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ABSTRACT. Nitric oxide (NO), a highly reactive redox molecule, can react with protein thiols and protein
metal centers to regulate a multitude of physiological processes. NO has been shown to promote guanine
nucleotide exchange on the critical cellular signaling proteilRgZRas) by S-nitrosylation of a redox-
active thiol group (Cy%9). This increases cellular Ra&TP levels in vivo, leading to activation of
downstream signaling pathways. Yet the process by which this occurs is not clear. Although several
feasible mechanisms for protein S-nitrosylation with NO and NO donating have been proposed, results
obtained from our studies suggest that Ras can be S-nitrosylated by direct reactio&div@sitrogen

dioxide ¢NOy), a reaction product of NO with Dvia a Ras thiyl-radical intermediate (Rag9-Results

from our studies also indicate that Ras &§san be S-nitrosylated by direct reaction of Efswith a
glutathionyl radical (GS, a reaction product derived from homolytic cleavage of S-nitrosoglutathione
(GSNO). Moreover, we present evidence that reaction ofV@® Ras generates a RasiBtermediate

during GSNO-mediated Ras S-nitrosylation. The Rasfical intermediate formed from reaction of the

Ras thiol with eitherNO, or GS, in turn, reacts with NO to complete Ras S-nitrosylation. NO and
GSNO modulate Ras activity by promoting guanine nucleotide dissociation from Ras. Our results suggest
that formation of the Ras radical intermediate, Rgs¥fay perturb interactions between Ras and its guanine
nucleotide substrate, resulting in enhancement of guanine nucleotide dissociation from Ras.

Nitric oxide (NO}) can react with a variety of cellular (Ras), is of high interest, since Ras is known to be a focal
molecules to regulate a host of cellular processes including point of many diverse cellular signaling pathwagd)( We
muscle relaxation, vasodilation, ion channel activity, and and others have shown that NO can regulate Ras activity by
cellular growth control ). Emerging interest in NO as a  stimulating the slow intrinsic dissociation of guanine nucle-
regulator of cell signaling molecules stems from recent data otide substrates from Ras via S-nitrosylation of a solvent-
demonstrating that NO can modify cellular signaling targets accessible cysteine at position 118 (&§)s This results in
(i.e., growth factor receptors, kinases, and phosphatases) andnnhanced guanine nucleotide exchange on Ras and activation
alter their activities Z). An important component of NO 4t Ras in vivo 12—17).
biochemistry involves the formation of protein S-nitrosothiol . . .

(PSNO) from a target protein thiol (PSH) in viva)( IF is ngl-known that S-mtrosylauon of low-molecular-
S-nitrosylation and transnitrosation reactions with PSH may Weight thiols (LMW RSHs) can occur in the presence ef O
represent an important signaling mechanism, because thes&rough a dinitrogen trioxide (}D;) intermediate (Scheme
reactions are believed to regulate the activity of many 1A) (18-21). Aradical-based S-nitrosylation mechanism has
enzymes 4—10). also been proposed in which nitrogen dioxidbl@,), a

Among the many known proteins that are regulated by reaction product of NO with € oxidizes LMW RSH to

S-nitrosylation, the protooncogene protein product, 21 produce a low-molecular-weight thiyl radical intermediate
(LMW RS°) (Scheme 1B)Z42, 23). Transient formation of

h I hionyl radical (G$ h n rv n
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Scheme 1: Various Thiol S-Nitrosylation Reactidns
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@ The putative order of reaction processes is numbered in sequence.

radical to a nitrosonium ion (NQ by transition metal ions ~ 1A—D are applicable to PSH, unless the chemical environ-
(M) (26). ment of the PSH is altered significantly (i.e., solvent
accessibility, |K,, protein—protein interactions, or protein
ligand interactions).

In addition to these NO radical-based mechanisms, a
distinct S-nitrosylation mechanism (Scheme 1F) for PSH has

NO produced from nitric oxide synthase (NOS) at a remote
location may be delivered to a target PSH by conversion of
NO to LMW RSNO or abundantly expressed S-nitrosopro-

_teins .(e.g., Serum albumi.n)3,( 27)..Thus, .mechanisn?s been proposed. This mechanism requires an-duége pair
involving LMW RSNO-mediated S-nitrosylation of proteins ;i1 protein for transfer of a NO group from LMW RSNO

have also been postulated (Scheme 1D). The basic mechag, 4 target PSH (Scheme 1R, 30, 31). This acid-base
nism of LMW RSNO-mediated S-nitrosylation (Scheme 1D) mechanism may be particularly relevant to Ras S-nitros-
is similar to*NO,-mediated S-nitrosylation of LMW RSH  yjation, because the guanine nucleotide-binding motif
(Scheme 1B), except that the LMW R@dical intermediate  (NKCD) of Ras contains an acitbase pair (' and K1)

is formed by reaction of LMW RSH with GSadical, a near the residue in Ras (Gy3 that is S-nitrosylatedi,
product of the homolytic cleavage of the GSN©I$ bond, 14).

rather than reaction of LMW RSH with N©O(26, 28, 29). Although some of these reaction mechanisms have been
It is anticipated that the reaction mechanisms in Schemecharacterized for LMW RSH, there is still uncertainty
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regarding the mechanism of S-nitrosylation of PSH in vitro
and in vivo. The present study defines a reaction path for
Ras S-nitrosylation that is relevant to Ras activation in vitro
and potentially in vivo.

MATERIALS AND METHODS

Preparations of ChemicalsThe chemicals used for all
experiments were of the highest grade unless otherwise
documented. Both nitric oxide gas (NO, 98.5%) and nitrogen
gas (N, 99.9%) were obtained from Aldrich. NO gas was
purified by passing it through a scrubbing column with 5 M
KOH. To optimize formation of S-nitrosylated Ras from
N2Os or °NO,, a NO/Q mixture was prepared by mixing
purified NO gas with ambient Dat a ratio of 3NO/1Q
(vIv). 2-(or-3)-O-(N-methylanthraniloyl)guanosine’-8li-
phosphate (mant-GDP) was purchased from Molecular
Probes. To prevent metal-mediated conversion of the NO
radical into nitrosonium ion (N©®), all buffers used for
kinetic and biochemical assays were passed through a metal
chelating Bio-Rad Chelex-100 cation exchange colu@a). (
The metal content of the metal-chelated buffer was deter-
mined by inductively coupled plasma mass spectrometry
(ICP-MS) at the University of Georgia, and the buffer was
found to contain no trace metals (in the picomolar range).
All protein samples were dialyzed with the metal-free buffer
prior to performing any of the assays. Vials for the assays
were washed wit 1 N HCI and thoroughly rinsed with
distilled water, and the highest pure grade of Mgiid NaCl
were used to avoid transition metal contamination in the
assay buffers.

