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Abstract
Ras GTPases have been a subject of intense investigation since the early-80’s, when single point
mutations in Ras were shown to cause deregulated cell growth control. Subsequently, Ras was
identified as the most prevalent oncogene found in human cancer. Ras proteins regulate a host of
pathways involved in cell growth, differentiation, and apoptosis by cycling between inactive GDP-
bound and active GTP-bound states. Regulation of Ras activity is controlled by cellular factors
that alter guanine nucleotide cycling. Oncogenic mutations prevent protein regulatory factors from
down-regulating Ras activity, thereby maintaining Ras in a chronically activated state. The central
dogma in the field is that protein modulatory factors are the primary regulators of Ras activity.
Since the mid-90’s, however, evidence has accumulated that small molecule reactive nitrogen
species (RNS) can also influence Ras guanine nucleotide cycling. Herein, we review the basic
chemistry behind RNS formation and discuss the mechanism through which various RNS enhance
nucleotide exchange in Ras proteins. In addition, we present studies that demonstrate the
physiological relevance of RNS-mediated Ras activation within the context of immune system
function, brain function, and cancer development. We also highlight future directions and
experimental methods that may enhance our ability to detect RNS-mediated activation in cell
cultures and in vivo. The development of such methods may ultimately pave new directions for
detecting and elucidating how Ras proteins are regulated by redox species, as well as for targeting
redox-activated Ras in cancer and other disease states.
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Introduction: Ras GTPases and Free Radical Oxidants
Ras superfamily GTPases are considered critical signaling proteins that regulate pathways
involved in cell growth, differentiation, apoptosis, cell motility and vesicular transport [1].
This regulatory action stems from the cycling of Ras between an “active” GTP bound state
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and an “inactive” GDP bound state. Protein modulatory factors (GTPase Activating Proteins
(GAPs) and Guanine Nucleotide Exchange Factors (GEFs) (Figure 1) have been shown to
bind to Ras proteins and regulate their activity by modulating guanine nucleotide cycling.
The binding of GEFs to Ras enhances the rate of GDP dissociation. Given the excess molar
ratio of GTP/GDP in vivo (~ 10 : 1) [2], GEFs activate Ras by promoting exchange of GDP
for GTP. Conversely, GAPs have the opposite function and cause inactivation of Ras by
facilitating hydrolysis of GTP to GDP. While research on protein modulatory factors (i.e.
GAPs and GEFs) has dominated the literature on Ras regulation, reactive small molecule
oxidants have also been shown to regulate Ras activity [3–5]. Similar to the action of GEFs,
reactive nitrogen species have been shown to facilitate Ras activation, both in vitro and in
vivo, by enhancing the rate of guanine nucleotide dissociation. However, the mechanisms
through which Ras is regulated by redox control remain less well understood.

Numerous endogenous and exogenous sources of reactive nitrogen and oxygen species exist.
Many reactive nitrogen and oxygen species (RNS and ROS, respectively) are found in the
form of small free radicals. Some endogenous enzymes, such as nitric oxide synthases
(NOSs) and NADPH oxidases which produce nitric oxide (•NO) and superoxide (O2

•−),
respectively, are common sources of free radicals in vivo. UV radiation and gas-phase
smoke, from cigarettes or air pollution, highlight a small portion of exogenous sources. Free
radicals, themselves, are generally short-lived molecules which possess one or more
unpaired electrons. They can be highly reactive species or relatively non-reactive depending
on their oxidation potential. Most free radicals are, however, particularly reactive toward
other free radicals. Antioxidant enzymes, such Cu,Zn-superoxide dismutase (SOD),
glutathione peroxidase and peroxiredoxins, act alongside many small molecule antioxidants,
such as ascorbate, glutathione, and tocotrienols, to quench free radicals in the body.
Nonetheless, free radicals can still react with lipids, DNA, or proteins such as Ras, and alter
their biological function.

Herein, we review in vitro and in vivo studies that detail the effects of RNS on Ras proteins.
For simplification, we limit our discussion of RNS to nitric oxide (•NO), nitrogen dioxide
(•NO2), dinitrogen trioxide (N2O3), and to a lesser extent peroxynitrite anion (ONOO−).
Initially, we present a brief introduction to the chemistry and kinetics governing the
formation of these RNS species. Current theories on the mechanism of RNS-mediated Ras
regulation are also presented alongside numerous studies that may demonstrate this event in
cells. Finally, we discuss future directions which highlight new efforts to detect and better
characterize Ras regulation by RNS within a cellular context.

