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ABSTRACT. Ras GTPases cycle between inactive GDP-bound and active GTP-bound states to modulate a
diverse array of processes involved in cellular growth control. We have previously shown that both NO/
O, (via nitrogen dioxide,NO,) and superoxide radical anion {O) promote Ras guanine nucleotide
dissociation. We now show that hydrogen peroxide in the presence of transition metalsQ.AraHsition

metals) and peroxynitrite also trigger radical-based Ras guanine nucleotide dissociation. The primary
redox-active reaction species derived frorpCiitransition metals and peroxynitrite is,© and ‘NO,,
respectively. A small fraction of hydroxyl radical (OHs also present in both. We also show that both
carbonate radical (C£) and'NO,, derived from the mixture of peroxynitrite and bicarbonate, facilitate

Ras guanine nucleotide dissociation. We further demonstrate that NeoDQ ~ promote Ras GDP
exchange with GTP in the presence of a radical-quenching agent, ascorbate, or NO, and generation of
Ras-GTP promotes high-affinity binding of the Ras-binding domain of Raf-1, a downstream effector of
Ras. S-Nitrosylated Ras (Ras-SNO) can be formed when NO serves as a radical-quenching agent, and
hydroxyl radical but notNO, or O,'~ can further react with Ras-SNO to modulate Ras actiwityitro.
However, given the lack of redox specificity associated with the high redox potential ¢fit@dHunclear
whether this reaction occurs under physiological conditions.

p21Ras(Ras), a founding member of the Ras superfamily 15). The redox-active Ras cysteine (CYsis located in the
of GTPases, cycles between inactive GDP-bound and activenucleotide-binding NKXD motif, where X is cysteine in H-,
GTP-bound forms to modulate the association with regulators K-, and N-Ras 16, 17). Several other Ras-related GTPases,
and downstream targets. High-affinity interactions with in addition to Ras, that contain a redox-active NKCD motif
downstream effectors are achieved via the interaction with are also redox-sensitive, and we have recently demonstrated
the GTP-bound form rather than the GDP-bound form of that RaplA and Rab3A are sensitive to redox regulation by
Ras. This, in turn, leads to effector activation and stimulation various redox agents vitro (18—20).
of downstream signaling pathways, resulting in a wide array  Two primary types of cellular redox agents have been
of biological responses including cellular growth, differentia- identified to date and include both reactive nitrogen species
tion, and apoptosis1( 2). One of the best-characterized (RNS) and reactive oxygen species (ROS). RNS include
downstream effectors of Ras is the Raf-1 kinase, which uponnitric oxide (NO), nitrogen dioxide O,, E; = ~1.0 V
binding to the active GTP-bound form of Ras, causes Raf-1 versus NHE) 21), dinitrogen trioxide (NOs), and peroxy-
stimulation and activation of the MAP kinase casca8le ( nitrite (ONOO") (22, 23). ROS include superoxide radical
4). Thus, efficient temporal regulation of Ras activity in anion (Q~, E; = ~0.9 V versus NHE) Z4), perhydroxy!
response to various stimulatory and inhibition signals is radical (OOH; a protonated form of £), hydroxyl radical
dependent upon Ras GDP/GTP cycling. (OH, E; = ~2.3 V versus NHE) Z1), and hydrogen

Ras GDP/GTP cycling is modulated by various regulatory peroxide (HO,). Carbonate radical (CO, E; = ~1.8 V
proteins and redox agents, which enhance the intrinsically versus NHE) 21) represents a reactive carbonated species
slow rate of Ras guanine nucleotide dissociation and GTP that may also be present under physiological conditi@B (
hydrolysis (, 5, 6). GTPase-activating proteins (GAPs) These RNS, ROS, and GO are highly reactive and can
downregulate Ras activity by stimulating the intrinsically react with each other, decompose, and be converted to other
slow rate of GTP hydrolysis to populate Ras in its inactive forms of RNS, ROS, and GO For example, NO can react
GDP-bound form, whereas guanine nucleotide exchangewith O, to produce’NO,, and'NO, can further react with
factors (GEFs) and various redox agents upregulate the RasNO to produce MO (22). NO can also react with £ to
function by promoting guanine nucleotide exchange (GNE) produce ONOO, which, in turn, can be decomposed into
to generate the active GTP-bound state of Rasivo (7— "NO, and a small fraction of OH23). ONOO™ can further
react with CQ to produce C@~ and 'NO, (25) with the
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logical pH. In this two-step reaction, the transition-metal-
catalyzed Fenton reactior2®) converts HO, into OH,
"‘OOH, and OH. Moreover,’OOH in the reaction mixture
is most likely deprotonated to O, because theky, of *-
OOH (~4.8) 27) is lower than physiological pH (i.e., pH
7.5). @'~ can be then be reconverted to Odhd HO, by
the transition-metal-catalyzed Harbaieiss reaction48).
NO is generated intracellularly by nitric oxide synthases
(NOS), which catalyze the oxidation afarginine to NO
andc-citrulline (29). However, when the substraterginine
is not present, NOS can produce O(30). Despite the
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presence and absence of £Qn addition, the redox
properties of S-nitrosylated Ras (Ras-SNO) are presented.
The effect of redox agents on Ras GNE (GDP exchange for
GTP) and binding interactions with the Ras-binding domain
(RBD) of Raf-1 are also investigated to assess the action of
redox agents vitro under conditions that may mimic redox-
mediated Ras-signaling processes obseineadvo.

EXPERIMENTAL PROCEDURES

Preparation of ChemicalsThe chemicals used for all

sizable interest in NOS as an NO-producing enzyme, several€xperiments were obtained from Sigma and of the highest

studies have implicated xanthine oxidase (XO) in production
of NO (31, 32). Although XO as well as cyclooxygenase
(Cox2) mainly generate #D, (33, 34), XO also produces
O, (35). Oy is also produced from the NADPH oxidase
systems 6).

We have recently elucidated the mechanism by which NO/

O (via'NO,) and @~ promote Ras guanine nucleotide dis-
sociation (8—20). The mechanism is fundamentally similar
for both NO/Q and Q'~, in that eitherNO,, a reaction
product of NO with @, or O, reacts with the Ras-C¥$
thiol to produce a Ras-Ci¥&-thiyl radical (Ras-Cys?®)
intermediate 18—20). The Ras-Cys? then electronically
interacts with Ras-bound GDP via the Phside chain and

grade unless otherwise noted. Radiolabeled guanine nucleo-
tides (PFH]JGDP and fH]GTP) were obtained from Perkin
Elmer Life Sciences. The radiolabeled guanine nucleotides
were diluted with unlabeled guanine nucleotide prior to use,
giving ~1000 disintegrations per min (dpmM nucleotide.

