmli sample buffer, and samples were
separated by 15% SDS/PAGE in parallel with corresponding whole-cell lysates to
detect GTP-bound and total Ras.

Time-Lapse Fluorescence Microscopy. Cell conjugates in phenol red-free RPMI
medium 1640 containing 25 mM Hepes and 2% FBS were allowed to settle in
LabTek Il chambers (Nalge Nunc International) and maintained at 37°Cin a 5%
CO; atmosphere in an incubator coupled to a Leica TCS SP2 confocal microscope.
Time lapse confocal images were collected with an HCX PL APO 40X NA 1.32
oil-immersion objective lens (Leica). T cells transiently cotransfected with YFP-
RBD-Raf-1 and either CFP-N-Ras or -K-Ras were mixed with SEB-pulsed-APC, and
fluorescence and differential interference contrast (DIC) images were captured
every 1 min. Six confocal Z-sections were necessary to capture the entire fluores-
cent signal at each time.
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