Understanding the kinetics that dictate RNS formation is required before delving into
the •NO-mediated processes that regulate Ras GTPase activity. Within the body, •NO is
generated by three main NOS isoforms. •NOS isoforms produce •NO at different levels in
response to numerous stimuli such as Ca+ and calmodulin, post-translational modifications,
and inflammatory agents [6]. Nitric oxide, itself, is a very poor oxidant with a low standard
oxidation potential (Em

7 = −0.8 V vs. NHE) [7]. Even though •NO has a low oxidation
potential, it remains the parent compound for a number of reactive nitrogen species. Some of
the best studied interactions of •NO entail its reaction with O2 or superoxide (O2

•−). Initially
we examine the former reaction with O2.

Formation of Reactive Nitrogen Species
Autoxidation of •NO

One major route for RNS production begins with the reaction between nitric oxide and
oxygen. Autoxidation of •NO occurs in aqueous solutions with a rate constant of ~ 2.9 × 106

M−2 s−1 and yields the moderate oxidant nitrogen dioxide, •NO2 (Reaction 1, Em
7 = ~1 V
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vs. NHE) [8–11]. The autoxidation of •NO is reported to be over 30 times more rapid within
the hydrophobic environment of biological membranes [12]. This is significant, as •NO2 is
known to react and

(1)

modify a variety of biomolecules resulting in lipid peroxidation [13, 14], guanine base
nitration [15, 16], tyrosine side chain nitration [17, 18], and oxidation of thiols to thiyl
radicals [19]. Thiyl radical intermediates, whether protein or small molecule based (i.e.,
glutathione), act as a precursor for radical-based S-nitrosation events. This process is
considered extremely important for activation of Ras GTPases and will be discussed in more
detail later. In addition, •NO2 is known to react with unsaturated hydrocarbons by both
reversible addition and irreversible H-abstraction mechanisms [20]. The biological
importance of this reactivity is apparent from the reaction of •NO2 and arachidonic acid
[21]. •NO2 has been shown to induce cis-trans isomerization of arachidonic acid leading to
increased levels of trans-fatty acids in human plasma [21].

The reactivity of •NO2 toward other free radical species, through well-established radical
recombination reactions, contrasts its reactions with small organics (lipids) and large
macromolecules (protein thiols). •NO2 reacts with •NO near the diffusion limit (k = 1 × 1010

M−1 s−1) with a forward reaction rate of 1.1 × 109 M−1 s−1. This reaction produces non-
radical dinitrogen trioxide, N2O3, (Reaction 2) [8, 22]. N2O3 is considered a potent S-
nitrosation agent for small molecule thiols (i.e. glutathione, cysteine) and protein thiols (i.e.
cysteine side chains)

(2)

(3)

[23, 24]. N2O3 readily hydrolyzes under aqueous conditions, however, with a rate of 4.75 ×
104 s−1 (Reaction 3) [23, 25]. In addition to its reaction with •NO, •NO2 also dimerizes to
form an additional oxidizing species, dinitrogen tetroxide (N2O4) (Reaction 4) [8, 26, 27].
The reported solubility of N2O4 is ~2 orders of magnitude higher than monomeric •NO2 (g)
[8, 26, 27]. Levels of •NO2 in vivo are likely to be low (nM range) under typical cellular
conditions [8, 28], with monomeric •NO2 being the predominant species in vivo as its
dimerization rate depends on the square of •NO2 concentration [8, 28]. Both N2O3 and N2O4
exist in equilibrium with their precursor radicals (•NO2 and •NO for N2O3, •NO2 for N2O4)
and have equilibrium constants of K = 2.6 × 102 M−1 and K = 7 × 104 M−1, respectively [8,
22, 26, 27]. Under aqueous conditions, N2O4 hydrolyzes to produce nitrite (NO2

−) and
nitrate (NO3

−) with a reaction rate of ~ 1 × 103 s−1 (Reaction 5) [8, 29].

(4)

(5)
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Peroxynitrite Formation
Another well-studied RNS is produced from the reaction of •NO with superoxide (O2

•−).
This radical recombination reaction yields the non-radical oxidant, peroxynitrite anion
(ONOO−) [30]. The importance of this oxidizing species, within a biological context, was
presented over two decades ago [31], and its significance has been the focus of several
thorough reviews [32–35]. As shown in Reaction 6, •NO reacts with O2

•− near the diffusion
limit with a reaction rate between 4.3 and 19 × 109 M−1 s−1 [36, 37]. This rate is notably
faster than the very efficient reaction of O2

