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nNOS (neuronal nitric oxide synthase) is a constitutively ex-
pressed enzyme responsible for the production of NO* from L-
arginine and O,. NO* acts as both an intra- and an inter-cellular
messenger that mediates a variety of signalling pathways. Previ-
ous studies from our laboratory have demonstrated that nNOS
production of NO*® blocks Ca’"-ionophore-induced activation
of ERK1/2 (extracellular-signal-regulated kinase 1/2) of the
mitogen-activated protein kinases through a mechanism involv-
ing Ras G-proteins and Raf-1 kinase. Herein we describe a
mechanism by which NO* blocks Ca**-mediated ERK 1/2 activity
through direct modification of H-Ras. Ca**-mediated ERK1/2
activation in NO’-producing cells could be restored by exo-
genous expression of constitutively active mitogen-activated pro-
tein kinase kinase 1. In contrast, exogenous expression of consti-
tutively active mutants of Raf-1 and H-Ras only partially restored
ERK1/2 activity, by 50 % and 10 % respectively. On the basis

of these findings, we focused on NO*-mediated mechanisms of
H-Ras inhibition. Assays for GTP loading and H-Ras interactions
with the Ras-binding domain on Raf-1 demonstrated a decrease
in H-Ras activity in the presence of NO°. We demonstrate that
S-nitrosylation of H-Ras occurs in nNOS-expressing cells acti-
vated with Ca’" ionophore. Mutation of a putative nitrosyl-
ation site at Cys'® inhibited S-nitrosylation and restored ERK1/2
activity by constitutively active H-Ras even in the presence
of NO°. These findings indicate that intracellular generation of
NO* by nNOS leads to S-nitrosylation of H-Ras, which interferes
with Raf-1 activation and propagation of signalling through
ERK1/2.

Key words: extracellular-signal-regulated kinase (ERK), H-Ras,
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INTRODUCTION

NOr* is enzymatically formed by NOSs (nitric oxide synthases;
EC 1.14.13.39), a family of three haem-containing enzymes,
through the oxidation of L-arginine to NO*® and L-citrulline via
the intermediate N“-hydroxy-L-arginine [1]. The three distinct
isoforms of NOS are encoded by separate genes [2]: the consti-
tutively expressed nNOS (neuronal NOS) [3] and eNOS (endo-
thelial NOS) [4], and the endotoxin- or cytokine-inducible iNOS
(inducible NOS) [5]. A distinctive property of the NOS enzymes
is their ability to generate another free radical, superoxide (O,°")
[6]. The ratio of NO* to O,*~ is dependent upon the concentration
of the NOS substrate, L-arginine [6].

Not surprisingly, NO*® secreted from the different isoenzymes
mediates a wide variety of regulatory functions. In the case of
iNOS, a high level of NO* production for prolonged periods is
consistent with its role in host immunity [7]. In contrast, the
rate of NO* production by constitutively active eNOS or nNOS
is at a much lower level, where NO* is believed to be a transi-
ent cell-signalling agent [8]. One of the targets of NO® generated
by NOS is soluble guanylate cyclase, leading to increased
c¢cGMP. This second messenger regulates a wide variety of
physiological functions, including vascular tone, platelet aggre-
gation, inflammation, neurotransmission, learning and memory,
penile erection, gastric emptying and hormone release [9].

Studies have also demonstrated that NO*® can react with cysteine
residues of proteins to form S-nitrosothiols. S-nitrosylation has
been shown to regulate the functions of a number of proteins,
including activation of H-Ras [10], activation and inhibition of
caspase 3 [11], inhibition of JNK (c-Jun N-terminal kinase) [12],
inhibition of ornithine decarboxylase [13] and an increase in the
affinity of oxygen for haemoglobin [14]. For example, direct
modification at Cys''® by NO* may be responsible for increases in
H-Ras activity in Jurkat T-cells [10]. These findings indicate that
this site of S-nitrosylation is critical for the redox regulation of H-
Ras [15]. Moreover, S-nitrosylation of Cys'*® on H-Ras has been
suggested to trigger guanine nucleotide exchange, due, in part,
to its surface location and accessibility [15]. Currently, we know
that there is a consensus amino acid sequence for S-nitrosylation,
namely K/R/H/D/E-C-D/E, which is present in a number of
proteins, such as haemoglobin, cyclo-oxygenase and guanylate
cyclase [16]. These findings indicate that S-nitrosylation is an
important post-translational modification that regulates protein
activity.