Preparation of Ras Protein Samplesluman H-Ras-
(1-166) and the Ras variant C1185(166) were expressed
and purified as described previousB8(39). Matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
analysis was performed on Ras after purification. Results
from this analysis indicated that the G¥&thiol side chain
of Ras exists in various oxidized states, typically consisting
of the ~20—-30% sulfhydryl (Ras Cy3d%&H), ~10—-30%

initiates radical-based conversion of Ras-bound GDP into asulfenic acid (Ras Cy&-OH), ~30—40% sulfinate (Ras

Ras-bound GDP neutral radical (BP) (19, 20). Ras-bound
G-DP can further react with an addition8lO, or O,
(whichever is available) to produce GBRO, (5-nitro-
GDP) or GDP-O, (5-oxo-GDP), respectively1@, 20).
Although 'NO, and Q'~ facilitate nucleotide dissociation

Cys''80,7), and~10—-20% sulfonate (Ras C¥#$-O;7). The
proportion of the different oxidized states of the Ras'@ys
thiol side chain varies between samples and is likely to result
from Ras Cy&'® side-chain oxidation during purification
under aerobic conditions. However, after incubation of the

from Ras, nucleotide association does not occur in the purified Ras protein with a reducing agent dithiothreitol
absence of a radical-quenching agent, because further reactDTT, 10 mM) for 30 min under anaerobic conditions, most

tion of redox agents with the GDP-deficient (apo) Ras'®ys
thiol may produce apo Ras Cy%, which results in the
inhibition of Ras nucleotide (i.e., GTP) association. However,

of Ras Cy3$'®OH was reduced to Ras Cy%H. Hence, after
Ras incubation with DTT,60% of Cy4!8 thiol side chain
is present in the redox-active Ras EysH form. We also

Ras guanine nucleotide association can be initiated by theobserved that reduction of Cy&OH to Ras Cy&8H is
addition of a radical-quenching agent (i.e., ascorbate), mostmore effective with DTT than either glutathione or cysteine,

likely because of the quenching of Ras radical intermediate-

(s) and thus facilitateNO,- or O, -mediated Ras guanine
nucleotide dissociation and association (i.e., Ras GNE) (

which is most likely due to the lower redox potential of DTT
relative to that of glutathione and cysteine. The remaining
fraction (i.e.,~30—40% Ras Cy8%0,” and~10—20% Ras

20). If NO serves as a quenching agent by reacting with apo Cyst'805) can be reduced to Ras G¥%H by incubating

Ras Cy$'® in the presence of a nucleotide, the resultant
reaction product is S-nitrosylated Ras (Ras-SNGY) 0).
However, it is unclear what role, if any, Ras-SNO plays in
cells. While these mechanistic studid®,(20) focused on
the molecular mechanism d{O,- and Q' ~-mediated Ras
GNE, in vitro redox-mediated Ras activation via exchange
of Ras-bound GDP with GTP (Ras GNE) was not demon-

with a strong reducing agent, titanium citrate, most likely
because the redox potentials of sulfinyl and sulfonyl radicals
are much higher than the biologically relevant ROS and RNS
used in this study. However, treatment with titanium citrate
can potentially reduce other redox-active residues such as
histidine and threonine and thus may alter the Ras structure
and/or activity. Therefore, for these studies, we employed

strated. Moreover, although our previous study demonstratedDTT to treat the Ras samples, which resultec~i60% of

that @~ but not HO, is effective in facilitating Ras guanine
nucleotide dissociation2(), various oxidative agents (i.e.,

the sample existing in its redox-active Ras & state.
The remaining~40% exists in higher oxidized states, i.e.,

H,O, and hemin) have been shown to enhance GNE on RasRas Cy$'%0,” and Ras Cy3%0s;~, which renders this

in vitro and Ras-mediated mitogen-activated protein (MAP)
kinase activity in Jurkat cells3{). Furthermore, Adachi et
al. recently showed that J@,-induced modification of Ras
at Cys!® facilitates the activation of p38 and Akt but not

fraction of Ras redox-inactive under our experimental
conditions. DTT was removed by passing Ras protein
samples through a size-exclusion column (G-2%,3.0 cm)

under anaerobic conditions. The column was pre-equilibrated

extracellular signal-regulated kinase (ERK) in Rat vascular anaerobically with metal-chelexed 5 mM ammonium acetate

smooth muscle cells7].

buffer (pH 7.5) containing 50 mM NaCl. Ras-SNO was

In this study, we have identified and characterized the produced and quantified by treatment of NQA3 described

redox-active species that facilitate®j/transition metals and

previously (8, 19). To label Ras or Ras-SNO with rhodamine,

ONOO -mediated Ras guanine nucleotide dissociation in the Ras or Ras-SNO (10@M, 0.25 mL) was mixed with
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rhodamine B (50(«M, 0.25 mL) in a buffer containing 20
mM GDP, 50 mM NaCl, 5 mM MgGCGl and 100uM

Heo and Campbell

(MS) sample preparations. Although the solution concentra-
tions of NO can be directly estimatetid), the concentration

diethylenetriaminepentaacetic acid (DPTA) in ammonium of O, generated in the XO assay is not fixed during the
acetate (10 mM, pH 7.5) under anaerobic conditions and theO, ~-mediated GTPase guanine nucleotide dissociation pro-
mixture was incubated for 20 min at room temperature. The cess, because XO can continuously produge ®ith time
sample mixture was loaded onto a size-exclusion column (20). Moreover, we have found that the XO substrate,

(Sephadex G-25, 1.5 7 cm) at room temperature, pre-

xanthine, and its enzymatic reaction product, uric acid,

equilibrated anaerobically with the ammonium acetate buffer quench XO-produced £°. To aid in quantification of @~

(10 mM, pH 7.5) containing 20 mM GDP, 50 mM NaCl, 5
mM MgCl,, and 100uM DPTA, to remove unreacted free

in the assay, a minimal amount of XO was incubated in the
assay solution for a given timt¢o accumulate @ prior to

rhodamine B from rhodamine-labeled Ras or Ras-SNO, andinitiating the assay. The concentration of accumulatgd O

eluted at a rate of 0.5 mL/min. A fluorescence assE8

was then estimated spectrophotometrically using 4-chloro-

20) was employed to assess the rate of guanine nucleotide7-nitrobenzo-2-oxa-1,3-diazold ).

dissociation from rhodamine-labeled Ras and Ras-SNO.

In principle, the rate of guanine nucleotide dissociation

Results from this assay indicate that rhodamine labeling doesupon treatment of Ras with redox agents (iKQ,) can be
not affect the intrinsic rate of Ras guanine nucleotide monitored with either the fluorescence-(@r-3)-O-(N-

dissociation. The Raf-RBD fragment (Raf-1 residues-50

methylanthraniloyl)guanosiné-Biphosphate (mant-GDP) or

131) was expressed as a GST fusion protein using a pGEX4Tradiolabeled nucleotide (i.e.3H]GDP) kinetic assay20).
expression vector and purified by affinity separation on Because high-energy UV light (i.e%,260 nm) may promote
glutathione agarose beads. The GST affinity tag was cleavedcleavage of GSNO into G&nd NO 44) and the fluores-

with thrombin. All isolated proteins were 95% pure as
determined by SDSPAGE, and the protein concentration
was determined by the Bradford methatD);

Generation and Quantification of Redox AgeMt© gas
(Aldrich) was purified by passing it through a scrubbing
column wih 5 M KOH prior to use in experimentsl§).