Experimental ConditionsSpectroscopic and kinetic studies
were conducted in a closed system filled with inegtdés
to prevent diffusion of treated NO or NOf@as, so as to
retain a constant effective sample concentration of treated
NO or NO/Q, gas over the assay period. Sample-containing
vials were sealed with serum stoppers, and a vacuum
manifold system was employed to displace With No..
Sample transfers were conducted usingfi@e syringes by
flushing the syringes with N A mixed buffer containing
10 mM of MES, MOPS, TrisHCI, and HEPES was used for
kinetic studies at various pHs (5:8.0), unless otherwise
noted.

Quantification of NO Quantification was achieved using
a hemoglobin (Hb)-coupled ass&38f modified to measure
NO under anaerobic conditions (see Supporting Information).

Preparation of Ras Proteingduman H-Ras (+166) and
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tion):

k,[NO]

— + nonspecifitk NO
T KNO + [NO] NO[ ]

(®)

Kinetic Measurements of Guanine Nucleotide Exchange
on Ras.Ras was preloaded with the fluorescence mant-
labeled guanine nucleotide, mant-GDP, as described previ-
ously 38). The dissociation of mant-GDP from R&8(39)
was measured as a change in the fluorescence intensity over
time using a LS50B Perkin-Elmer fluorimeter. A standard
assay mixture for the fluorescence measurements consisted
of 20 uM GDP, 50 mM NaCl, and 5 mM MgGlat various
pHs (5.9-8.0). Fluorescence from mant-GDP was not
guenched at NO concentrations less thanuM. While
minor fluorescence quenching was observed at GSNO, SNP,
and DMPO concentrations higher than 10 mM, the concen-
trations of these NO donating agents did not exceed 10 mM
in any of the fluorescence experiments.

Determination of Kinetic ConstantsApparent NO/G-
mediated dissociation rates of guanine nucleotiiédy)
were determined by fitting the data to a single-exponential
decay. The apparent dissociation constant for mant-GDP
from Ras by NO {Kp) in the presence of £at a fixed pH
was determined by fitting the plot 8fksy values at various
concentrations of NO.

RESULTS

Potential Mechanisms of Ras S-Nitrosylatioviarious
mechanisms have been proposed for S-nitrosylation of LMW
RSH with the reaction mechanisms shown in Scheme 1. To
determine which of these reaction mechanisms may be
applicable to Ras S-nitrosylation, a series of studies were
conducted using NO gas and various NO generating reagents
under aerobic and anaerobic conditions. Results from our
studies indicate that in the presence ofr@arly 2uM of
dissolved NO can effectively S-nitrosylate wild-type (wt) Ras
(Figure 1A). Because a reaction mixture of NO and O
(NO/G;) producesNO, and NOs, Ras S-nitrosylation by
NO under aerobic conditions may follow one or both of the
reaction paths described in Scheme 1A,B. Since only a small
amount of S-nitrosylated Ras was observed upon incubation
of Ras with NO under anaerobic conditions, we believe that
the residual S-nitrosylated Ras occurs as a result of minor
O, contamination (Scheme 1A,B) under our assay conditions,
rather than direct reaction of NO radical with Ras in the

Ras C118S were expressed and purified as describedabsence of @ Therefore, our results provide little support

previously 34). The final purities of the proteins were95%
as determined by SBSPAGE. The Ras protein concentra-
tion was determined by the Bradford meth@b)
Quantification of S-Nitrosylated Compounds effective
direct method, distinct from those previously us&d 36,
37) was employed for quantification of PSNO. In this

for Scheme 1C, anaerobic NO-mediated S-nitrosylation.
When the radical spin-trapping reagent PBN was added to
assay solution containing the NQ/Qeaction mixture,
minimal Ras S-nitrosylation was observed (Figure 1A). PBN
can react with NO radical to form a N&PBN adduct 40)
thereby scavenging the available radical NO and diminishing

method, the absorption spectrum near 542 nm was monitoredproduction of the S-nitrosylating agent(s}®$ or *NO, or

to quantify PSNO formation (see Supporting Information).
The content of PSNO was also measured using the Saville
assay 86) with the Saville reagents, sulfanilamide (3%),
HgCl, (0.3%), andN-(1-naphthyl)ethylenediamine dihydro-
chloride (0.1%) in 0.5 N HCI, all prepared anaerobically.
The total quantity of S-nitrosylated produdt:{ can be
expressed as follows (see Supporting Information for deriva-

both and thereby the end-product of the reaction, Ras@S.

PBN may also inactivateNO, and Ras-Sradical species,

by formation of a NG—PBN or Ras-SPBN adduct to
prevent Ras S-nitrosylation. Although it is not clear which
radical species is quenched by treatment with PBN, the data
suggest that aerobic NO-mediated Ras S-nitrosylation may
follow a radical-based mechanism (Scheme 1B). However,
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Ficure 1: Quantification of Ras S-nitrosylation by NO, NG/@nd GSNO. In panel A, various amounts of NO gas were introduced into
anaerobically sealed assay cuvettes containing a transition-metal-free buffer mixtutd @GDP, 5 mM MgC}, and 50 mM NacCl in 20

mM mixed buffer, pH 7.5). The quantity of NO adduct in the assay mixture was determined by using the Hb-coupled NO assay. For
reaction of NO in the presence of,he NO content in the assay mixture was determined by using the Hb-coupled NO assay prior to
addition of stoichiometric amounts of,@3NO/1Q, v/v) to produce a NO/@reaction mixture. The NO/Oreaction mixture was then
incubated for 10 min. When indicated, the spin-trapping reagent, PBN (1 mM) and DMPO (10 mM), was added to either the NO- or
NO/O,-containing assay solution and incubated for 1 min prior to transfer of protein samples (wt or C118S Ra){0Ehe resulting