•− with superoxide dismutase (SOD, k = 2 × 109

M−1 s−1) [38]. SOD facilitates the

(6)

dismutation of O2
•− to H2O2 (hydrogen peroxide) and is considered a major scavenger of

superoxide in vivo. Peroxynitrite has a pKa of ~ 6.8 and readily diffuses through cell
membranes in both anionic (through anion channels) and protonated peroxynitrous acid
forms (via passive diffusion) [33, 39]. While peroxynitrite is considered a strong oxidant and
nitrating agent, it is a poor nitrosating agent [34]. Given the pKa of peroxynitrite, it is
estimated that ~ 80 % exists as ONOO− anion (peroxynitrite) and ~ 20 % as protonated
HONOO (peroxynitrous acid) in the absence of carbon dioxide [34]. Peroxynitrous acid, if
present at all under physiological conditions, may undergo O-O bound homolysis yielding
both •NO2 and the omnipotent hydroxyl radical (•OH, Em

7 = 2.3 V vs NHE) at a rate of k =
0.9 s−1 (Reaction 7) [31, 34, 40, 41]. The yield of these decomposition products has been
intensely debated, but studies indicate ~ 10 % of

(7)

peroxynitrous acid decomposes to form hydroxyl radicals [41]. The remaining 90 % is
believed to isomerize into nitric acid (HNO3) [41]. Only a small fraction of peroxynitrite/
peroxynitrous acid likely proceeds to homolysis in vivo (~ 5 %) [34], as the oxidant is
predominately consumed through other reactions, notably reactions involving carbon
dioxide and hemoglobin.

As mentioned, one major target for peroxynitrite in vivo is carbon dioxide [33, 34, 42, 43].
Peroxynitrite reacts with CO2 with a pH independent reaction rate of 5.8 × 104 M−1 s−1 to
yield a theoretical nitrosoperoxocarboxylate intermediate species (ONOOCO2

−, Reaction 8)
[42]. The nitrosoperoxocarboxylate intermediate is believed to rapidly decompose into a
mixture

(8)

of ~35 % •NO2 + CO3
•− and ~ 65 % NO3

− + CO2 [42, 44]. The carbonate radical anion
(CO3

•−) produced during this process has a high oxidizing potential (Em
7 = ~1.8 V) and is

known to perform a one-electron oxidation of glutathione and cysteine to the thiyl radical
with rates of 5.3 × 106 M−1 s−1 and 4.6 × 107 M−1 s−1, respectively [45, 46].

RNS and Ras GTPases
A correlation between RNS and Ras activation was first discovered when human Jurkat T
cells were exposed to ~ 1 mM •NO (g). As a result of this exposure, the cells were found to
have elevated levels of active, GTP-bound Ras [47]. Later studies revealed increased Ras
activity was correlated to S-nitrosation of a single, solvent-exposed cysteine (Cys118) [48].
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Subsequent mutation of this cysteine to a serine (C118S) prevented S-nitrosation and •NO-
mediated guanine nucleotide exchange of Ras in vitro and Ras activation in cells [48]. As
described in later sections, Lander et al. went on to show that RNS could not only promote
Ras activation but also Ras signaling to downsteam targets [48]. Work from our laboratory
(Williams et al.) subsequently probed the specific mechanism of •NO-mediated regulation of
H-ras GTPase activity in vitro [49]. We found that stable S-nitrosation of H-ras at Cys118
actually had no effect on the structure or guanine exchange rate relative to non-nitrosated H-
ras [49], and concluded an intermediate formed during the reaction rather than the endpoint
of Ras S-nitrosation must be a causative factor for increased nucleotide exchange [49].

RNS can produce S-nitrosothiols through different mechanisms; a non-radical pathway that
involves S-nitrosation via transnitrosation [50–53] or electrophilic N2O3 [24, 54, 55] and a
radical pathway (by reaction of •NO2 and the thiol) which consists of a one-electron
oxidation followed by radical recombination (i.e. RS• + •NO) [24, 55–57]. Formation of a S-
nitrosothiol at Cys118 on Ras by N2O3 is considered unlikely, however. The physiological
concentrations of Ras would never be high enough to permit sufficient S-nitrosation through
this pathway, as the rate of N2O3 hydrolysis dominates the fate of this nitrosating species
(Reaction 3) [23, 55]. With this in mind, we turn our focus to the free radical pathway
involving an initial one-electron oxidation via •NO2.