cence mant-GDP assay requires illumination at 365 nm to
stimulate mant fluorescencd), GSNO-mediated mant-
GDP dissociation from Ras may result from the production
of the photolytic GSNO cleavage product G@&hich can
react with Ras-Cy48 thiol to produce Ras-Cy&¥ and GS
(18). The other photolytic cleavage product, NO, is unlikely

The amount of NO used in the assay was quantified using ato promote Ras guanine nucleotide dissociation, because the

hemoglobin-coupled assa¥8). 'NO, was generated by the
addition of Q into the NO-containing assay solution as
previously describedl@). XO (Sigma) was used to generate
O,~ (20). A spectrophotometric assay using 4-chloro-7-
nitrobenzo-2-oxa-1,3-diazole (Aldrich) was used foy O
quantifications 41), and bovine liver Cu/Zn superoxide
dismutase (SOD, Sigma}?) was employed to scavenge
O, ~. H,O, was treated with a mixture of transition metals
(1 mM CuCt and 1 mM FeGJ) to produce the redox species,
O~ and OH, following the Fenton reactior2g). Given that

assay system did not contain ecessary for the production
of ‘NO;, (18). Similarly, if Ras-SNO is illuminated at 365
nm, it is possible that some fraction of Ras-SNO may
undergo cleavage to Ras-Cisand NO. Moreover, we have
observed that mant fluorescence is slightly quench&D@6)

in the presence of redox-active agents (i8Q, and Q).
Hence, for kinetic assays with Ras-SNO, we employed a
radioactivity assay to measure Ras GNE to eliminate the
possibility of photolytic cleavage of Ras-SNO into Ras-
Cys''® and NO as well as fluorescence quenching of mant-

4-chloro-7-nitrobenzo-2-oxa-1,3-diazole may also react with GDP by redox agents in the solution. However, Ras Raf-1

OH, the exact content of Otand Q' in the assay mixture
was not determined. A stock solution of ONOQAlexis,

RBD binding was measured using a fluorescence rhodamine-
labeled Ras assay, because illumination of Ras-SNO at lower

San Diego, CA) was prepared by following the procedure energy wavelengths (i.e., 490 nm) minimizes photolytic
specified by the factory protocol. The concentration of cleavage. Although rhodamine can react with a small fraction
ONOO was determined spectrophotometrically at 302 nm of the available redox agent(s), the fluorescence properties

before use, using a molar absorptioneaf, = 1.67 x 10°
M~1 cm™t. However, the exact concentrations of ONOO
decomposition products (i.e:NO, and OH) were not
determined.

Experimental ConditionsAll assays and sample prepara-

of rhodamine were not significantly altered.

Kinetic Measurements of Ras Guanine Nucleotide
Exchange A standard assay solution for the measure-
ments consisted of transition-metal-free 50 mM NacCl,
5 mM MgCl, and 100uM DPTA in ammonium acetate

tions were performed in serum-stoppered sealed cuvettes andbuffer (10 mM, pH 7.5) and was treated with redox agents

vials to avoid diffusion of volatile redox agents (i.e., NO,
‘NO,, Oy, H,O,, or OH) into the open atmosphere. To
prevent transition-metal-mediated conversion of the O
radical into HO, and OH (28) as well as NO into

nitrosonium ion (NO) (18), all buffers used for kinetic and

(i.e., NO/Q, Oy, H.Outransition metals, or ONOQ
prior to the addition of Ras or Ras-SNO. To measure
the rates of NO/@, Oy -, H,O/transition metals-, or
ONOO -mediated Ras or Ras-SNO GDP dissociation

["NO2Kef (Ras-GDPY O2 Koff (Ras-sNO-GDP) 227 Me® Kt (Ras-GDP) OF

biochemical assays were passed through a metal-chelatingN°® kq ras-sno-cor) respectively], H]GDP-preloaded Ras

Bio-Rad Chelex-100 cation-exchange columB)(and 100
uM DPTA was added to the buffers prior to performing the

or [*H]GDP-preloaded Ras-SNO was added to an assay
mixture containing the redox agent in the presence of

experiments, unless otherwise noted. When necessary, highunlabeled GDP. To measure rates of N@/@r H,O./

grade transition-metal-free Mgg&and NaCl (Aldrich) were

transition-metal-mediated Ras GTP associatftkf, Ras-ctr)

added to the transition-metal-free buffer, and DPTA was or ":°/met@g = c.c c1p), Unlabeled GDP-preloaded Ras was
omitted in the HO,/transition-metal-mediated Ras guanine introduced into the standard assay solution containing an
nucleotide dissociation kinetic assays and mass spectrometrappropriate redox agent in the presence of ffeBGTP. In



Ras Redox Regulation

Biochemistry, Vol. 45, No. 7, 2002203

some assays, the radical scavenger agent, ascorbate, wametals, Cé" and/or Fét (Figure 1A). Consistent with our
added to the assay mixture during the assay time period. Theprevious results20), H,O; itself (in the absence of transition
change in radioactivity of the Ras-bound nucleotide over time metals) does not facilitate Ras guanine nucleotide dissocia-

was determined using a Beckma@oulter scintillation
counter. Rates [i.e.N%Ky ras-cpr)] Were determined by

tion, yet when the transition metals were added to the assay
system (thus, @ and OH are formed), Ras guanine

fitting the data to a simple exponential decay and exponential nucleotide dissociation was observed (Figure 1A), with a rate

association, respectively. The equilibrium dissociation con-

of H,O,/transition-metal-mediated Ras guanine nucleotide

stant for Ras GTP binding to Ras GDP in the presence of dissociation :°/me % ¢ ras-copy = 2.9 x 1073 s71) similar

NO/Q; (via ‘'NO,, NO:Kp, gppictd (€9 1) was determined from
the ratio of N9Kyt (ras-cpp) @aNd NO%Kon (Ras-GTP)

‘NO. _ *NO *NO.
2KD GDP/GTP ™ 2koff (Ras—GDPl Zkon (Ras-GTP) (1)

Similarly, the ratio ofN%Ky (ras-cpp) @aNd™NOkon (ras-coryWaS

to that of NO/Q- or O, ~-mediated Ras guanine nucleotide
dissociation {8—20). To aid in the identification of redox-
active species generated in thglHitransition-metal-contain-
ing assay mixture used for Ras guanine nucleotide disso-
ciation, SOD, an @ scavenger, was added to the assay
system. As shown in Figure 1A, both the rate and span of

used to determine the equilibrium dissociation constant for H,O,/transition-metal-mediated Ras guanine nucleotide dis-

Ras GDP with GDP{°Kp gppicpd (€q 2)

-NO. __-NO -NO
Ko copicop™ Kot (RastDP/ *Kon (Ras-GDP) 2

Binding of the Raf-1 RBD to Either Ras or Ras-SNO in
the Presence or Absence 0§ O Either rhodamine-labeled