absorption peak at 542 nm was monitored. In panel B, in addition to direct measurement of PSNO by monitoring the absorbance at 542 nm,
the content of PSNO was also measured using the Saville a38ayEkperimental conditions and procedures were identical to those of

panel A. In this assay, however, additional spin-trap reagents, carboxy-PTIO and ascorbate, were employed to trap radical species present
in the assay mixtures. Carboxy-PTIO (0.1 mM) or ascorbate (1 mM) was added to assay buffer containing various concentrations of NO
or the NO/Q mixture prior to adding the protein samples (2/8). Saville reagent stocks were then added to the PSNO sample mixtures

in the following order: (1)N-(1-naphthyl)ethylenediamine dihydrochloride, (2) HgGind (3) sulfanilamide (0.5 mL each). The mixture

was incubated at room temperature for 10 min, and the absorbance was read at 540 nm. PSNO content was calculated according to a
standard curve constructed with-8 «M NaNG,, and the plot was fit to eq 5. In panel C, experimental conditions and data processing for
GSNO-mediated Ras S-nitrosylation studies were identical to those in panel A, except that GSNO was used instead of NO and an arbitrary
amount of ambient ©(100 uL) was added when indicated. GSNO-mediated S-nitrosylated wt Ras and unreacted GSNO have similar
absorption intensity at 542 nm, so when GSNO was used, samples were applied to a size-exclusion column (Sephadex G-25) to remove
unreacted GSNO. Gel filtration was performed within 2 min under anaerobic conditions. The absorption intensity at 542 nm was scaled by
a dilution factor since gel filtration causes dilution of the sample. The dilution factors- 1199 for each individual protein sample were
determined using the Bradford protein assay) @fter gel filtration. Absorbance at 542 nm was measured and peak intensity was plotted
against various concentrations of NO. The plot was fit to eq 5. Values shown in panels A, B, and C represent mean values with standard
errors obtained from measurements conducted in triplicate.

we cannot completely eliminate the nonradicaOitbased tion of NO' from NO radical were eliminated from our assay
S-nitrosylation mechanism (Scheme 1A), becaus®sN  system.

decomposes rapidly to produce NO radical aN@®, (41, Because quantification of PSNO by monitoring the ab-
42), which in turn may be sequestered by reaction with PBN, sorbance at 542 nm may be prone to significant error given
resulting in reduction of bDs in the assay mixture. More-  its small extinction coefficient, the Saville assay (Figure 1B)
over, it is unlikely that nitrosonium ion (NQ serves as a  was also employed to quantify PSNO formation by NO and
NO donor for Ras S-nitrosylation (Scheme 1E), since the NO-donating agent GSNO. Results obtained from the
transition metals (e.g., Ctiand Fé") that facilitate forma- Saville assay are consistent with absorbance measurements
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at 542 nm and show that, while NO alone was not effective, 1.00 r
a reaction mixture containing NO#@ffectively S-nitrosy- |
lates Ras. Moreover, by monitoring the absorption at 542 SS——— SoNO - Ascorbate
nm (Figure 1A), as well as the Saville assay (Figure 1B), 095 \ ?\JO/OZ+PBN

formation S-nitrosylated Ras by NOJ@ blocked by PBN.
Results shown in Figure 1B indicate that the NO radical spin-
trapping reagent carboxy-PTIO (0.1 mM3*3) also ef-
fectively blocks NO/@-mediated Ras S-nitrosylation (Figure
1B). Addition of carboxy-PTIO most likely decreases the
available NO radical, similar to PBN, and consequently
reduces the level of active S-nitrosylating species in the NO/
O, reaction mixture*NO, and NOs), minimizing formation

of S-nitrosylated Ras. A third spin-trapping agent, ascorbate,
also significantly diminishes NOAamediated Ras S-nitrosy-
lation (Figure 1B). Notably, while ascorbate reacts with 0.75 ) ) ) ) ) )
*NO; and thiyl radicals (i.e., glutathionyl radical, §$44), 0 100 200 300

it is not clear whether it reacts with NO radical. We propose Time (s)

that "?‘ Ras .thlyl radlce.ll |.ntermed|ate (Ra'$_-S formed b.y FicurRe 2: Kinetics of NO- and GSNO-mediated guanine nucleotide
reaction with *NO,, similar to the reaction mechanism  gychange on Ras in the presence and absence. @ (~2 uM)
described in Scheme 1B for LMW thiols. On the basis of and GSNO (1 mM) were transferred into,®ee sealed assay
this premise, inactivation of the putative Ras radical inter- cuvettes containing assay buffer at pH 7.5, and NO content was
mediate, Ras-Sby ascorbate is likely to be more effective determined prior to addition of any other reagents or protein sample.

compared to the inactivation t¥lO,, since the reaction rate Zvnr]'gigl'qrt'dga(‘tlegd 2Ls)tovlvc;1slo;ra%tgg ?r?gg léri'tth%fr(%':‘eo /,\}82 \é/rV)Gastﬁo-

of ascorbate with thiyl radical is much faster30-fold) than containing assay solution respectively, and the spin-trapping reagent
that of ascorbate withtNO; (23, 45). Results obtained from  ascorbate (1 mM) or PBN (1 mM) was added and incubated for 1
previous studies indicate that DMPO can trap* G&d). min. Mant-GDP-loaded Ras (@M) was added, and the decrease