Given that H-ras S-nitrosation does alter on guanine nucleotide exchange [49] we followed
up with a series of studies that provided support for RNS-mediated generation of a Ras thiyl
radical intermediate (a precursor of S-nitrosothiol formation) and its role in modulating Ras
activity [4, 58, 59]. Results from these studies indicated that one-electron oxidation of
Cys118 in Ras, using authentic •NO2 (g), stimulated enhanced guanine nucleotide exchange.
The mechanism of free radical Ras activation was postulated to involve electron transfer
between bound guanine nucleotide and the Cys118 thiyl radical (Figure 2) [4, 59].
According to the NMR structure of GDP-bound Ras (pdb 1CRR), the Cys118 sulfhydryl lies
within 8 Å of the bound GDP guanine base [60]. Intramolecular electron transfer over such
distances is commonly observed, particularly when a suitable pathway for the transfer is
available. In some proteins, electron transfer pathways between donor and acceptor side
chains have been cited at distances as large as 35 Å [61]. We have previously shown that
treatment of Ras-GDP with •NO2 perturbs GDP binding due to accelerated release of GDP
and formation of a 5-guanidino-4-nitroimidazole diphosphate product (NIm-DP) [59]. These
results suggest dissociation, rearrangement and nitration of the GDP moiety when GDP-
bounds Ras is exposed to •NO2 in vitro. The guanine base was not observed to be oxidized
or nitrated when Cys118 was mutated to serine, indicating that it was Ras-bound GDP rather
than GDP in the bulk solvent that became oxidized to NIm-DP. Does this mechanism occur
in vivo? Quantifying GDP oxidation in vivo is non-trivial, given the large pool of GDP
associated with various metabolities, nucleic acids and other GDP-binding proteins. Thus,
there is currently no evidence that exposure of endogenous Ras to RNS in cells, results in
guanine base oxidation. Collectively, the in vitro data suggest an altered oxidation potential
for the GDP moiety when bound to Ras, as GDP cannot be oxidized by •NO2 alone in
solution [59]. Nonetheless, if electron transfer occurs between the thiyl radical at Cys118
and bound GDP, a potential competition must exist between electron transfer and S-
nitrosation via radical recombination (RS• + •NO) when •NO is available. This theory may
also help explain why high levels of Ras activity were initially correlated with S-nitrosation
of Cys118, as both S-nitrosation and radical-mediated exchange can be correlated to a
precursor Cys118 thiyl radical species.
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Detecting Free Radical Ras Activation in Cells
Detection of radical-mediated Ras activation in cells is an experimental challenge due to the
transient nature of protein radicals. Immunoprecipitation of S-nitrosated Ras is not
necessarily a good biomarker for free radical activation events. As mentioned, S-nitrosation
can occur through many processes, including transnitrosation [50–53] and electrophilic
N2O3 [23–25]. While detection of S-nitrosated Ras could indicate free radical activation, it
should not be construed as a conclusive indicator. Detecting free radical induced Ras
activation ultimately rests in our ability to detect the Ras thiyl radical intermediate, as this
species is a direct precursor to radical-mediated activation (Figure 3).

One promising avenue for this may lie in a technique pioneered by the Mason lab at the
National Institute of Environmental Health Sciences (NIEHS). The technique, immuno-spin
trapping, offers an immunological-based approach for detecting protein radicals [62, 63].
Immuno-spin trapping (IST) consists of using the 5,5′-dimethyl-1-pyrroline N-oxide
(DMPO) spin trap to isolate protein radical intermediates. DMPO will not react with
either •NO or •NO2 alone. Once the Ras thiyl protein radical is trapped, recently developed
anti-DMPO antibodies can be employed to detect the bound DMPO-nitrone adduct using
highly sensitive enzyme-linked immunosorbent assays (ELISAs) or simple Western blotting
[62, 63]. Adduction of DMPO to Ras also adds ~111 Da. to its molecular weight. Therefore,
IST can be coupled with tandem mass spectrometry (MS/MS) approaches to unambiguously
identify protein radical sites [64–68]. Perhaps the main advantage of immuno-spin trapping,
however, lies in its suitability for detecting protein radical formation in living cells or animal
models [69]. This suitability is mostly attributable to the overall redox stability of DMPO
and its inert reactivity toward non-radical species [63].

Although IST offers a promising route for detecting radical-mediated activation, the
technique has been limited in its applications and has been used almost exclusively to detect
protein radicals in metalloproteins [62–68]. Detection of Ras protein radicals by IST in vitro
is complex and depends on competing reaction pathways shown in Figure 4. Efforts to
detect the Ras Cys118 thiyl radical in vitro and in cultured cells using IST-based approaches
are currently underway in our laboratory. While IST may not be able to differentiate Ras
radical formation via primary or secondary radicals formed in vivo, IST studies of cells
expressing the Ras C118S variant, should allow discrimination of cellular redox events that
require radical formation at Cys118. Moreover, the activation state of Ras should also be
assessed so that IST detection of Ras Cys118 radical intermediates can be correlated with
Ras activity. Successful detection of Ras protein radicals by IST, under physiological
relevant conditions, may bring attention to this activation mechanism in cancers and other
disease states where Ras activation plays a significant role.