The MAPKs (mitogen-activated protein kinases) are major me-
diators of extracellular signals, which regulate cell functions such
as proliferation, differentiation, migration, cell death and inflam-
matory responses [17]. MAPKSs are serine/threonine kinases that
include the ERKs (extracellular-signal-regulated kinases), JNKs
and p38 MAPK [17]. Activation of the ERK1/2 pathway often
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occurs in response to growth-factor stimulation of RTKSs (receptor
tyrosine kinases) and G-protein-coupled receptors, or through ion
channels such as excitation of the NMDA (N-methyl-D-aspartate)
glutamate receptor [17,18]. The RTK and NMDA receptors are
coupled to the activation of Ras G-proteins through Src-homo-
logy-2-domain-containing proteins and guanine nucleotide-
exchange factors, which are responsible for mediating the switch
between the inactive Ras GDP-bound state to the active Ras GTP-
bound form [17].

Previous research from our laboratory has demonstrated that the
production of NO* by nNOS inactivates H-Ras and, subsequently,
inhibits the downstream ERK1/2 proteins [19]. Understanding
the mechanism by which NO* blocks this pathway could provide
critical information pertinent to differential signalling by nNOS.
In the present study, we have examined the mechanism by
which NO* blocks Ca?"-mediated ERK1/2 activity through
modulation of Ras G-proteins. We have demonstrated that NO*-
mediated inhibition of Ca*"-induced ERK1/2 activity is due to
S-nitrosylation of H-Ras at Cys'®, which disrupts activation of
downstream events.

MATERIALS AND METHODS
Chemical and reagents

SDS and other electrophoresis reagents were purchased from Bio-
Rad. DTT (dithiothreitol), MMTS (methyl methanethiosulphon-
ate), L-NAME (N“-nitro-L-arginine methyl ester) hydrochloride,
Hepes, EDTA, neocuproine, DMF (dimethylformamide), ascorbic
acid, 2-mercaptoethanol, glutathione and GSNO (S-nitrosogluta-
thione) were obtained from Sigma—Aldrich.

Cell culture

Cell culture medium and supplements were obtained from
Life Technologies, Invitrogen. N293 cells (HEK-293 transfected
with nNOS) were obtained from Dr Yong Xia at Ohio State
University, Columbus, OH, U.S.A. These cells were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10 % (v/v) heat-inactivated fetal bovine serum, 50 pg/ml
penicillin G and 50 pg/ml streptomycin at 37°C in a 5 % CO,,
95 % air-humidified incubator. Stable nNOS-expressing cells
were maintained under selective pressure by treating the cells
with 500 pg/ml Geneticin® at every fifth passage as described
previously by Xia et al. [20]. HEK-293 cells were obtained from
the A.T.C.C. (Manassas, VA, U.S.A.). To deplete intracellular
stores of L-arginine from N293 and HEK-293 cells, the cells
were initially cultured in complete medium for 2 days until 70—
80 % confluent and then the medium was replaced with medium
containing all the amino acids except L-arginine for 24 h as
described previously [20]. To induce nNOS, the N293 cells
were treated with the Ca** ionophore A23187 (C5149, Sigma—
Aldrich) for the indicated incubation times. Inhibition of nNOS
was achieved by incubating N293 cells with the NOS competitive
inhibitor L-NAME (1 mM) for 24 h prior to Ca>" ionophore
activation. Cells were washed three times with cold PBS contain-
ing 0.9 mM CaCl, and 5.5 mM glucose, and then harvested in
tissue lysis buffer, pH 7.4 [1% (v/v) Triton X-100, 150 mM
NaCl, 10 mM Tris/HCI, Il mM EDTA, 1 mM EGTA, 0.2 mM
sodium orthovanadate, 0.2 mM PMSF and 0.5 % (v/v) Nonidet
P40] using a rubber scraper. Following lysis, the cells were centri-
fuged at 12000 g for 10 min to remove insoluble material and the
soluble proteins were analysed.

Cell transfections were performed as described previously [21]
using 1 ug of plasmids containing cDNAs that express consti-
tutively active mutants of MKK1 (MAPK kinase 1; provided by
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Dr Natalie Ahn, University of Colorado, Boulder, CO, U.S.A.),
Raf-1 (Raf-1 BXB; provided by Dr Ulf Rapp, University of
Wurzburg, Wurzburg, Germany) and H-Ras (H-Ras G12V; pro-
vided by Dr Melanie Cobb, University of Texas, Southwestern
Medical Center, Dallas, TX, U.S.A.).

The murine macrophage cell line, RAW 264.7, was obtained
from the A.T.C.C. (TIB-71). These cells were cultured in DMEM
supplemented with 10 % heat-inactivated fetal bovine serum at
37°Cin a 5% CO,, 95 % air-humidified incubator. For experi-
mental procedures, the cells were incubated with 100 ng/ml of
LPS (lipopolysaccharide) for 18 h, and subjected to immunoblot
analysis and the biotin-switch assay.