However, an excess amount of DMPO (at least 10 mM) was in fluorescence emission at 460 nm was recorded as a function of
' time. Rates of mant-GDP dissociation from Ras were determined

required compared to that of PBN and carboxy-PTIO to block a5 gescribed in Figure 2 and were 0.0001, 0.0002, 0.0007, 0.0012,
Ras S-nitrosylation, indicating that DMPO may not be an 0.0038, 0.0041, and 0.0043sfor GSNO with ascorbate, NO/O
effective Ras-Strapping agent under our experimental mixture with ascorbate, NOOnixture with PBN, NO only, GSNO
conditions (Figure 1B). with O,, NO/O, mixture, and GSNO, respectively.
To determine the effective NO concentration required for . . .
NO/O,mediated Ras S-nitrosylation, the concentration de- O» may deplete the active radical species*G& Ras
pendence of NO/@mediated S-nitrosylation of Ras was S-nitrosylation. Alternatively, it is possible that NO radical
obtained (fit to eq 5) and the stoichiometry of S-nitrosylated "eleased from homolytic cleavage of GSNO further reacts
Ras thiol determined. Approximately @ of dissolved NO ~ With Oz to produce higher oxides such @0, and NOs
was required to attain a unit absorption intensity of 0.005, (Scheme 1A). The formeWNO, may generate more Ras-S
which corresponds to Ras S-nitrosylation at a single PSH (Scheme 1B). Hence, the presence ofibthe Ras GSNO
site (see Materials & Methods) (Figure 1A), and is consistent Mixture may either increase or decrease formation of Ras-
with the results obtained from the Saville assay (Figure 1B). S Although, it is unclear whether the presenced@creases
As shown in Figure 1C, S-nitrosylation of wt-Ras can also ©OF increases the quantity of Ras-#e postulate that the
occur with GSNO as a NO-donor. Similar to NQ/O  Presence of @diminishes the quantity of Ras-8nder our
mediated Ras S-nitrosylation, GSNO-mediated S-nitrosyla- €xPerimental conditions since,@educes GSNO-mediated
tion of Ras was blocked by addition of the spin-trapping Ras S-nitrosylation.
reagents, PBN (Figure 1C) and carboxy-PTIO (data not The Site of NO-Mediated S-Nitrosylation on RE&ys"®
shown). As shown in Scheme 1D, G&d NO radical can has previously been identified as the site of Ras1@6)
be formed by the homolytic cleavage of GSN4B), Despite S-nitrosylation under aerobic conditiond3( 14). Since
the fact that PBN and carboxy-PTIO are known to react with Cys*8is the only solvent-accessible PSH in Ras-{66),
NO (40, 43), it is not known whether PBN and carboxy- it is a likely residue to be modified by NO gas. Consistent
PTIO react with GS Hence, while it is unclear whether PBN  with these previous findings, a variant of Ras lacking a
or carboxy-PTIO inactivate GSaddition of PBN (and cysteine at position 118 (C118S Ras) shows negligible
carboxy-PTIO) most likely inactivates the existing NO S-nitrosylation upon treatment with NO at concentratiei2s
radical, thus depleting available NO radical, required to «M (Figure 1A). A comparative mass spectrometry analysis
complete Ras S-nitrosylation (Scheme 1D), by formation of for the reaction products of wt Ras{166) and C118S Ras
NO—PBN adduct. Moreover, ascorbate also effectively treated with NO at concentrations o2 uM shows that a
blocks GSNO-mediated Ras S-nitrosylation and may deac-Ssingle PSH site of wt Ras {1166) is S-nitrosylated, whereas
tivate Ras-S (or GS or both), thereby preventing Ras C118S Ras remains unmodified (data not presented). These
S-nitrosylation. results indicate that the primary radical NO-mediated S-
GSNO was less effective in promoting Ras S-nitrosylation nitrosylation target site in Ras {1166) is Cy3'®
under aerobic conditions compared to anaerobic conditions Kinetics of NO- and GSNO-Mediated Guanine Nucleotide
(Figure 2). Since the GSNO homolytic cleavage product, GS Exchange on RasWe have characterized Ras guanine
can be oxidized to GSOH in the presence of 47, 48), nucleotide exchange kinetics under aerobic and anaerobic

L K NO only
0.90

GSNO + 0,

0.85

NO/O,
GSNO

Flourescence Intensity (Fraction)
<}
©
o
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conditions in the presence and absence of various NO- 1.00
generating and spin-trapping reagents (Figure 2). While mant-
GDP dissociation from Ras was enhanced in the presence

of NO/QO,, with a rate of 0.00387%, minimal (0.0012 s%) _ \ 0um
NO-mediated mant-GDP dissociation was observed under 0.3 uM
anaerobic conditions. Figure 2 also shows that NO/O i 0.9 uM
mediated Ras guanine nucleotide dissociation was impeded

by the spin-trapping reagent PBN, suggesting that NO/O ‘&

treatment generates a radical species that promotes guanineg A 1.5uM
nucleotide exchange on Ras (Scheme 1B). Based on findings 7

that ascorbate inactivates thiyl radical species and also £ 085 | 26puM
inhibits NO/Q-mediated Ras nucleotide dissociation (Figure I 29uM

A

o

[(=]

()]
T

tensity (Fraction)
o
[<e]
o

2), we postulate that Ras-iS the active radical species that
facilitates NO/Q-mediated guanine nucleotide exchange on
Ras.

We have also investigated the reaction kinetics of Ras with
GSNO, because it has been previously proposed that GSNO 475 ‘ s . . . |
may act as a protein S-nitrosylation adduct in vivo. Similar 0 100 200 300
to NO/Q,, we found that GSNO effectively promotes guanine
nucleotide dissociation from Ras (Figure 2). Hence, it is
possible that both NO/Cand GSNO (Scheme 1D) react with 0.005 r
the Ras thiol to form a Ras*$termediate that, in turn,
promotes guanine nucleotide dissociation from Ras (Figure
2). We therefore anticipated that the thiyl radical spin- 0.004
trapping agent ascorbate would impede GSNO-mediated Ras
guanine nucleotide dissociation. Consistent with this premise,
addition of ascorbate inhibits mant-GDP dissociation from
Ras mediated by GSNO (Figure 2), providing further support
that a Ras radical intermediate, RasiSthe key activating 0.002
species for GDP dissociation from Ras. The results also
suggest that nonradical based mechanisms, such as the acid
base mechanism (Scheme 1F) do not account for the 0.001
observed NO-mediated guanine nucleotide exchange on Ras.