Ras or Ras-SNO was introduced into a GDP- or GTP-
containing standard assay solution, and the Raf-1 RBD was
added before and after the addition of XO to account for

the intrinsic and @ -mediated Ras binding to the Raf-1

RBD, respectively. The mixture was excited at 490 nm, and

the fluorescence emission band at 5850 nm was moni-
tored using a LS50B PerkirElmer fluorimeter.
Mass Spectrometry AnalysiSlucleotide oxygenation or

nitrosylation product(s) released from either Ras- or Ras-

SNO upon treatment with J@,/transition metals, @, or
ONOO  in the presence and absence of @re separated
from Ras using a centricon (10-kDa cut off, Millipore). An

sociation are drastically decreased in the presence of SOD,
indicating that @~ is the active reactive radical species that
facilitates Ras guanine nucleotide dissociation. However,
SOD does not completely block ,8,/transtion-metal-
mediated Ras guanine nucleotide dissociation, suggesting that
OH, in addition to @ ~, may also serve as an active radical
species in the pD,/transition-metal-containing assay mixture.
Intriguingly, the slow rate and reduced span ofCH
transtion-metal-mediated Ras C118S guanine nucleotide
dissociation in the presence of SOD is similar to that of the
H,O./transtion-metal-mediated Ras guanine nucleotide dis-
sociation in the presence of SOD (Figure 1A). The Ras
C118S variant possesses a serine instead of the redox-active
cysteine at position 118 of Ras, and we have previously
shown that neither © nor NO/Q, (via ‘NO,) promote
guanine nucleotide dissociation on this variah8<20).
However, because a small enhancementj@Hransition-

aliquot of the sample was dissolved in 50% methanol/0.1% metal-mediated Ras guanine nucleotide dissociation is ob-

formic acid, because sample acidification with formic acid
allows MS detection of positively charged ions (i.e., M
H]*). Therefore, the molecular weights determined by MS
are 1 Da higherrVz) than the molecular weights for the

served for Ras C118S in the presence and absence of SOD,
we speculate that the serine residue of Ras C118S may react
with OH to produce a Ras C118S serine radical (Ras
C118S-0) and, subsequently, Ras C118S may facilitate

same chemicals at neutral pH (i.e., pH 7.5). The acidified Ras guanine nucleotide dissociation by a mechanism similar

sample {1 ulL) was loaded into a Protana distal coated

to that of NO,- and Q@ ~-mediated Ras guanine nucleotide

nanospray needle (Protana, Odense, Denmark), and spectréissociation {8—20). Although these kinetic results suggest

acquired over a mass range of 48800 in MS mode using

that Gy~ is the primary active radical species produced in

nanospray mass spectrometry on an ABI QSTAR-Pulsar the HO/transition-metal mixture that facilitates Ras guanine
QTOF MS spectrometer with a nanoelectrospray source hucleotide dissociation, OHmay also contribute to Ras

(Applied Biosystems Division, PerkinElmer Corp., Foster
City, CA).

RESULTS

H,O./Transition-Metal- and Peroxynitrite-Mediated
Ras Guanine Nucleotide DissociatioiWe have previously
shown that HO, (in the absence of transition metals) does
not facilitate Ras guanine nucleotide dissociatiorvitro
(20). However, when a transition metal (€uor/and
Fe*t) is present under aerobic conditions at physiological
pH (i.e., pH 7.5), HO, can be converted into O and a
small fraction of OH (26, 27, 46). Because cells contain

guanine nucleotide dissociation under our experimental
conditions.

As shown in Figure 1B, ONOO also facilitates Ras
guanine nucleotide dissociation, with the rate of ONGO
mediated Ras guanine nucleotide dissociation similar to that
of NO/O,-, O, -, and HO,/transition-metal-mediated Ras
guanine nucleotide dissociation. Given that ONQgan be
decomposed intdNO, and a small fraction of OH23), the
observed ONOO-mediated rate of Ras guanine nucleotide
dissociation may be mediated by boO, and OH in the
reaction mixture. It is possible that OHf present, in the
assay mixture, could produce,Ovia the reaction with @

various transition metals, the observed rate of Ras GNE byand thus contribute to the rate of Ras guanine nucleotide

H,O, in cells 37) may be an @ - and/or OH-mediated
radical-based process. To examine whethgHransition-
metal-derived @~ and/or OH facilitates Ras guanine

dissociation $8). However, because ONO@nediated Ras
guanine nucleotide dissociation (Figure 1B) is not inhibited
by SOD treatment, it is unlikely that OHcontributes

nucleotide dissociation, we conducted Ras guanine nucleotidesignificantly to Ras GNE. These results indicate that the

dissociation assays in the presence gbyand the transition

observed rate of ONOGmediated Ras guanine nucleotide
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Ficure 1. Determination of HO,/transition-metal- and SIN-1-mediated Ras and Ras-SNO GDP dissociation ra@q0H01%, v/v) in
the absence and presence of a mixture of transition metals, QUCImM) and FeGl (0.1 mM) or ONOO (10 uM) was incubated for 5
min prior to the addition ofJH]GDP-loaded Ras (LM). XO (unit activity = 5.0 uM s™1) was incubated with its substrate xanthine (5
mM) for 30 min to accumulate £ in solution prior to the addition ofH]GDP-loaded Ras (&M). When indicated, SOD~1000 units)
was added to the redox-containing assay solution and incubated for 10 min prior to the addition to the GTPase. For these assays, assay vials
were sealed to prevent the diffusion of treated redox agentS,(HH,O,/transition metals, @, and ONOQO) into the open atmosphere.
As a control, the intrinsic GDP dissociation rates of Ras, Ras-SNO, and Ras C118S were also measured using experimental conditions
identical to those described above, except that the redox agent was not added. For all assays, aliquots were withdrawn at specific time
points and spotted onto nitrocellulose filters. The filters were then washed 3 times with an assay buffer, and radioactivity was determined
using Beckman Coulter scintillation counter. The resultant radioactivity (dpm values) associated with Ras-Bdi@BDP was converted
into the fraction of moles of nucleotide per moles of total Ras. Rates of intrinsic and redox-mediated GDP dissociation were obtained by
fitting the data to a simple exponential decay. The intrinsic Ras, Ras-SNO, and Ras C118S GDP dissociation rates were determined to be
0.02x 1073, 0.11x 1073, and 0.02x 1073 s71, respectively. The pD,- and HO,/transition-metal-mediated Ras GDP dissociation rates
were determined to be 0.08 102 and 2.94x 1072 s71, respectively, and the rates of®b/transition-metal-mediated Ras-SNO GDP
dissociation in the presence and absence of SOD were determined to bg Q@5 and 2.06x 1073 s7%, respectively. The rates of
H,O./transition-metal-mediated Ras C118S GDP dissociation in the presence and absence of SOD were determined to be the same, 0.13
x 1073 s71, The Ras-SNO GDP dissociation rates in the presence offdd ONOO were determined to be 0.22 103 and 2.88x 103
s™1, respectively. Figure symboH* represents the “presence of a chemical”, e.g., GDP and/or a redox agent. Figure syim®oID”
designates the “presence or absence of SOD”. The data presented in the figure represent mean values of triplicate measurements. Standarc
errors of each data point are34%, and the regression values associated with the?fityere <0.7555.

dissociation is primarily driven by ONOGderived'NO, in with another @~ and/or OH to produce the oxygenated-
the reaction mixture. GDP adducts, 5-ox0-GDP2(Q, 47) and 5-hydroxy-GDP