Nitrite assay

The accumulation of nitrite as a measure of NO* was determined
spectrophotometrically after mixing 0.5 ml of each of culture
medium and freshly prepared Griess reagent [0.1 % N-naphthyl-
1-ethylenediamine in water and 1 % (w/v) sulphanilamide in 5 %
phosphoric acid, mixed 1:1, v/v] [22]. Concentrations of nitrite
were estimated by comparing absorbance readings at 550 nm
against standard solutions of sodium nitrite prepared in the same
media. The sensitivity limit of this assay is 0.5 uM. Aliquots
(0.5 ml) of the culture medium were taken 2 h after Ca** iono-
phore stimulation.

S-nitrosylation measurements

The biotin-switch assay to measure S-nitrosylation was essentially
performed as described previously [23]. Extracts were adjusted to
0.5 mg/ml protein as determined by the bicinchoninic acid assay
(Pierce), and equal amounts of protein were blocked with 4 vol. of
blocking buffer [225 mM Hepes, pH 7.7, 0.9 mM EDTA, 0.9 mM
neocuproine, 2.5 % (w/v) SDS and 20 mM MMTS] at 50°C for
20 min with agitation. After blocking, extracts were precipitated
with acetone and resuspended in 0.1 ml HENS buffer [250 mM
Hepes, pH 7.7, | mM EDTA, 0.1 mM neocuproine and 1 % (w/v)
SDS] per mg of protein. At this point all operations are carried out
in the dark. A one-third volume of a water-insoluble, thiol-reactive
and cleavable biotin derivative, 4 mM N-[6-(biotinamido)hexyl]-
3'-(2'-pyridyldithio)propionamide in DMF and 1 mM ascorbic
acid was added, and incubated for 1 h at room temperature (25 °C).
Proteins were acetone-precipitated again and resuspended in
0.1 ml HENS buffer before analysis by immunoblotting.

Immunoblot analysis

Cell protein lysates were diluted with an equal volume of 2x
SDS/PAGE loading buffer and heated to 100 °C for 2 min. Total
proteins (20 ng) were separated by SDS/PAGE (15 % gels) and
transferred on to PVDF membranes. The immobilized pro-
teins were then blocked in TBST (Tris-buffered saline contain-
ing 0.1 % Tween 20; 50 mM Tris/HCL, pH 7.5, 0.15 M NaCl and
0.1 % Tween 20) plus 5% (w/v) non-fat dried milk. After over-
night incubation at 4°C with anti-ppERK1/2 (M8159, Sigma),
anti-biotin (B7653, Sigma), anti-ERK2 (C-14, Santa Cruz Bio-
technology) or anti-H-Ras (C-20, Santa Cruz Biotechnology)
primary antibodies, the membranes were washed several times
with TBST. The proteins were detected following incubation with
horseradish-peroxidase-conjugated secondary antibody and de-
tected using enhanced-chemiluminescence reagents purchased
from PerkinElmer Life Sciences.

H-Ras activity assays

Protein lysates were cleared of insoluble material by centri-
fugation at 16 000 g for 20 min at 4 °C and then incubated for 2—4 h
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with glutathione—Sepharose beads containing GST (glutathione
S-transferase)-RBD (Ras-binding domain of Raf-1) as described
previously [24]. Only active H-Ras in the GTP bound form
will interact with the RBD. The Sepharose beads were washed
three times with tissue lysis buffer, and bound proteins were
eluted in 2 x SDS/PAGE loading buffer. Proteins were resolved
by SDS/PAGE (15 % gels) and analysed by immunoblotting for
H-Ras.

To directly measure GTP loading, confluent HEK-293 and
N293 cells in 60 mm x 15 mm cell-culture dishes were incubated
in phosphate-free DMEM, pH 7.4, and 0.5 mCi carrier-free [**P]P,
(specific radioactivity 8500-9120 Ci/mmol; NEN/ PerkinElmer
Life Sciences). After 4 h, the cells were treated with A23187 for
up to 1 h or not treated. Cells were then gently washed with ice-
cold PBS and lysed at 4 °C in 500 w1 of lysis buffer. H-Ras protein
was immunoprecipitated and incubated for 2 h with Protein G
coupled to Sepharose 4B beads. The beads were collected by
centrifugation at 10000 g and washed once in tissue lysis buffer
and twice in PBS before incubating for 20 min at 68°C in 2 mM
EDTA, 2 mM DTT, 0.2 % SDS, 0.5 mM GTP and 0.5 mM GDP,
pH 7.5, to elute the radiolabelled GTP- and GDP-bound to H-
Ras. Samples were applied to poly(ethyleneimine)-coated TLC
plates in parallel with 100 nmol of GTP and GDP as unlabelled
markers. After the nucleotides were separated in 1 M potassium
phosphate buffer, pH 3.4, the plates were dried and exposed to
X-Omat Blue XB-1 X-ray film (Kodak). The unlabelled markers
GTP and GDP were visualized by UV light, and the areas of the
TLC corresponding to *P-labelled GTP and GDP were quantified
by Phosphorlmaging (Storm840, Molecular Dynamics) using
ImageQuant Software. The GTP/GDP ratios were determined by
[**P]GTP divided by ([**P]GTP + [**P]GDP).