Not too surprising based on our earlier results on Ras
S-nitrosylation, when @was present in a reaction mixture
containing Ras and GSNO, Ras guanine nucleotide dissocia-
tion was inhibited (Figure 2), because the presence,d§ O

080 | 33 M

Flourescen

Time (s)

0.003

k(s

0.000

NO [uM]
likely to deplete the thiyl radical species, G& Ras-S Ficure 3: Ras mant-GDP guanine nucleotide dissociation in the

RN ) ) . . _ presence of NO/@ In panel A, various amounts of the NO/O
thereby inhibiting NO- or GSNO-mediated guanine nucle- o, ciion mixture were introduced into standard assay buffer. NO/

otide dissociation from Ras. O,-mediated Ras guanine nucleotide dissociation was initiated by
Saturation kinetic studies of NOf@nediated mant-GDP  addition of mant-GDP-loaded Ras (&M). The decrease in

dissociation from Ras show that the intrinsic dissociation fluorescence emission at 460 nm was monitored over a time period

rate of mant-GDP from Ras (0.000 021swas enhanced ranging from 0 to 300 s, and the data were fit to a simple
imally 200-fold b ) . 21 exponential decay to determine apparent NEf@diated enhanced
maximally 200-fold by NO gas at concentrations oft rates of mant-GDP dissociation from R&&Kgy). In panel B, the

in the presence of &Figure 3). The apparent dissociation estimated®gy values at various concentrations of the N@/O
constant for mant-GDP from Ras by NGPKp) in the reaction mixture were plotted against the concentration of NO. The
presence of @is estimated to be 1.Z 0.4uM [NO] (Figure plot was fit to a hyperbola, giving 1.% 0.4 uM [NO] (R =
3). These kinetic results are compatible with a stoichiometric 2(‘)%?;?3’” ot %p;r{at%n[t)glfs%cx]:l%g: igo':;]setagrtefsoern’(\:lé);@r;}ws;d dis-
amount of NO in the presence of,@-2 uM, see Figure  concentrations of the NO/Qeaction mixture in panels A and B
1A,B) that is required for effective S-nitrosylation of a single were expressed as the NO concentration determined by the Hb-
PSH. Minor S-nitrosylation at additional Ras PSH site(s) at coupled assay, as described in Supporting Information.

NO concentrations-2 uM was observed in the presence of

O, but was not associated with additional changes in NO/  Characterization of the Chemical Speciesdhed in NO-
O,-mediated guanine nucleotide dissociation from Ras. Mediated Guanine Nucleotide Exchange on REse site
Stimulation of mant-GDP dissociation from C118S Ras by of Ras(1-166) S-nitrosylation, Cys? lies in a highly
treatment with NO €2 uM) was not observed (data not conserved motif (NKXD where X is Cy¥). Hence, it is
presented). NO concentrations less thanV2were unable possible that the process of G¥5snitrosylation perturbs

to S-nitrosylate C118S Ras whereas a single PSH of wt Rasnearby interactions between conserved residues within the
was effectively S-nitrosylated at NO concentrations a2 NKXD motif of Ras and its bound guanine nucleotide
(Figure 1A,B). Taken together, these findings indicate that substrate. X-ray crystal and NMR solution structures com-
enhanced GDP dissociation from Ras is coupled with the bined with mutagenesis data of residues in the NKXD motif
S-nitrosylation process at a single site, E§s that form interactions with the guanine nucleotide base
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DISCUSSION

In this study, we have evaluated six distinct mechanisms
of Ras S-nitrosylation to assess the means by which NO
mediates guanine nucleotide exchange on Ras in the presence
of O,. Multiple factors were evaluated to relate the chemistry
of NO reaction with LMW RSH to Ras S-nitrosylation under
intracellular conditions. Our results suggest that direct
reaction of Ras Cy&®with either a NO/Q reaction product,
*NO,, or GSNO reaction product, Ggenerates a Ras radical
intermediate state, (postulated to be Rgsy#hich can react
with NO radical to produce S-nitrosylated Ras. Ras S-
nitrosylation most likely proceeds via Scheme 1, reaction B
or D, with either a NO/@adduct or NO-releasing agent (i.e.,
GSNO) serving as a NO donor, respectively.

It is unlikely that the reaction process shown in Scheme
1F promotes Ras S-nitrosylation since the functional groups
associated with the NK®D motif, vicinal to the nitrosylated

thiol of Ras (where K/D corresponds to the acid/base motif

rates from Ras. Mant-GDP-loaded Rasu{d) was placed in @ in Ras), are tightly Co_upled_ to_ the_ gua”".”e nucleotide
free sealed cuvettes containing assay buffer (pH-B.9). The substrate through multiple binding interactior$9¢52)

decrease in the fluorescence emission at 460 nm due to dissociatiofSupporting Information, Scheme 1). Moreover, a variant of
of fluorescent nucleotide was followed with time, and the rates were Ras containing a D119N substitution can still be S-nitrosy-

gt tc(;] :wgéegxlﬁ;?gegﬂalhgecgé Icri]ettg?anrS\gg ;hn% raltc?t?ect)jf gug!ﬁg:ideH lated under similar conditions to those used for S-nitrosy-
X variou W | | Aot : : : H
and theg plot was fit ?o the monoprotic Hendersmmp sselgalch PHiation of Wllq-type Ras (see Supportlng_lnforma_tlon, Flgure
equation §3). 3), suggesting that the baseysteine-acid motif in Ras is
not critical for S-nitrosylation. Furthermore, our findings
indicate that Ras S-nitrosylation by NO gas and NO donating
indicate that a web of hydrogen bonds between Ras and eithegents under both anaerobic and aerobic conditions is a
GDP or GTP is critical for high-affinity and specific radical-based process whereas the mechanism described in
interaction of guanine nucleotide substrates with Ras (Sup-Scheme 1F is a non-radical-based reaction.
porting Information, Scheme 1%9—52). Therefore, one of As shown in Scheme 1E6, 54), transition metals (CU
the products of Ras S-nitrosylation common to all reactions and F&") catalyze oxidation of NO radical to NOHowever,
in Scheme 1, the proton (¥, may promote perturbation of ~ for our experiments, transition metals were removed through
guanine nucleotide binding to Ras. To determine whether the use of metal-free buffers and acid-washed vials. Hence,
changes in local H concentration may perturb hydrogen it is unlikely that NO is the reaction species that mediates
bond interactions between Ras and GDP, we examined Rag€robic Ras S-nitrosylation by NO, because treatment of Ras
guanine nucleotide dissociation rates as a function of pH. With NO/O, under metal-free assay conditions yields S-
We found that guanine nucleotide dissociation from Ras is Nitrosylated Ras (Figure 1A,B). _ _
sensitive to pH in the pH range from 5.9 to 8.0 (Figure 4). To unQerstand the complete cycle of aerobic NO—medlateq
An apparent monoprotic K (pKap) Value of 5.9+ 2.3 Ras activation, the chemistry of the reverse process, deni-
(Figure 4 inset) was determined by fitting the data to the trosylation of S-nitrosylated Ras, should also be considered.