Biological Consequences of RNS-mediated Ras Activation
Previously, we highlighted mechanisms through which RNS are formed and discussed how
these oxidants enhance Ras GTPase guanine nucleotide exchange in vitro. We now turn our
focus to representative cell-based experiments that show a direct correlation between RNS
and regulation of Ras activity. While this review focuses primarily on RNS and Ras
activation, a brief discussion of other Ras regulation mechanisms is warranted.

Currently, guanine nucleotide exchange factors (GEFs) and oncogenic mutations remain the
best understood mechanisms of Ras activation in cells. RasGEFs activate Ras by binding the
GDP-bound form and catalyzing release of the nucleotide. The relative GTP to GDP ratio in
human cells is ~ 10 : 1 [2]. This ratio dictates Ras will likely to bind GTP upon GDP
dissociation, as affinity for the two nucleotides is nearly identical [70]. Eight well-
established RasGEFs represent three distinct families: SOS (Son of Sevenless) 1 and 2,
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RasGRPs (Ras guanyl nucleotide-releasing proteins) 1–4, and RasGRFs (Ras guanine
nucleotide releasing factors) 1 and 2. The large number of RasGEFs permit spatio-temporal
activation of functionally distinct pools of Ras in response to different stimuli such as
growth factors, calcium, and neurotransmitters [71–73]. Oncogenic mutation of Ras, most
commonly somatic mutation of residues 12, 13 and 61, is another well-characterized
activation mechanism. Mutation of Ras in cancer cells typically reduces the ability of
RasGAPs to hydrolyze Ras-GTP, thereby chronically populating Ras in an active, GTP-
bound state [74, 75].

While RasGEFs and oncogenic mutations represent well-established activation mechanisms,
efforts of the past decade have greatly enhanced our understanding of how RNS contribute
to Ras activity. In the following sections, we highlight several studies that provide strong
evidence of Ras modification by RNS in cells. The specific methodologies of the
highlighted investigations will be examined to better understand the strengths, weaknesses,
and physiological relevance of data implicating RNS in Ras activation. As discussed earlier,
no direct method exists for detecting radical-mediated Ras activation in cells. While
immuno-spin trapping may offer a viable route, the technique has yet to be implemented for
Ras GTPases in a cellular context. Therefore, we must look at simple Ras S-nitrosation as a
biomarker for potential radical-mediated events. This has several drawbacks, as S-
nitrosation can occur through non-radical processes, such as transnitrosation and
electrophilic N2O3. In addition, other oxidative modifications (e.g. S-glutathiolation) may or
may not reflect formation of a Ras radical species. Nonetheless, Ras S-nitrosation may be
used as a compass to identify potential radical-mediated activation events [55]. Indeed, this
notion has also been echoed in a recent publication by Lancaster et al [76]. Detection of S-
nitrosated Ras may provide a useful initial screen for more specific targeting efforts in the
future. Likewise, the use of Ras mutants which lack the reactive thiol have proven to be
critical in a number of cellular studies linking RNS to altered Ras signaling processes.

Ras Activation and the Immune System
Ras and the downstream MAPK (Mitogen-Activated Protein Kinase) and PI3K
(Phosphatidylinositol-3-Kinase) pathways have especially crucial functions in T cell
activation from the T lymphocyte antigen receptor. Specifically, deregulation of Ras
signaling in T cells has been implicated during development of the autoimmune disorder
lupus [77]. Ras has interesting and complex properties in T cells. Ras is activated at various
intracellular locations by distinct stimuli, which leads to differential downstream signaling
and biological effects [78]. For example, K-ras is activated specifically on the plasma
membrane, while N-ras is activated on the endoplasmic reticulum [79]. Although it was
shown that the RasGEF, RasGRP1, was responsible for full Golgi-specific Ras activation
[80], it is still unclear precisely how distinct pools of Ras are activated in a coordinated
manner.