H-Ras C118S mutant generation

Using H-Ras G12V cDNA as a template, the C118S mutant was
generated by PCR. The following primer sets were used, the first
pair were used to generate the mutatuion and the second pair for
subcloning and sequence verification: reverse mutagenic 5'-CT-
TGTTCCCCACCAGCACCATGGGCACGTC-3' and forward
mutagenic 5'-GTGCTGGTGGGGAACAAGTCTGACCTGGC-
TGCA-3, and forward 5'-TGGCTAGCGTTTAAACTTAAGC-
TTGGTAC-3" (HindIII site is underlined) and reverse 5'-CTC-
GAGTCTAGAGGGCCCGTTTAA-3' (Xhol site is underlined).
H-Ras G12V C118S was subcloned into the HindIIl/Xhol sites of
pcDNA3.1 (Invitrogen) and verified by sequencing, and the ex-
pressed protein was recognized by the anti-H-Ras monoclonal
antibody.

Densitometry and statistical analysis

Immunoblot images were quantified by densitometery using NIH
(National Institutes of Health) ImageJ software and AlphaEaseFC
software for Windows. The results were expressed as means
S.D. for at least three independent experiments. The means were
compared using Student’s ¢ test, with P < 0.05 considered to be
statistically significant.

RESULTS

ERK activation is dependent on L-arginine availability and
NO* production

Previous reports have suggested that NO*, O,*~ and H,0, mediate
a variety of biological responses through the MAPK signalling
pathways [25-27]. It has also been documented that Ca** can
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Figure 1  NOS regulation of ERK1/2 activity

(A) HEK-293 cells grown in normal growth medium were treated with or without 10 M A23187
for 15minto 2 h. Active ERK1/2 was assayed by immunoblot analysis using the anti-ppERK1/2
antibody. (B) N293 cells grown in medium containing various concentrations (1, 50, 100 or
500 1M) of L-arginine were treated with or without 10 ..M A23187 for 2 h, and active ERK1/2
was analysed by immunoblotting using the anti-ppERK1/2 antibody. The results shown are
representative of three independent experiments. Anti-ERK1 immunoblots are included as a
protein loading control.

Table 1

N293 cells grown with various concentrations (1, 50, 100 and 500 M) of L-arginine were
treated with 10 .M A23187 for 2 h. NO* production was then estimated from a portion of the
growth medium that was subjected to the Griess reaction assay as outlined in the Materials and
methods section. Results are means + S.D. for three independent experiments.

NO* production is dependent on L-arginine levels

[L-Arginine] (M) Nitrite (1M/h)
0 0.09+0.01
1 11040.10
50 4514041
100 5.77+0.52
500 716+0.64

induce the ERK1/2 signalling pathway through activation of up-
stream mediators [28]. Using N293 cells as a model, we have
explored the importance of NO* in regulating ERK1/2 activation
following Ca*" ionophore stimulation of nNOS. In addition to
activating nNOS, the Ca®* ionophore A23187 is a useful agent
for activating the ERK pathway [29]. Therefore nNOS effects on
the ERK signalling pathway could be examined directly. Activ-
ation of ERK1/2 was estimated by immunoblotting for the phos-
phorylated forms of these proteins. For the control HEK-293
cells, treatment with the A23187-induced ERK1/2 activation,
which was sustained for up to 1 h and decreased by 2 h (Fig-
ure 1A). However, stimulation of N293 cells with A23187 in the
presence of increasing concentrations of L-arginine resulted in a
dose-dependent decrease in A23187-induced ERK1/2 activation
(Figure 1B).

Next, the correlation between NO® production by the N293
cells and the concentration of L-arginine in the culture medium
was explored. There was no evidence of NO* production in the
medium of A23187-stimulated N293 cells cultured in DMEM that
did not contain L-arginine (Table 1). However, as the concentration
of L-arginine increased, detectable levels of NO* were observed
(Table 1). This finding, in conjunction with the results presented
in Figure 1(B), indicates that NO* generation at arate of > 2 uM/h
inhibits ERK1/2 phosphorylation.
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Figure 2 NO* inhibition of ERK1/2 activity is primarily through H-Ras

() Control HEK-293 cells were transfected with constitutively active MKK1, Raf-1 (Raf-1 BXB) or
H-Ras (Ras V12) mutant constructs and grown under normal growth conditions for 24-48 h. The
upper and lower panels show immunablots for ppERK1/2 and total ERK1 respectively. (B) N293
cells were transfected with constitutively active MKK1, Raf-1 or H-Ras mutant constructs and were
grown under normal growth conditions. Cells were stimulated with 10 .«M A23187 and harvested
2 h later. The upper and lower panels show immunoblots for ppERK1/2 and total ERK1 res-
pectively. (C) Ratio of ppERK1/2 to total ERK1 as determined by densitometry. Data represent
the means + S.D. for three independent experiments. * P < 0.05.