: It is likely that Ras denitrosylation proceeds through ho-
Hendersor-Hasselbalch equation58). The Kapp may . .
correspond to a weighted sum of th&qs of various molyic cleavage of the SN bond between NO and the thiol

118 i i
ionization groups in the NKCD motif of Ras or represent of Cys™, since homolyic cleavage of the $I bond, the

= N . . radical mechanism in reverse, is a dominant process for
NK.C[.) moﬂf-mdependgnt |on|zat|o'n(s),'wh'|ch could directly denitrosylation of S-nitroso compounds (i.e., GSNO and
or indirectly affect guanine nucleotide binding to Ras. Further
) ; . SNP) @6, 28, 29).
studies are required to resolve this issue. Nevertheless,

guantitative analysis of guanine nucleotide dissociation from
Ras at different pHs suggests that maximally a 15-fold guanine nucleotide dissociation from Ras. In particular, our

stimulation of guanine nucleotide dissociation from Ras iS a4 indicate that a radical intermediate (conceivably Ras-
observed by changing 2 pH units (from pH 8.0 to pH 5.9). g produced by a reaction SNO; (a reaction product of
The magnitude of stimulation is not as great as that mediatedn o with 0,) or LMW RSNO with Ras promotes dissociation
by a minimal amount of NO in the presence of, @here  of guanine nucleotide from Ras. Mant-GDP dissociation from
~2 uM of NO/O, enhances the dissociation rate of the Raswas not stimulated by eitht&tO, or GS when Ras thiol
guanine nucleotide at least 200-fold. This suggests tHat H residues were chemically modified tymethylmaleimide
minimally perturbs guanine nucleotide binding on Ras. Other (NEM, data not shown), indicating enhanced guanine nucle-
factor(s), such as production of a radical intermediate Ras- otide exchange by NO does not result from direct interaction
S (vide infra), may have a more significant role in of either 'NO, or GS with Ras. The intrinsic guanine
destabilizing the binding of the guanine nucleotide substrate nucleotide dissociation rate in NEM-treated Ras was similar
on Ras. to that of non-S-nitrosylated Ras (0.000 12)sindicating

Ficure 4: pH-dependent intrinsic guanine nucleotide dissociation

The kinetic and chemical results presented herein suggest
that the reaction process of G¥snitrosylation promotes
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that chemical modification does not alter the kinetics of Ras greatly reduced compared to our strict anaerobic conditions.
guanine nucleotide exchange. Two byproducts of the reactionThus, CysNO-mediated S-nitrosylation of C§sand Cy38

mechanisms shown in Scheme 1 are;Né@nd H". Addition
of NO,~ (1-10 mM) to the Ra$sDP complex did not

under aerobic conditions most likely requires an excess
amount of CysNO (4 mM)56) for S-nitrosylation to occur.

enhance guanine nucleotide dissociation (data not presented), Although treatment of cells with 4 mM CysNO may lead

whereas an increase in"ltoncentration (pH 8.0 to 5.9) was

to nitrosylation of Cy¥! and Cy4%*in full-length Ras, the

found to modestly enhance Ras guanine nucleotide dissociaphysiological significance of this study is uncle&6y); First,

tion. It is therefore possible that theHbyproduct also plays

a role in NO-mediated Ras guanine nucleotide dissociation.

CysNO-mediated Ras palmitoylation turnover was observed
only in NIH 3T3 cells but not in PC12 cells. Second, other

The molecular basis for Ras radical-mediated perturbation nitrosylation agents, some of which have previously been

of guanine nucleotide binding is not clear at this time.
Additional studies are required to delineate how S-nitrosy-
lation of Ras leads to perturbation of GDP binding both in
vivo and in vitro. Activation of Ras by other redox agents

demonstrated to modify C¥{*$ of Ras and lead to Ras
activation, had no effect on Ras palmitoylation. Third, it has
become increasing clear that the conditions employed and
concentrations of exogenously supplied nitrosylation agents

(i.e., &~ and Hg) has been proposed on the basis of in vitro used for in vitro and in vivo studies should be investigated

studies 12). It will be of interest to determine how other
redox agents, in addition to NO, may lead to activation of
Ras in vivo.

Our studies were performed with truncated Ras1&6),
which contains only one redox-sensitive site, £€ysto
generate Ras:SHowever, full-length H-Ras contains ad-

carefully. For example, we have observed a decrease in Ras
activity at higher concentrations of nitrosylating agents due
to modification of sites on Ras other than surface accessible
cysteines (data not shown). Consistent with our observations,
a decrease in Ras activity or Ras-mediated signaling has been
observed at higher concentrations of nitrosylation agents in

ditional carboxyl-terminal redox-sensitive cysteine residues a previous study, where the dose dependence of various