In addition, ONOO can immediately react with GQo (Figure 2), respectively. We have previously characterized
produce C@~ and'NO; stoichiometrically 1:125). Because  the degradation products of 5-oxo-GDP formed by the
of the relatively high redox potential of GO (E; = ~1.8 reaction of Ras-bound @®P with O, ~ (20, 47). 5-Diamino-
V versus NHE) 21) compared to that of Noand Q' (21, 40-imidazolone ribose diphosphate (DIm-DP) is formed after
24), COs;~ could react with the Ras C{$thiol to generate  decarboxylation of 5-0xo-GDP, which can be further de-
Ras-$'® and facilitate Ras guanine nucleotide dissociation. graded into 5-amino@-imidazolone ribose diphosphate
To examine the effects of GO on Ras guanine nucleotide (AlIm-DP; MW = 415.26 Da), 5-imino-®-imidazolone
dissociation, theNO,-selective scavenger, reduced hemo- ribose diphosphate (Ilm-DP; MW 417.26 Da), and/or
globin (100uM) was added into the reaction mixture of 5-diamino-4-2-methyl-imidazolone ribose diphosphate
ONOO and CQ. A significantly reduced rate and span of (DMm-DP; MW = 465.26 Da). Similar to 5-oxo-GDP,
ONOO /CO,-mediated Ras guanine nucleotide dissociation 5-hydroxy-GDP is unstable and, as shown in Figure 2, can
was observed (not shown), suggesting that both Cénd be degraded into various oxygenated-GDP derivatives.
‘NO, formed by the addition of COto ONOO™ facilitate 5-Amino-4-hydroxy-imidazolone ribose diphosphate [1-(4-
Ras guanine nucleotide dissociation. hydroxy-1H-imidazole-5-yl)guanidinum ribose diphosphate,

Detection and Characterization of Nucleotide End Prod- HIm-DP; MW = 420.19 Da] can be formed after decar-
ucts Released from Ras upon Exposure t®Hin the boxylation of 5-hydroxy-GDP (step iv in Figure 2). It is
Presence of Transition Metals and Peroxynitri@ur kinetic noteworthy that the oxygenated-GDP degradation products
results indicate that £ is the primary redox-active agent derived from the treatment of Ras with®}/transition metals
in the HO,/transition-metal-assay mixture, which promotes are dependent upon the experimental conditions (i.e., amount
Ras guanine nucleotide dissociation. If this is indeed the case,of methanol, ethanol, or acid in the sample preparation
Ras-Cy3'® generated from the reaction of the Ras &%s  mixture), yet to conveniently identify the degradation forms
thiol with Oy~ and OH is expected to undergo radical of 5-oxo-GDP, we have employed nearly identical experi-
propagation to Ras-bound GDP via the Praide chain to mental conditions to those used previoushp,(47). MS
produce Ras-bound @®P. Ras-bound GDP can thenreact analyses of guanine nucleotide adducts released from Ras
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Minor MS peaks derived from 5-oxo-GDP and 5-hydroxy-
GDP were also observed, as well as some unidentified peaks.
The unidentified MS peaks may be derived from the reaction
of Ras-bound GDP with uncharacterized reactive radical
species derived from ONOONevertheless, our data indicate
that a Ras sample-treated with ONOEbntains at least three
reactive radical species based on MS peaks assignments: (i)
primarily ‘NO,, (ii) a small fraction of @, and (iii) trace
amounts of OH All of three of these redox-active species
can react with bound @P to produce various GDP radical
adducts: 5-nitro-GDP, 5-oxo-GDP, and 5-hydroxy-GDP.
Similar to the HO,/transition-metal-containing assay mix-
ture, OH, derived from ONOO, may lead to the generation

of O~ because of the reaction with,OIf Ras guanine
nucleotide dissociation is coupled with ONOGhe nitrated-

and oxygenated-GDP derivatives cannot be formed, because
a direct (two-electron) nucleophilic reaction with the Ras-
Cys!8 thiol to produce a Ras-ONOO adduct (Ras-E¥s

O:NO) is not a radical reaction process. These results
Him-DP therefore suggest that ONO@romotes Ras guanine nucleo-
FIGURE 2: Proposed guanine nucleotide degradation products upontide dissociation primarily through aNO, radical-based
Siggzz;egfa?ﬁi ctt(; ﬁgtgggfét;%%t?degﬁlau%[3; dapedd t?:sp?el?:fi)\-/el jprocess, consistent with our kinetic results. However, other
' ONOO™ degradation products, 0 and OH, may also
upon exposure to ¥D,/transition metals are shown in Figure contribute to a minor extent. When Ras was treated with a
3A. MS peaks are observed at 415.26, 417.26, 465.26, asnixture of ONOO and CQ, a few additional MS peaks
well as 420.19 that correspond to the molecular weight of were detected, in addition to the 5-nitro-GDP degradation
the 5-oxo-GDP derivatives, AIm-DP, IIm-DP, DMm-DP, as product peak (Figure 3D). We are unable to assign all of
well as the 5-hydroxy-GDP derivative, HIm-DP, respectively. the additional MS peaks. However, 5-guanidino-4-carbonate-
These data provide support thap Oas well as OHare imidazole ribose diphosphate ([1-(4-carbonaitkithidazole-
indeed present in the,/transition-metal-containing assay  5-yl)guanidine ribose diphosphate], Cim-DP; M#A477.32
solution and can react with Ras-bound-¥P to produce Da) was assigned as a carbonated-GDP degradation product.
5-0x0-GDP and 5-hydroxy-GDP, respectively. The molecular These results and analyses suggest thay C@ addition
structures and chemical properties (i.e., charges) of theseto ‘NO,, is present in the mixture containing both ONOO
oxygenated-GDP derivatives are similar. Hence, the MS peakand CQ and reacts with bound ‘@P to produce a
intensities associated with these oxygenated-GDP derivativescarbonated-GDP adduct.
are comparable. Because the MS peak intensity for the 5-oxo- Effects of Redox Agents on S-Nitrosylated.REe have
GDP derivative (i.e., DMm-DP) is larger than that of the previously postulated that S-nitrosylated Ras (Ras-SNO) can
5-hydroxy-GDP derivative (HIm-DP), £ may be the be formed by a series of reactions of the Ras&thiol
dominant reaction species in the,®j/transition-metal- with ‘NO, and NO (9), in that the initial reaction ofNO,
containing assay solution to react with-BP to produce  with Ras-Cy&'® produces Ras-C¥¥, which then facilitates
5-oxo-GDP. Formation of 5-oxo-GDP derivatives, AIm-DP, the dissociation of Ras-bound GDP as 5-nitro-GDP and an
IIm-DP, and DMm-DP, in XO-generated,O-mediated Ras  apo Ras Cyd8thiolate (Ras-Cy$%"). The second reaction
guanine nucleotide dissociation is also shown for a com- of ‘NO, with Ras-Cy&!®~ may then produce apo Ras-Cys
parison (Figure 3B)Z0, 47). Although the primary MS peaks  However, at this stage, the Ras-bound GDP electron donor
corresponding to the degradation products derived from is not available for electron transfer to apo Ras#&¥s
H,O,/transition-metal-mediated Ras guanine nucleotide dis- because GDP has been released from Ras as 5-nitro-GDP.
sociation can be assigned, minor multiple unassigned MS Thus, if both NO and guanine nucleotide (i.e., GTP) are
peaks were also observed (Figure 3A). @kssesses a high  present at this stage, apo Ras-&yshould be able to react
redox potential Z1); thus, it not only reacts with Dto with NO to produce apo Ras-SNO, which then rebinds the
produce @, but it can also react with various chemicals available guanine nucleotide to produce GTP-bound Ras-
in the assay mixture to produce other forms of reactive SNO (18, 19). Consistent with this premise, subsequent
radicals, which may then react with Ras-boundD® to addition of NO followed by NO/@ ((NO,) as a radical
produce these minor MS peaks. Further studies are requiredquencher generates active GTP-bound Ras-SNO (not shown).
to assign the unidentified minor MS peaks. However, given that treatment of Ras-SNO with a N©/O
Our kinetic results suggest that ONO@rimarily decom- reaction mixture (containingNO,) is unable to facilitate
poses toNO,, which can then react with the Ras-Gyhiol guanine nucleotide dissociation from Ras-SNO)( the
to produce Ras-Cy¥, resulting in an enhanced rate of Ras sulfur atom in the Ras SNO moiety may not react ViD,.
nucleotide dissociation. Several assigned and unidentified MSAccounting for these results, we anticipate that @vill not
peaks were detected from Ras exposed to ON{F)gure enhance guanine nucleotide dissociation from Ras-SNO
3C). The main MS peak was identified to be 5-guanidino- because it possesses a similar redox potentidl@ (21,
4-nitroimidazole ribose diphosphate, NIm-DP; M¥#463.32 24). In agreement with this premise, we show that @oes
Da) (19), a nitrated-GDP (5-nitro-GDP) degradation product. not facilitate GDP dissociation of Ras-SNO (Figure 1B).
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Ficure 3: Molecular-weight determination of guanine nucleotide adducts released from Ras upon treatmenDg/ittahs$ition metals