Recovery of ERK1/2 activity by constitutively active
upstream proteins

The mechanisms of NO*-mediated inhibition of Ca®* ionophore-
induced ERK1/2 activity were studied in N293 cells transfected
with constitutively active mutants of MKK1, Raf-1 (Raf-BXB)
or H-Ras (H-Ras G12V) (see the Materials and methods section
for details). As controls, HEK-293 cells transfected with consti-
tutively active mutants of MKK1, Raf-1 or H-Ras showed similar
activation of ERK1/2 (Figure 2A). In N293 cells stimulated to
produce NO°, ERK1/2 activation by A23187, which normally is
inhibited, could be fully recovered by co-expression of consti-
tutively active MKK1 (Figures 2B and 2C). However, the ex-
pression of constitutively active Raf-1 or H-Ras only restored
ERK activity to approx. 50% or 10 % respectively compared
with the control HEK-293 cells (Figures 2B and 2C). These
results suggest that NO* can block ERK1/2 activation by direct
or indirect inhibition of H-Ras and/or partial inhibition of Raf-1
protein activity.

NO-* inhibits constitutively active H-Ras

To examine further the mechanism of NO*-mediated inhibition of
H-Ras, we determined whether activation of nNOS had a direct
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Figure 3 NO° inhibits H-Ras activity

(R) HEK-293 (HEK) or N293 cells were treated with 10 ..M A23187 for 2 h. Cell lysates were sub-
jected to the H-Ras pull-down assay using GST-RBD. GST-RBD protein complexes were
separated by SDS/PAGE (15 % gels) and immunoblotted for H-Ras or GST. An anti-a-tubulin
immunoblot from the initial lysates was included as a protein loading control. (B) The relative
amount of active H-Ras co-interacting with GST-RBD was quantified by densitometry. Results
are means + S.D. for three independent experiments. * P < 0.05. (C) HEK-293 (HEK) and
N293 cells were incubated in DMEM medium containing 0.5 mCi of carrier-free [*2PIP; for 4 h.
The cells were then stimulated with 10 ..M A23187 for 1 h, lysed and then immunoprecipitated
for 2 h at 4°C with anti-H-Ras antibody. H-Ras-bound nucleotides (GTP and GDP) were eluted
and separated by TLC. GTP/GDP ratios were quantified by Phosphorlmaging. The data represent
the means for two independent experiments. The GTP/GDP ratios for the two experiments
were 0.13 and 0.27 for HEK-293 control cells; 0.45 and 0.31 for HEK-293 cells plus A23187
(labelled Cal); 0.21 and 0.26 for N293 cells; and, 0.17 and 0.18 for N293 cells plus
A23187 (labelled Cal).

affect on H-Ras activity. To test this, HEK-293 and N293 cells
were transfected with H-Ras G12V and then treated with A23187.
The samples were incubated with or without GST-RBD, and the
bound H-Ras was estimated by immunoblot analysis. Since the in-
teractions between H-Ras and the RBD are dependent on active
H-Ras in its GTP-bound form, this method is an acceptable
indicator of H-Ras activity [24]. As indicated in the N293 cells,
the generation of NO® decreased the amount of H-Ras interacting
with GST-RBD, whereas control HEK-293 cells showed elevated
levels of H-Ras interacting with GST-RBD (Figures 3A and 3B).
These results suggest that NO* blocks H-Ras signalling to ERK1/2
by directly inhibiting H-Ras activity (e.g. decreased GTP loading)
or by preventing interactions with the Raf-1 protein.

To determine whether NO* directly inhibits H-Ras activity
through inhibition of GTP loading, we directly measured H-Ras
loaded with guanine nucleotides. HEK-293 and N293 cells incu-
bated with [**P]P; were activated with A23187 and H-Ras was
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Figure 4  S-nitrosylation of proteins detected by the biotin-switch assay

(A) Left-hand panel: N293 cells were incubated with 100 «M and 10 .M GSNO for 1 hand sub-
jected to the S-nitrosylation assay (see the Materials and methods section). Right-hand panel:
N293 cells were treated with 10 M GSNO but not treated with biotin—HPDP or the control
compound glutathione, followed by analysis of S-nitrosylation. In these samples only the
endogenous biotinylated proteins are detectable. (B) S-nitrosylation was measured in RAW
264.7 macrophage cells treated with the iINOS inducer LPS (100 ng/ml) or the reducing agent
DTT (10 «M). The expression of a-tubulin is included as a protein loading control. The results
shown are representative of three independent experiments. 1B, immunoblot.