(Cyst®l, Cys'#4 and Cy$%). These cysteine residues are sites
of posttranslational lipid modification, including both far-
nesylation and palmitoylation5g). Posttranslational lipid

nitrosylating agents has been investigat&d.(Finally, no
evidence for endogenous NO-mediated enhanced palmitoy-
lation turnover of Ras has been observed in vivo. Hence, it

modification at these sites is important for plasma membraneis difficult to ascertain whether nitrosylation of Ras s

targeting and biological activity of Ras. A recent study has
shown that addition of 4 mM S-nitrosocysteine (CysNO) to
NIH 3T3 cells promotes enhanced turnover of Ras palmi-
toylation, presumably due to NO-modification of ¢$fsand
Cyst® in Ras 66). The enhanced turnover of Ras palmi-
toylation did not affect membrane localization of Ras but

and Cy$8 occurs and results in increased turnover of Ras
palmitoyl sites under conditions of endogenous NO genera-
tion. However, if altered Ras palmitoylation does occur under
conditions where Ras is also modified on Efsthe effect

on Ras may be complicated by a combination of Ras
activation/deactivation events. Ras activation may occur due

was believed to result in Ras deactivation and attenuationto enhanced guanine nucleotide exchange caused by modi-
of MAP kinase signaling. These studies were conducted fication of 1*8Cys. However, if the Ras C-terminal cysteines
under open atmosphere. Given results from our present studyare also modified, down regulation of Ras activity and Ras-

it is possible that reaction of the C-terminal Ras €yand
Cyst®thiols with cysteinyl radical (Cys-$generated from
the homolytic cleavage of CysNO, could promote S-
nitrosylation at Cy¥* and Cy$8 (as well as Cys9) for the
following reasons. First, it has been shown that homolytic
cleavage of CysNO produces Cys#hd NO radical 46).

mediated down-stream signaling events may result from
modulation of Ras palmitoylation. The ultimate result, that
is, whether Ras is activated or deactivated, may be dependent
on the exact cellular conditions under study. Previous studies
have demonstrated that truncated forms of Rasl1@b,
1-171) shows similar activity to the full-length proteisg).

Second, it has been reported that the fraction of NO producedConsistent with these observations, we have observed that

from millimolar amounts of CysNO is in the micromolar
regime @6). As shown in Scheme 1D, it is anticipated that
a 1:1 stoichiometric amount of NO and Cys-&n be
produced from homolytic cleavage of CysNO. This indicates
that Cys-S produced from millimolar amounts of CysNO
would be in the micromolar regime. Third, the thiyl radical
species, Cys-®r Ras-$§ can be oxidized to produce inactive
thiol species in the presence 0b.Qt is also possible that
NO radical released from homolytic cleavage of CysNO
further reacts with @to produce a higher oxide such as
*NO,, which may generate Ras-By reaction with the Ras
thiol. When Q is present in the Ras GSNO mixture, Ras

NO/O,-mediated enhancement of guanine nucleotide dis-
sociation in truncated Ras is similar to that observed in full-
length Ras (data not shown). Since modification of C-ter-
minal cysteine residues in full-length Ras does not affect
Ras activity in vitro, we have focused our in vitro studies
herein on a truncated form of Ras that lacks the C-terminal
lipid modification sites, because we are unable to assess
effects of lipid modification in vitro.

Although previous studies have demonstrated a role for
NO in regulation of Ras guanine nucleotide exchange in vitro
and Ras activation in vivo, neither quantitative nor mecha-
nistic studies were conducted to assess the efficiency and

guanine nucleotide dissociation was decreased, suggestingnechanism of NO-mediated guanine nucleotide exchange

that O reduces the Ras*Rontent (see Results section).
Given these results, in conjunction with the structural
similarity between GSNO and CysN@8@), we anticipate

that aerobic preparation of CysNO could also cause diminu-

on Ras. Results from this study suggest that a reaction
product of NO with Q, °NO; radical, as well as a homolytic
cleavage product of GSNO, GSadical, mediates Ras
S-nitrosylation and enhances guanine nucleotide exchange

tion of Ras-& Hence, because the studies performed by via a Ras radical intermediate postulated to be Ra3&
Baker et al (2000) were conducted under open atmosphereradical mechanism may, therefore, serve as a novel and

in the presence of Hthe amount of Ras:Ss likely to be

efficient mechanism for Ras activation in vivo.



2322 Biochemistry, Vol. 43, No. 8, 2004

ACKNOWLEDGMENT

We thank Dr. Paul Ludden for helping us set up a vacuum
manifold system. We also thank Dr. KeriLyn Wick and Dr.
Soon-Seog Jeong for their suggestions.

SUPPORTING INFORMATION AVAILABLE

Additional materials and methods information, expanded

discussions of peripheral findings, and a supporting scheme

and figures. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES

1

10.
11.
12.
13.

14.

15.
16.
17.

18.

19.
20.
21.
22.
23.
24.

© o N ouhs

. Lander, H. M. (1997FASEB J. 11118-124.
2.

Deora, A. A., Hajjar, D. P., and Lander, H. M. (20@)pchemistry
39, 9901-9908.

. Stamler, J. S., Jaraki, O., Osborne, J., Simon, D. |., Keaney, J.,

Vita, J., Singel, D., Valeri, C. R., and Loscalzo, J. (1992)c.
Natl. Acad. Sci. U.S.A. 89674-7677.

. Stamler, J. (1994¢ell 78 931-936.

Wang, T., Xie, Z., and Lu, B. (199%ature 374 262—-266.
Yun, H. Y., Dawson, V. L., and Dawson, T. M. (1999)abetes
Res. Clin. Pract. 45113-115.

. Stamler, J. S., Lamas, S., and Fang, F. C. (2@1) 106 675—

683.

. Gu, Z., Kaul, M., Yan, B., Kridel, S., Cui, J., Strongin, A., Smith,

J., Liddington, R., and Lipton, S. (2003fience 29,71186-1190.

. Tao, L., Murphy, M., and English, A. (200Biochemistry 41

6185-6192.

Rafikova, O., Rafikov, R., and Nudler, E. (20@2pc. Natl. Acad.
Sci. U.S.A. 995913-5918.

Campbell, S. L., Khosravi-Far, R., Rossman, K. L., Clark, G. J.,
and Der, C. J. (1998pncogene 1,71395-1413.

Lander, H. M., Ogiste, J. S., Teng, K. K., and Novogrodsky, A.
(1995)J. Biol. Chem. 27021195-21198.

Lander, H. M., Milbank, A. J., Tauras, J. M., Hajjar, D. P,
Hempstead, B. L., Schwartz, G. D., Kraemer, R. T., Mirza, U.
A., Chait, B. T., Burk, S. C., and Quilliam, L. A. (1996)ature
381, 380-381.

Lander, H. M., Hajjar, D. P., Hempstead, B. L., Mirza, U. A.,
Chait, B. T., Campbell, S., and Quilliam, L. A. (199J) Biol.
Chem. 2724323-4326.