The significance of •NO-mediated Ras activation in T cells was first demonstrated by
Lander and co-workers, who reported that addition of exogenous •NO (g) to Jurkat T cells
resulted in increased GTP-bound Ras concentrations. Furthermore, addition of •NO gas to
purified H-ras in vitro resulted in greater nucleotide exchange rates [47]. Another important
observation from this study was that lower levels of exogenous •NO (.01 μM) activated Ras
in T cells, while higher levels (> 0.1 μM) inactivated Ras. This is significant as the
physiological concentration of •NO in cells is believed to range from 0.005 – 4 μM [32, 81].
The levels of •NO required for Ras activation in vitro were found to be much higher,
however (~ 75 μM). This may be due to different reactions of •NO that occur in vitro versus
in cells. These data suggest that •NO can be a double-edged sword; activating or inactivating
Ras depending on the cellular context. In addition, •NO activated Ras in T cells only at early
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time points. Activation was reduced to baseline after a few hours, suggesting activation
through •NO is both reversible and temporally regulated.

As highlighted in earlier sections, autoxidation of •NO within biological membranes is
extremely fast (~ 30 times faster than its aqueous rate of k = 2.9 × 106 M−2 s−1) [12].
Therefore, direct addition of exogenous •NO (g) to cells likely results in a multitude of NO-
oxides (i.e. •NO2, N2O3, N2O4). In fact, in this study Ras was exposed to •NO (g) that was
not scrubbed for removal of these higher NO-oxides. This indicates that RNS, other than
simple •NO may have been present. Evidence of this can be seen in other studies, which
demonstrated specific S-nitrosation of Cys118 upon addition of •NO (g) [48]. This is
significant, as •NO itself is incapable of producing S-nitrosothiols. Subsequent mutation of
this cysteine (H-Ras C118S) rendered Ras insensitive to RNS/ROS modification. In
addition, it also abolished the ability of •NO to enhance nucleotide exchange, both in vitro
and in T cells [82]. A follow-up study, using exogenous NO-donating compounds, found
that addition of •NO to T cells also activated the MAPK pathway, but not when a C118S Ras
mutant was expressed [48]. Importantly, our in vitro studies of H-Ras C118S indicate
mutation of the redox active cysteine to a serine does not affect the structure and
biochemical activity of Ras [83].

A more recent study solidified •NO-mediated Ras regulation during T cell activation [84].
Ibiza et al. demonstrated that physiological stimulation of the T-cell receptor (TCR) by
antigen causes S-nitrosation of wild-type but not C118S N-ras. Again, S-nitrosation of Ras
was correlated with levels of active Ras. The authors importantly demonstrated that
exogenous •NO S-nitrosated and activated both N-ras and K-ras, but TCR stimulation only
caused S-nitrosation of N-ras. It is possible that the differential effects on the Ras isoforms
may be due to differences in cellular •NO levels by exogenous versus endogenous sources.
Nevertheless, this finding highlights potential isoform specificity of •NO-mediated
regulation of Ras activity. Furthermore, the role of endogenous •NO, produced from active
endothelial nitric oxide (eNOS) was also examined. Reduction of •NO levels, through the
NOS inhibitor L-NAME (L-Nitro-Arginine-Methyl-Ester) in T cells, or in T cells from mice
lacking the eNOS gene (eNOS −/−), was found to significantly reduce levels of activated
and S-nitrosated Ras. The specific Ras isoforms which exhibited reduced activity were never
determined. Overexpression of wild type but not C118S N-ras was also found to induce
apoptosis upon TCR stimulation. This implies an important biological role for modification
of the reactive cysteine (Cys118) in Ras, although which Ras effectors induce this
differential effect remains unclear. Furthermore, the authors demonstrated that active
(phosphorylated) eNOS co-localized with active N-ras on the Golgi upon TCR stimulation.
This could signify spatio-temporal regulation of Ras by an endogenous nitric oxide source.

Although these studies described interesting cellular mechanisms for Ras activation by nitric
oxide, many questions remain. The RasGEFs, SOS1 and RasGRP1, are known to be
important for proper Ras activation during T cell activation and development [77].
Therefore, what is the interplay between eNOS-mediated and GEF-mediated Ras activation?
Are they each responsible for activation of specific subcellular pools of Ras, or do they
combine for a full activation of the same Ras pools? Is eNOS-mediated Ras activation
important for a subset of Ras-mediated T-cell functions, such as clonal expansion or
differentiation, and is this activation mechanism important in pathological settings such as
lupus? A general model for •NO-mediated control of Ras in T cells is shown in Figure 5.
Further studies as discussed in Future Directions will help provide the answers to these and
other questions.
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Ras Activation and Brain Function
The Ras family is highly expressed in both the developing and adult brain. Ras GTPases
play crucial roles in neuronal survival, differentiation, and synaptic plasticity, in response to
both growth factor and calcium signaling [85–87]. Like the immune system, Ras activation
in neurons is complex. Activation of Ras involves growth factors, phospholipase isoforms,
and calcium through the Ras GEFs, SOS, RasGRPs and RasGRFs [88]. In addition, studies
have demonstrated a role for nitric oxide in the activation of Ras through various NOS
isoforms.