and peroxynitrite in the presence and absence of i§MS. (A) H,0O, (0.01%) and a transition-metal mixture containing GuOI1 mM)

and FeCJ (0.1 mM) were added to the assay buffer and incubated for 5 min (final volume o990 a sealed vial. GDP-loaded Ras

(1 uM, 100 uL) was then added to the B./transition-metal-containing assay mixture and incubated for 10 min. ¢(B)vas produced

by the addition of XO (activity= 0.4 uM~1 s71) and xanthine (10 mM) in the assay solution (final volume of 20). XO and xanthine

were incubated for 30 min in a sealed vial prior to the addition of GDP-loaded Rad,(100uL). The sample mixture was then incubated

for 10 min. (C) Authentic ONOO (10 M) was introduced into a sealed vial containing the assay solution (final volume qfl90and

was incubated for 5 min prior to the addition of GDP-loaded RasM1100uL). The sample mixture was then incubated for 10 min. (D)
ONOO™ (10 uM) and CQ (10 uM) were introduced into a sealed vial containing the assay solution (final volume ofl908nd were
incubated for 5 min prior to the addition of GDP-loaded Ragk1, 100xL). The sample mixture was then incubated for 10 min. (gy O

was produced by the addition of XO (activity 0.4 uM~1 s71) and xanthine (10 mM) in the assay solution (final volume of 20 in a
sealed vial and incubated for 30 min prior to the addition of GDP-loaded Ras-SN®M,(100uL). The sample mixture was incubated for

10 min. (F) For a control, GDP-loaded Ras was added to the assay solution in the absepOg/tohtsition metals, XO, and ONOO
Fractions containing the nucleotide products from the samptes As well as the control F were prepared and analyzed by MS as described
in the Experimental Procedures. For each assigned chemical adduct, two additional satellite peaks can be observed because of the presence
of isomers of the assigned chemical addud®; 20). Unassigned minor peaks are noted &5 “

Moreover, when Ras-SNO was treated with Qneither These results in conjunction with our previous stul9) (
5-oxo- nor 5-hydroxy-GDP derivatives were detected (Figure indicate that the sulfur (or oxygen) atom of the Ras-SNO
3E). However, a moderate guanine nucleotide dissociationmoiety can react with OHout not'NO, or O,~ to produce
rate was observed upon the treatment of Ras-SNO with thea Ras-SNO radical, suggesting that the formation of Ras-
H,O./transition-metal-containing assay buffer (Figure 1B), SNO may render Ras less reactive to eith¢®, or O, ~
which may result from a small amount of Ol the assay  but not OH.

solution. We therefore postulate that the redox potential of  Kinetics of NO,-, O, -, or H,O,/Transition-Metal-Medi-

OH' (22), formed from transition-metal catalysis of,®k, ated Ras GNE and Ras Aatition. We have previously
is higher than that of a Ras-SNO radical(s) (putatively either shown that bothiNO, and Q' ~ facilitate Ras GNE in the
Ras-SNO or/and Ras-SNQ) so that the reaction of Ohdith presence of the radical-quenching agent ascorbate or NO

Ras-SNO produces a radical form of Ras-SNO, which then (18—20). However, an enhancement in the rate of guanine
initiates radical-based Ras guanine nucleotide dissociationnucleotide dissociation but not guanine nucleotide association
from Ras-SNO. can be observed in the absence of a radical-quenching agent.
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1.0 GDP in the presence of NO/Q™N%Kp gppicpd Was also

estimated and found to be 4.6 mM, using the estimated values
of "NO2kt (Ras-cpp) aNd Nk, (Ras-cop) fOr Wt Ras in conjunc-
tion with eq 2. The somewhat high&tk,, ras-ctr) @and
"NOKp gpricTevalues compared to that 8Py, (ras-coryand

. %2"Kp epricpp Values could result from the slightly higher
—Z?SQQG()D?&L:S]EZ:;::;? binding affinity of Ras for GTP relative to GDP4%).
V. ascorbate Although the equilibrium dissociation constant for Ras GDP

< Ras-[°H]GDP + GDP
0.8

06 Ras-[*H]GDP + GDP + NO/O,

[3H]-nuc|eotide bound (Fraction)

04 r GNE with GTP upon treatment with,O (®2'Kp gppictd Was
ascorbate Ras-GDP + [H]GTP + NO/O, not determined, the equilibrium dissociation constant for
02 — (0r H,0, + transition metals) Ras GDP exchange with GDP in the presence ef O
\ ',— Ras-GDP + [*H]GTP (®°Kp epricor = 6.7 mM) was determined using the fluo-
0.0 Yy rescence metho®() and found to be similar to the value

of "NO:Kp gppicop (4.6 mMM) shown in this study. Notably,
the second-order rate of,B,/transition-metal-mediated Ras
GTP association raté'{2me@%,, . ctp) and the equilib-