immunoprecipitated with anti-H-Ras antibody. **P-labelled gua-
nine nucleotides were eluted from the H-Ras and separated on
poly(ethyleneimine)-coated TLC plates. The radiolabelled GTP
and GDP were identified by comparing their mobility with
unlabelled GTP and GDP standards, and quantified by Phosphor-
Imaging. As shown in Figure 3(C), increased H-Ras GTP loading
was observed in HEK-293 cells treated with A23187, in contrast,
N293 cells treated with A23187 showed no change in H-Ras GTP
loading. As expected, and similar to Figure 1, ERK activation
in these samples was observed in HEK-293 cells treated with
A23187, but not N293 cells (results not shown). These findings
indicate that H-Ras GTP loading is inhibited in NO*-generating
cells.

Analysis of S-nitrosylation in protein lysates

To explore the mechanisms of NO* inhibition of H-Ras, we took
advantage of previous studies that suggested the H-Ras protein
was post-translationally modified by NO* through S-nitrosylation
of cysteine residues [15]. Whether this mechanism is operative
in the N293 cells was examined using the S-nitrosylation biotin-
switch assay, which was first used in the detection and identifi-
cation of nitrosylated proteins in brain extracts [23] and primary
endothelial cells [30]. N293 cells treated with A23187 were incu-
bated with GSNO, a reagent that can trans-nitrosylate available
cysteine residues. The biotin-switch assay involves three sequen-
tial steps for identifying nitrosylation: (i) blockage of cellular
free thiols by MMTS; (ii) specific reduction of S-nitrosothiols
to free thiols by ascorbic acid; and (iii) labelling of free thiols with
a specific biotin derivative. The biotin-switch assay was per-
formed and the resulting biotinylated proteins were detected by
immunoblot analysis (Figure 4A). Endogenous biotinylated pro-
teins are shown in GSNO-treated lanes (Figure 4A, left-hand
panel). Although very feint bands appear in samples treated in the

absence of biotin—HDPD or with the reducing agent glutathione
(Figure 4A, right-hand panel), biotinylation of proteins is clearly
increased with increasing concentrations of GSNO (10-100 uM).
Thus, in agreement with other cell models, this method is able to
detect an increase in nitrosylation in N293 cells.

To validate that the S-nitrosylation assay would also detect
NO*-mediated nitrosylation generated by endogenous NOS, we
examined RAW 264.7 murine macrophage cells stimulated with
LPS, which is known to cause induction of iNOS expression
and the production of NO*® [31]. RAW 264.7 cells were treated
with LPS or, as a control, the reducing agent DTT. Following
the biotin-switch assay and immunoblot analysis, LPS induced S-
nitrosylation of a number of proteins, revealing that this method
is viable for detecting enzyme-mediated S-nitrosylation events
(Figure 4B).

NOS-mediated S-nitrosylation of H-Ras

To determine whether S-nitrosylation events were controlled by
nNOS activation, we used the L-arginine analogue L-NAME,
which is an inhibitor of NOS activity. N293 cells were grown
to confluence and incubated with 1 mM L-NAME for 18 h before
A23187 stimulation. The cells were lysed and the biotin-switch
assay was performed. This was followed by immunoprecipitation
of H-Ras and immunoblot analysis of the biotinylated proteins.
In the absence of L-NAME, strong biotin reactivity with a
protein corresponding to the molecular mass of H-Ras specifically
indicated S-nitrosylation of H-Ras (Figure 5A). However, in the
presence of L-NAME, no detectable biotin reactivity was ob-
served at the H-Ras molecular mass, indicating the absence of
S-nitrosylation (Figure 5A). In addition, no biotin reactivity was
observed in the absence of A23187 treatment (results not shown).
These findings lend further support to the conclusion that S-
nitrosylation of H-Ras is mediated by nNOS activity.

Cys'' of H-Ras mediates NO*-induced inhibition of ERK1/2

It has previously been confirmed by NMR that NO* modification
of the H-Ras protein occurs at Cys''"® [32]. In this experiment, we
introduced a C118S mutation in the constitutively active H-Ras
G12V protein to test whether S-nitrosylation at this site medi-
ated NO* inhibition of ERK1/2. N293 cells were transfected with
wild-type H-Ras, H-Ras G12V or H-Ras G12V C118S mutants
and examined for ERK1/2 activity with and without A23187
stimulation. In the absence of A23187, H-Ras G12V and the
H-Ras G12V C118S mutants showed similar activation of
ERK1/2 (Figure 5B). Thus the addition of the C118S mutation
did not appear to affect the constitutive H-Ras activity. However,
unlike the inhibition of ERK1/2 activity that was observed in
nNOS cells expressing H-Ras G12V, A23187 induction of NO*
production had no effect on ERK1/2 activity in cells expressing
the H-Ras G12V C118S mutant (Figure 5B).