In neurons, the glutamate-binding NMDA (N-methyl-D-aspartate) receptor is important for
controlling synaptic plasticity and memory through regulation of calcium signaling [89].
Deregulation of NMDA receptor function contributes to seizure, depression, and
neurodegenerative diseases [90]. As Ras and nitric oxide signaling are involved in similar
neuronal processes, understanding if and how NMDA receptor and Ras signaling are related
may provide novel avenues to treat these diseases. As an important step towards these
connections, NMDA receptor stimulation has been correlated to activation of Ras in primary
cortical neurons [91]. Furthermore, inhibition of eNOS with the NOS inhibitor L-NAME
blocked NMDA receptor activation of Ras. Ras activation via NMDA receptor activation
was also blocked in mice which lacked the eNOS gene. As an important control, brain-
derived neutrophic factor could still activate Ras, demonstrating some aspects of Ras
signaling were still functional. Mechanistically, L-NAME also blocked phosphorylation of
the downstream Ras effector ERK (extracellular signal-related kinase) [91]. It remains
unclear, however, if Ras is directly or indirectly activated by •NO (from eNOS), or whether
neuronal processes controlled by Ras, such as synaptic plasticity, are regulated via eNOS or
RasGEFs. A separate study recently provided evidence of H-ras S-nitrosation in mouse
neurons, suggesting Ras regulation in these cells were influenced through •NO produced
from active eNOS [92].

Ras GTPases also play a significant role in the survival and differentiation of neurons. In the
PC12 neuronal cell lines, for example, nerve growth factor (NGF) binds to its receptor and
mediates the survival of serum-starved cells. NGF-mediated differentiation of the cells is
regulated by Ras activation via phosphorylation of Erk, PI3K and Shc [93]. NGF-mediated
Ras activation of PI3K has also been implicated in neuronal survival [94]. An interesting
study investigated whether •NO-mediated activation of Ras is linked to NGF-dependent
phenotypes in neurons. PC12 cells were engineered to overexpress wild type or C118S H-
ras. NGF-induced phosphorylation of Shc and Erk were unaffected in cells overexpressing
the C118S mutant. These results suggest that Ras activation of the MAPK pathway, under
these conditions, is not directly regulated by •NO or some other RNS or ROS. Likewise,
NGF-induced differentiation occurred in both wild-type and C118S cells. However, only the
cells overexpressing wild-type but not C118S H-ras were able to survive in low growth
media. Furthermore, only wild-type but not C118S H-ras was able to bind PI3K in these
cells. Both observations are consistent with a role for the direct activation of Ras by •NO
leading to stimulation of PI3K activity and downstream pathways that promote cell survival
[95]. This study importantly demonstrates differential effector signaling and phenotypes by
RNS or ROS activated Ras (i.e. activation of the PI3K and survival, but not the MAPK
pathway or differentiation). However, it was not determined which RNS or ROS was
responsible. Interestingly, the data also suggests that NMDA receptor stimulation of PI3K
activates Akt which then directly phosphorylates and activates nNOS. Once nNOS is
activated (resulting in •NO production) in neurons [96], a possible positive feedback loop
exists where PI3K and •NO signaling may reinforce each other (Figure 6). However, as there
are different mechanisms besides Ras that can activate PI3K, it was unclear in this study if
Ras-mediated activation of PI3K led to activation of NOS, as the use of the redox-
insensitive C118S mutant was not used.
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While this may provide the first example of differential signaling of •NO versus RasGEF-
mediated processes, many questions are left unanswered by this study. For example, is this a
product of differential localization of •NO or RasGEFs, or is some other mechanism
responsible for separate signaling responses? Additionally, since Ras is overexpressed ten-
fold relative to the endogenous copy, could this affect the results? Overexpression of Ras
can result in its mis-localization, which often renders Ras sensitive to activation by a
different set of GEFs and/or RNS than it would be physiologically. Thus, in any system
where Ras is overexpressed, caution must be made in interpreting activation mechanisms
and downstream effector usage. Ideally, when using the C118S Ras mutant to investigate the
role of RNS, the endogenous version should be knocked down with RNAi, and rescued with
RNAi-resistant wild type or C118S at expression levels similar to the endogenous level.