Ficure4: Determination of NO/@mediated Ras GDP dissociation  rjum dissociation constant for Ras GDP GNE with GTP in
and GTP association rates. To monitor Ras GDP dissociatidR, [ i O.Jmetal
GDP-loaded Ras (M) and 20 mM GDP were added to the assay the presence of #Dyftransition metals't°m**Kp copicra

solution followed by the addition of either the NO/@ixture (~5 are similar to™kon ras-cop) and NKp cpprete (Figure
#M NO and~10xM O,) or H,0, (0.01%) in the presence of CyCl  4). Given the large values df°:Kp cppicts N°Kp coricpr
(0.1 mM) and FeGl(0.1 mM). To monitor Ras GTP dissociation, ~ONOOK ~oo-re 0K gppiaor @andHz0ZmedK y oo rnand our
unlabeled-GDP-loaded Ras (M) and 20 mM PH]GDP were — gata indicating thatNO, and Q- are the primary redox-

g??ﬁg T\'lrgl/’(ga%eigtﬁz t(i'éhias?\la())/ s;rilétfriéoﬁl:&w%ol)b)é:hﬁzggdmon active species in the ONO® and HO,/transition-metal-

(0.01%) in the presence of CuGD.1 mM) and FeGl (0.1 mM). containing assay mixtures, respectively, it is reasonable to
The radical quenching agent, ascorbate (1 mM) or NG (M suggest thalNO, and Q'™ facilitate Ras guanine nucleotide

NO), was added to the assay mixture at an assay time of 500 sdissociation but not Ras guanine nucleotide association,
(indicated by an arrow). As controls, the intrinsic rates of Ras GDP qnsistent with our previous resultsy( 20).

dissociation and GTP association were also measured using .

experimental conditions identical to those described above, except When the radical-quencher ascorbate (or NO) was added
that the redox agent was not added. Radioactivity assays weret0 NO/Q,- and HO,/transition-metal-treated Ras and Ras
performed as described in Figure 1. The resultant radioactivity (dpm GTP association measured (as indicated in an arrow in Figure
values) associated with Ras-bound radiolabeled nucleotide wasg) NOxi . .. crp) and H0/metal o orp) are greatly en-

converted into the fraction of moles of nucleotide per moles of ; 1 o1 ; .
total Ras. The intrinsic Ras GDP dissociation and GTP association hanced (estimated to bel60 M™ s™), consistent with our

0 500 1000 1500 2000 2500
Time (s)

rates were determined to be 0.6210-3 s and 0.06 M* s, previous study showing enhanced GDP reassociation of NO/
respectively. The Ras GDP dissociation rate in the presence of NO/O2- or O, "-treated Ras in the presence of ascorbate or GSH
0, was determined to be 2.78 103 s™%. The rates of NO/@ (19, 20). Similar kinetic values were obtained from measure-

and HO/transition-metal-mediated Ras GTP association in the ments of @' ~- and ONOO-mediated Ras GTP association

absence and presence of ascorbate were determined to be 0.74 a . . .
162.80 M s 1, respectively. The figure caption symbok™ th shown). As stated earlier, if NO serves as a radical-

represents the “presence of a chemical’, e.g., GDP and/or a redoxduenching agent in the presence Qf GTP, GTP loading onto
agent. Rates of intrinsic and redox-mediated GDP dissociation wereRas-SNO can be observed, yet this form of Ras, Ras-SNO,

obtained by fitting the data to a simple exponential decay. The datadoes not further react with eitheXO, or O, ~, unless the
presented in the figure are mean values of triplicate measurementsy moiety of Ras-SNO is removed.
Standard errors of each data point a&é3%, and the regression
values associated with the fit weré < 0.7595. When these results are taken together, they suggest that a
radical quencher (i.e., ascorbate or NO) is required to
Thus, NO/Q (via'NO,) and @~ may promote GNE to form  facilitate Ras GDP GNE with GTP effectively by NO/O
GTP-bound Ras in the presence of a radical-quenching agentvia ‘NO,), H.O,/transition metals (mainly via ), ONOO™
under intracellular conditions, where GTP is in excess over (mainly via'NO,), or O, ~, in agreement with our previous
GDP (1, 2). Because the mechanism of,®}/transition- results 9, 20).
metal-mediated Ras guanine nucleotide dissociation (this Effect of @~ on Ras GNE and Raf-RBD-Binding Interac-
study) appears similar to that dflO,- and Q ~-mediated tions Results described in Figure 4 indicate that the exchange
Ras guanine nucleotide dissociatid®,(20), we anticipate of Ras GDP with GTP is facilitated by NOfr Oy~ in
that treatment of Ras with J@,/transition metals followed the presence of a radical quencher to populate Ras in its
by ascorbate will facilitate Ras GDP exchange with GTP. active GTP-bound form. Given these results, we anticipate
The second-order NOAmediated Ras GTP and GDP that Ras treated with either NOJ@r O, ~ should enhance
association rates\%kon Ras-cTe) [~0.7 M1 571 (Figure 4)] GTP-dependent binding interactions with downstream targets
and N9k, Rrascppy) [~0.6 M1 s (data not shown)], of Ras. To examine this hypothesis, we employed a
respectively, were estimated and used to assess the equilibfluorescence-based assay using rhodamine-labeled Ras and
rium dissociation constant for Ras GDP GNE with GTP the Raf-1 RBD 48). When GDP-bound rhodamine-labeled
in the presence of NOK(N°Kp gppicte = ~3.8 mMM) Ras was titrated with the RBD of Raf-1, no increase in Ras-
following eq 1. The equilibrium dissociation constant bound rhodamine fluorescence emission was observed
(ONOOKp gppictr = ~3.9 mM) in the presence of ONOO  (Figure 5A), indicating that GDP-bound Ras does not bind
instead of NO/Q (not shown) was also determined using RBD with appreciable affinity over the RBD concentration
an identical method. The Ras GDP dissociation constant withrange used in this study, in agreement with previous results
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Ficure 5: Effect of O~ on Ras binding to the Raf-RBD. The standard assay buffer was employed for the Ras RBD binding assay and XO
(activity = 5.2uM~1 s71) was employed to produce,;O as described previousl2Q). However, the XO substrate, xanthine (10 mM), was
added prior to conducting the experiments. (A) Rhodamine-labeled GDP-bound Ré$ \2as incubated with GDP (20 mM) or GTP (20

mM) for 30 min in the absence of O (without the treatment of XO) prior to the addition of the Raf-1 RBDuf?). (B) Rhodamine-

labeled GDP-bound Ras (2V) or rhodamine-labeled GDP-bound Ras-SNQu{2) was treated with @~ (by adding XO) for 30 min in

the absence and presence of GDP (20 mM) or GTP (20 mM) prior to the addition of the Raf-1 RBI).(Zo examine the effect of a
spin-trapping agent, ascorbate, ogiGenhanced Ras Raf-RBD binding in the presence of GTP, ascorbate (1 mM) was added followed by
the addition of the Raf-1 RBD (2M). Rhodamine-labeled Ras and Ras-SNO was excited at 490 nm, and the fluorescence emission band
at 500-650 nm was monitored. The maximum fluorescence emission from rhodamine-labeled Ras and Ras-SNO was determined to be 547
and 546 nm, respectively. A slight blue shift1 nm) was observed in the Ras-SNO rhodamine fluorescence emission spectrum compared
to that of Ras, which may be due to a slight interference associated with the SNO moiety energy transition (548).nrhge(Ras and
Ras-SNO rhodamine fluorescence emission spectra in the presence of &TRn@/or RBD are shown in red and blue, respectively. The
control Ras rhodamine fluorescence emission spectra in the presence of @QR@/or RBD are shown in black.