Lastly, we compared the levels of H-Ras S-nitrosylation in
cells expressing wild-type H-Ras, H-Ras G12V or H-Ras G12V
C118S. As shown in Figure 5(C), N293 cells expressing wild-type
H-Ras, H-Ras G12V or the H-Ras V12 C118S mutant showed
little or no detectable levels of nitrosylation in the absence of
A23187. In contrast, A23187 treatment to induce NO* production
resulted in increased S-nitrosylation of both wild-type H-Ras
or H-Ras V12 mutants (Figure 5C); however, S-nitrosylation of
the H-Ras V12 (C118S) mutant was significantly inhibited com-
pared with H-Ras V12 and wild-type H-Ras (Figures 5C and
5D). This finding indicates that Cys'"® participates in the nNOS-
generated NO®-mediated S-nitrosylation of the H-Ras protein.
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Figure 5 NOS-mediated S-nitrosylation of H-Ras
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(A) N293 cells were incubated in the presence or absence of 1 mM L-NAME for 18 h before the addition of 10 .«M A23187. Cells were lysed and subjected to the S-nitrosylation assay followed by
immunoprecipitation of H-Ras. The resulting biotinylated proteins were detected by immunoblot analysis with an anti-biotin antibody. Total H-Ras expression is included as a protein loading control.
The results shown are representative of two independent experiments. (B) N293 cells expressing wild-type H-Ras, constitutively active H-Ras (Ras V12) or H-Ras G12V C118S (Ras V12 C118S)
were treated with or without 10 M A23187 for 2 h. Cell lysates were immunoblotted for active ERK1/2 (ppERK1/2), total ERK1 or H-Ras in the top, middle, and bottom panels respectively. The
results shown are one representative of three independent experiments. (C) N293 cells transfected with wild-type H-Ras, H-Ras G12V (Ras V12), or H-Ras G12V C118S [Ras V12 (C118S)] were
treated with or without 10 .M A23187 for 2 h. Following S-nitrosylation analysis using the biotin-switch assay, H-Ras was immunoprecipitated, and immunoblotted using anti-biotin and anti-H-Ras
antibodies. The results shown are representative of three independent experiments. (D) The relative amount of S-nitrosylated H-Ras was quantified by densitometry. Results are means + S.D. for

three independent experiments. * P < 0.05. WT, wild-type.

DISCUSSION

In the present study, we have demonstrated that NO* can directly
modify H-Ras at Cys'"® by S-nitrosylation, which subsequently
leads to inhibition of signalling through the ERK pathway.
Whereas activation of nNOS with A23187 completely blocked
ERK activation by a constitutively active H-Ras mutant (H-Ras
G12V), ERK activity was partially blocked or not blocked at all
by constitutively active mutants of Raf-1 or MKK1 respectively.
We have shown that replacement of Cys'® with a serine residue
restored the ability of active H-Ras to stimulate the ERK pathway
in the presence of NO*. From these findings, we propose that
S-nitrosylation of Cys'"® on H-Ras is sufficient to block oncogen-
ically mutated H-Ras activity and disrupt activation of Raf-1 and
the MKK/ERK pathway (Figure 6).

Although the present paper focuses on H-Ras regulation, we
cannot exclude the possibility that S-nitrosylation also regulates
Raf-1 activity. The constitutively active Raf-1 mutant used in the
present study is a truncated protein, consisting of the Raf-1 kinase
catalytic domain that lacks the N-terminal regulatory domain [33].
However, future studies will be needed to identify potential S-
nitrosylation sites in the Raf-1 regulatory and catalytic domains,
and also to determine their functional significance. Importantly,
our studies utilized a cell model where we can manipulate the
production of intracellular NO* by nNOS. We believe that this
model more accurately represents the physiological interactions
between intracellular NO* and signalling proteins compared with
studies that have manipulated NO*® levels through the use of
exogenous NO* donors [19], where the rate of NO* production is
uncertain and undoubtedly much greater than the rate of cellular-
derived NO* production from NOS.