Mott, H. R., Carpenter, J. W., and Campbell, S. L. (1997)
Biochemistry 363640-3644.

Yun, H. Y., Gonzalez-Zulueta, M., Dawson, V. L., and Dawson,
T. M. (1998) Proc. Natl. Acad. Sci. U.S.A. 95773-5778.

Teng, K. K., Esposito, D. K., Schwartz, G. D., Lander, H. M.,
and Hempstead, B. L. (1999) Biol. Chem. 27437315-37320.
Wink, D., Nims, R., Darbyshire, J., Christodoulou, D., Hanbauer,
l., Cox, G., Laval, F., Laval, J., Cook, J., Krishna, M., DeGraff,
W., and Mitchell, J. (1994Chem. Res. Toxicol,, 519-525.
Kharitonov, V., Sundquist, A., and Sharma, V. (1995)Biol.
Chem 27028158-28164.

Kroncke, K.-D., Fehsel, K., Suschek, C., and Kolb-Bachofen, V.
(2001) Int. Immunopharmacol.,11407-1420.

Hogg, N., Singh, R., and Kalyanaraman, B. (19BEBS Lett.
382 223-228.

Jourd’heuil, D., Jourd’heuil, F., and Feelisch, M. (2003Biol.
Chem. 27815720-15726.

Ford, E., Hughes, M., and Wardman, P. (200&@e Radical Biol.
Med. 32 1314-1323.

Pou, S., and Rosen, G. (199B)Chem. So¢cPerkin Trans. 1 2
1507-1512.

25.
26.
27.

28.

30.
31.
32.
33.
34.
35.

36.
37.

39.

40.
41.

Heo and Campbell

Gow, A. J., Buerk, D. G., and Ischiropoulos, H. (1997Biol.
Chem. 2722841-2845.

Vanin, A., Malenkova, I., and Serezhenkov, V. (198if)ic Oxide

1, 191-203.

Stamler, J. S., Simon, D. |., Osborne, J. A., Mullins, M. E., Jaraki,
0., Michel, T., Singel, D. J., and Loscalzo, J. (1992pc. Natl.
Acad. Sci. U.S.A. §9144-448.

Singh, R., Hogg, N., Joseph, J., and Kalyanaraman, B. (1P96)
Biol. Chem. 27118596-18603.

. Bartberger, M., Mannion, J., Powell, S., Stamler, J., Houk, K.,

and Toone, E. (2001). Am. Chem. Soc. 128868-8869.

Polakis, P., Snyderman, R., and T., E. (19B@&chem. Biophys.
Res. Commun. 16@5—-32.

Hess, D. T., Matsumoto, A., Nudelman, R., and Stamler, J. S.
(2001) Nat. Cell Biol. 3 E46—E49.

Heo, J., Staples, C. R., Halbleib, C. M., and Ludden, P. W. (2000)
Biochemistry 397956-7963.

Tarpey, M., and Fridovich, I. (200Qirc. Res. 89224-236.
Campbell-Burk, S. L., and Carpenter, J. W. (1998thods
Enzymol. 2553—13.

Bradford, M. M. (1976)Anal. Biochem. 72248-254.

Saville, B. (1958Analyst 83 670-672.

Green, L., Wagner, D., Glogowski, J., Skipper, P., Wishnok, J.,
and SR., T. (1982Anal. Biochem. 126131-138.

. Lenzen, C., Cool, R. H., Prinz, H., Kuhlmann, J., and Wittinghofer,

A. (1998) Biochemistry 377420-7430.

Lenzen, C., Cool, R. H., and Wittinghofer, A. (1994gthods
Enzymol. 25595-109.

Janen, E. G. (1978cc. Chem. Res., 81-37.

Lewis, R., Tannenbaum, S., and Deen, W. (1285Am. Chem.
Soc. 1173933-3939.

. Keshive, M., Singh, S. G., Wishnok, J., Tannenbaum, S., and Deen,

W. (1996) Chem. Res. Toxicol., ®88—993.

. Akaike, T., Yoshida, M., Miyamoto, Y., Sato, K., Kohno, M.,

Sasamoto, K., Miyazaki, K., Ueda, S., and Maeda, H. (1993)
Biochemistry 32827—832.

44. Schrammel, A., Gorren, A., Schmidt, K., Pfeiffer, S., and Mayer,

54.

55.
56.

57.

B. (2003)Free Radical Biol. Med. 341078-1088.

. Forni, L., Monig, J., Mora-Arellano, V., and Willson, R. (1983)

J. Chem. Soc., Perkin Trans, 261—965.

. Sheu, F., Zhu, W., and Fung, P. (20@pphys. J. 781216—

1226.

. Wardman, P. (198&}onjugation and oxidation of glutathionéa

thiyl free radicals Academic press, London.

. Sevilla, M., Becker, D., and TYan, M. (199@¥. J. Radiat. Biol.

57, 65-81.

. Tong, L., de Vos, A., Milburn, M., and SH., K. (1991) Mol.

Biol. 217, 503-516.

.Hu, J. S., and Redfield, A. G. (199B)ochemistry 326763~

6772.

. Hwang, Y., Zhong, J., Poullet, P., and Parmeggiani, A. (1993)

Biol. Chem. 26824692-24698.

. Zhong, J. M., Chen-Hwang, M. C., and Hwang, Y. W. (1995)

Biol. Chem. 27010002-10007.

. Segel, I. H. (1976Biochemical calculation2nd ed., John Wiley

& Sons, New York.

Vanin, A., Muller, B., Alencar, J., Lobysheva, |., Nepveu, F., and
Stoclet, J. (2002Nitric Oxide 7, 194-209.

Silvius, J. (2002). Membr. Biol. 19083—92.

Baker, T., Booden, M., and Buss, J. (2000Biol. Chem. 275
22037-22047.

Lander, H. M., Ogiste, J. S., Pearce, S. F., Levi, R., and
Novogrodsky, A. (1995). Biol. Chem. 2707017-7020.

.John, J., Schlichting, I., Schiltz, E., Rosch, P., and Wittinghofer,

A. (1989)J. Biol. Chem. 26413086-13092.
BI035275G