(48, 49). Results shown in Figure 5A also indicate that a added after the addition of RBD to,O-treated Ras in the
small fraction of rhodamine-labeled Ras binds the RBD, presence of GTP, Ras RBD-binding is largely enhanced
because a slight increase in Ras rhodamine fluorescence waéFigure 5B), indicating that © in the presence of ascorbate
observed when GDP-bound rhodamine-labeled Ras is incu-greatly facilitates Ras GDP exchange with GTP to produce
bated with GTP for 30 min in the absence of Oor NO/ Ras-GTP bound to the Raf-RBD, consistent with previous
0,. This result suggests that only a minor fraction of the results 20).

available RBD binds to the active GTP-bound form of Ras  Results shown in Figure 5B also indicate that treatment

in the absence of © or NO/G, When GDP-bound  of Ras-SNO with @~ in the presence of GTP and ascorbate
rhodamine-labeled Ras was treated witT@n the presence  does not promote Raf-1 RBD binding. These results suggest
of GTP for 30 min prior to titration with the Raf-1-RBD,  that the sulfur atom of Ras, once S-nitrosylated, is insensitive
Ras-bound rhodamine fluorescence increased (Figure 5B)to O,~, and thereby, @ -mediated Ras GDP exchange with
indicating that @~ enhances Ras GDP GNE with GTP to  GTP does not occur, consistent with the results shown in
populate the biologically active GTP-bound state of Ras. Figure 1B. Identical results were obtained upon measuring
However, as noted above, a larger fraction GTP exchangespinding interactions between the Raf-1 RBD and N®/O

with Ras-GDP in the presence of ascorbate. As a control, treated Ras in the absence and presence of ascorbate (not
when rhodamine-labeled GDP-loaded Ras was treated withshown).

O, in the presence of GDP for 30 min, Ras-rhodamine

fluorescence did not increase (Figure 5B). Results from this DISCUSSION

control experiment indicate that, although Ras-bound GDP

can be exchanged with free GDP, the inactive GDP-bound Numerousn vivo andin vitro studies have now implicated
form is present in both exchanged and unexchanged Ras andedox agents in regulation of Ras superfamily GTPase-
does not bind the Raf-RBD with appreciable affinity relative mediated signaling pathway3<15, 17, 51, 52). Results

to Ras-GTP. Furthermore, given that the treatment of Rasobtained in this study aid in delineating the molecular
with O~ produces apo Ra(Q) and Q-treated Ras in mechanism of Ras regulation by various RNS and ROS.
the presence of GDP does not appreciably bind the Raf-1 Mechanism of ROS- and RNS-Mediated Ras GNJD,
RBD (Figure 2B), the apo Ras state does not bind the Raf-1alone does not facilitate Ras guanine nucleotide dissociation
RBD with noticeable affinity, consistent with previous (20). However, results from this study show that, in the
observations that mutants of Ras that populate the GDP-presence of transition metals;®} can facilitate Ras guanine
bound or apo state of Ras are not active in promoting nucleotide dissociation. The primary redox-active species that
downstream signaling of Ras@). As shown in Figure 4, promotes Ras guanine nucleotide dissociation upon treatment
ascorbate largely enhances N@Gfiteated Ras GTP (and of Ras with HO,/transition metals or ONOOappears to
GDP) association. In parallel, treatment of ascorbate with be Gy~ and ‘NO,, respectively. Because upregulation of
O, -treated Ras in the presence of GTP is expected toK-Ras activity has been shown to lead to enhanced Cox-2
increase Ras RBD-binding affinity. When ascorbate was expression 34), it is intriguing to speculate that Cox-2-
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produced HO, can be converted into O (because cells  produce an inactive apo Ras state, which cannot undergo
contain various transition metals), which may reversibly Ras GNE in the absence of a radical scavenger. A radical
regulate the activity of K-Ras via a feedback mechanism. scavenger may then be necessary to recover the state of
Results from these studies also indicate that a small inactive apo Ras into a GTP-binding form of Ras. Consistent
fraction of OH generated in reaction mixtures containing with this premise, efficienin vitro GTP reassociation can
H.O./transition metals and ONOOenhance Ras guanine be observed in the presence of a radical-quenching agent to
nucleotide dissociation. Because the redox potential of OH produce an active GTP-bound Ras, which, in turn, promotes
is high 1), OH can react with a multitude of cellular the binding of Ras to the Ras-binding domain of Raf-1.
components with little specificity. Thus, various protective  These results provide further support tHd©, and Q-
measures may be employed by cells to reduce the levels ofcan promote Ras guanine nucleotide dissociatianzo but
OH'. For example, catalase may facilitate the conversion of may need to act in conjunction with radical-scavenging
H,0O; into H,O and Q (53) to prevent the generation of OH  agents to promote Ras activation in cells. In animal and plant
that may be cytotoxic if present at high enough concentra- cells, GSH- and thiol-containing biomolecules are present
tions 26). Moreover, if OH is formed, natural spin-trapping  at high levels and may function as radical-scavenging agents
agents such as ascorbate and tocoph&4)l fhay quench (55, 56). The natural radical-quenching agent, ascorbate, may
OH, leading to redox inactivation. also serve as an additional radical-scavenging agent in cells
In the presence of COONOO™ decomposes rapidly to  (54). NO may also serve as a radical quencher, because it
form CGO;~ and'NO; (23). The concentration of COn vivo reacts with apo Ras-C¥¢ to produce Ras-SNO18, 19).
may be significant, because of high levels of bicarbonate in Intriguingly, as shown in this study, Ras-SNO does not react
intracellular and intestinal fluids2@). Our kinetic and MS  with 'NO, or O, indicating that, perhaps, the formation of
results obtained on Ras protein samples treated with OMOO Ras-SNO may render Ras insensitive to these redox agents
CO, indicate that C@~ indeed facilitates Ras guanine in vivo. Similar to Ras, the redox-active CGjside chain of
nucleotide dissociation. Therefore, €Q in addition toNO, Rho GTPases can be S-nitrosylated (Rho-SNJ). (There-
and Q~, may play a role in the regulation of redox-active fore, similar to Ras-SNO, S-nitrosylation of Rho GTPases
GTPases. may render the redox-active thiol insensitive'O,- and
Among these identified redox agents (i:8lQ,, O, ~, and O, -mediated redox regulation. It is also possible that
CO57), O~ possesses the lowest redox potentiad[9 V glutaredoxin §7) or the highly abundant peptide, glutathione
versus NHE 24)]. However, the estimated Ras guanine (55, 56), may be involved in cellular denitrosylation pro-
nucleotide dissociation rates facilitated by these redox agentscesses.
are virtually similar. Therefore, the redox potential of Ras-
Cys''® may be lower that~0.9 V versus NHE, and thus, ACKNOWLEDGMENT
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