H-Ras contains five cysteine residues of which at least four, at
positions 118, 181, 184 and 186, have been shown to be modified
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Figure 6 Model of nNOS mediated S-nitrosylation of H-Ras and inhibition
of ERK1/2 activation

Upon activation of nNOS by calcium influx through the plasma membrane (PM), increased NO®
levels can lead to S-nitrosylation of proximal proteins such as H-Ras. S-nitrosylation of H-Ras
on Cys™® may diminish H-Ras activation of Raf-1, possibly by affecting the interactions between
a RBD on Raf-1, which is adjacent to GTP binding site and Cys''® of H-Ras. The structure of
H-Ras and the RBD was previously reported by Zeng et al. [50] and adapted to this model.

through S-nitrosylation [34]. Given that Cys'® and Cys'® are
palmitoylated and Cys'* is farnesylated, and that all three residues
are involved in targeting H-Ras to the plasma membrane, it

is intriguing to hypothesize that post-translational modification
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through S-nitrosylation could regulate H-Ras activity by altering
membrane targeting. Previous studies suggest that Cys'"® is the
primary residue targeted by S-nitrosylation that affects H-Ras
function [15]. In agreement with our findings, previous studies
have reported that S-nitrosylation inhibits both neuronal cell
growth [35] and H-Ras activation of the ERK pathway in mouse
fibroblasts [36]. Moreover, it has been suggested that vascular
smooth-muscle cells treated with NO®, supplied by exposure to
NO* donors such as sodium nitroprusside, show inhibition of epi-
dermal growth factor-mediated Ras activation of Raf-1 [37].

In contrast, previous studies examining the role of oxidative
stress in the MAPK pathway have demonstrated increased H-
Ras activity in response to S-nitrosylation in human umbilical
vein endothelial cells [38] or exposure to H,O, in NIH3T3 and
PC12 cells [39]. In addition, endothelial cells may require NO*
to mediate vascular endothelial growth factor induction of cell
proliferation through the Ras/ERK pathway [40]. In T-lympho-
cytes treated with the NO*® donor sodium nitroprusside, Cys''® was
identified as the critical S-nitrosylation site responsible for H-Ras
activation of the ERK pathway [15]. As one possible mechanism,
it was suggested that S-nitrosylation of Cys'"® activates H-Ras by
increasing or mimicking GTP exchange [15]. Cys'*® is also an im-
portant S-nitrosylation site as it is located on an exposed loop that
contacts the guanine nucleotide (Figure 6) [41]. However, our
results (Figures 3-5) suggest that NO* inhibits GTP loading of H-
Ras in cells. A recent study using purified H-Ras protein indicated
that NO* on its own had no effect on GTP loading [42].

Other studies have also suggested that the function of S-nitro-
sylation at Cys'® is not to regulate H-Ras activity directly, but
to affect H-Ras regulation of downstream targets. For example,
a H-Ras C118S mutant could be activated in a similar manner
compared with wild-type H-Ras by nerve growth factor in PC12
cells, suggesting that GTP loading of H-Ras in the C118S mutant
was not altered [43]. Interestingly, cells expressing the H-Ras
C118S mutant demonstrated a higher susceptibility for apoptosis
compared with cells expressing wild-type H-Ras after 7 days in
the presence of nerve growth factor, indicating that S-nitrosylation
of H-Ras may be involved in sustaining signalling pathways that
are essential for the survival in this differentiated neuronal cell
model [43]. As such, this study reported that S-nitrosylation may
protect cell survival by promoting H-Ras activation of survival
signalling pathways regulated by phosphatidylinositol 3-kinases
[43].

A variety of signalling proteins have been identified as targets
for S-nitrosylation [44]. The consequence of NO* production
combined with S-nitrosylation has been actively studied in the
context of promoting or inhibiting apoptosis [45]. S-nitrosylation
has been suggested to inhibit JNK activity, which promotes apop-
totic responses to stimuli such as interferon-y [46]. Moreover,
NO* may suppress apoptosis by inhibiting caspase 3 through S-
nitrosylation [11]. In contrast, S-nitrosylation of the cell-survival
kinase Akt on Cys** may lead to Akt inactivation and support a
role for NO* in enhancing the apoptotic response [47].

One explanation for the differential effects of S-nitrosylation
on protein function may be related to the level of NO* in each
study. S-nitrosylation of proteins is directly correlated with NO*
concentration [48]. Whereas the flux of NO* generated from
stimulation of nNOS-containing cells is low, in the order of
picomoles, manipulation of NO* levels through the use of extra-
cellular donors undoubtedly supplies NO* at much higher rates.
Thus the differences in the source and amount of NO*® available
to S-nitrosylate may directly influence the effect NO® has on
intracellular signalling.

The understanding of alternative (e.g. cGMP-independent)
mechanisms for cell signalling regulation by NO* will be im-

portant for characterizing the diverse roles that NO* appears to
play in regulating a myriad of physiological functions. The role of
free radicals in the direct modification and regulation of MAPKs
and their biological functions is largely undefined. Since H-Ras
is an oncogene product, that is known to be mutated in many
different types of tumours [49], the understanding of its regulation
by NO* may shed light on H-Ras modulation of downstream sig-
nalling pathways that are involved in cellular transformation.
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