Ras Activation and Cancer
Ras mutations occur in up to 30% of all human tumors. K-ras, in particular, is mutated at
high rates in three of the four most deadly cancers (lung, colorectal and pancreatic) [97].
Besides mutation, Ras activity is often up-regulated in gliostoma and colorectal cancer
through decreased expression of the RasGAPs, Neurofibromatosis1 and RASAL1 (Ras
protein activator like 1), respectively [98, 99]. More recently an •NO-mediated pathway has
been linked to tumor initiation and maintenance in Ras-driven pancreatic cancer [100]. In
pancreatic cancer lines which have oncogenic K-ras mutations, it was demonstrated that
endogenous H- and N-ras are highly activated. Knockdown of H-ras or N-ras by RNAi
blocks anchorage-independent growth and xenograft tumor formation in mice. Furthermore,
the defect in xenograft growth in mice is rescued by expression of RNAi-insensitive wild-
type H-ras or N-ras, but not their redox-insensitive C118S variants. The authors found that
endogenous H- and N-ras are both S-nitrosated in eNOS active, oncogenic K-ras driven
pancreatic cancer. The authors also showed that knockdown of eNOS by RNAi not only
blocks S-nitrosation of H-and N-ras, but also inhibits tumor xenograft formation in mice
[100]. This study is, in our opinion, the strongest evidence for •NO-mediated activation of
Ras in any biological process, since several key experiments are provided together. The
authors successfully demonstrated endogenous Ras isoforms are S-nitrosated and active (i.e.
high levels of GTP-bound Ras), and they were able to identify the endogenous •NO source
responsible for Ras S-nitrosation. Furthermore, the biological consequence of Ras activation
(in this case tumor growth) was determined to be dependent on an RNS process, as C118S
mutants could not rescue the biological activity.

The study also showed that oncogenic K-ras causes activation of PI3K and Akt, as has been
demonstrated in many cases. These pathways lead to direct phosphorylation and activation
of eNOS. The authors demonstrate the most important effector pathway for pancreatic tumor
maintenance by oncogenic K-ras is the PI3K/Akt/eNOS pathway. A proposed model from
this study suggests oncogenic K-ras causes activation of eNOS (via PI3K and Akt), which
then activates wild-type H- and N-ras isoforms directly through •NO production. Activation
of eNOS, and subsequently H-ras and N-ras via RNS, may be a primary mechanism through
which onocogenic K-ras maintains tumorigenesis (Figure 7).

While comprehensive in its scope, many intriguing questions arise from this study.
Does •NO-mediated activation of H-ras or N-ras regulate specific Ras-dependent signaling
pathways, while RasGEFs regulate others? Are eNOS and specific Ras isoforms co-
localized in pancreatic cancer cells, allowing tight spatio-temporal control over Ras
activation, as is the case in T-cells? The authors demonstrated that only two out of seven
pancreatic cancer cell lines tested contained activated eNOS. Therefore, are H-ras and N-ras
still necessary for the full transformed phenotype in the rest of the cell lines, and if so, does
their activation depend on other NOS isoforms, or ROS? Other cancer types are also known
to be driven by Ras signaling. Does full activation of Ras in these cancers require eNOS-
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mediated RNS or a different radical-based activation (i.e. ROS)? For example, K-ras
mutations are common in lung cancer, and the redox state of the lung is very different than
other organs [101]. Do RNS- or ROS-mediated regulation of Ras activity, contribute to Ras-
driven lung cancers? Nevertheless, this study illustrated the significance of •NO-mediated
Ras activation as it relates to tumor development and maintenance.

Future Directions
First, we wish to highlight some experiments that must be done to understand the
physiological relevance of radical-based Ras activation in normal biology and in disease
states. As highlighted in earlier sections, many studies, including those we have omitted due
to space, demonstrate exogenous •NO-donors or endogenous •NO, via NOS isoforms, induce
activation of Ras. In many cases, this activation may be indirect; acting through other targets
(e.g. redox enzymes, phosphatases) or proteins that directly influence Ras activity (RasGEFs
or RasGAPs). It has also become clear, that proper spatio-temporal regulation of Ras is
critical to better understand the complexities of Ras signaling. Similarly, given the reactivity
of many RNS, physiological regulation of biomolecules likely requires careful attention to
the type of RNS and levels present at sites where Ras is localized, as well as the cellular
reducing potential. Thus, to understand the physiological relevance of any RNS on the
activation state of Ras, results obtained using endogenous RNS sources should be evaluated.
While earlier studies have clearly established that exogenous •NO sources (i.e •NO gas
and •NO-donors) can alter the activation state of Ras, they can react with a multitude of
biological targets and thus alter Ras signaling by indirect means. The use of RNAi or
specific inhibitors to block the action of endogenous •NO producers may prove helpful for
establishing a link between a specific mode of RNS production and a specific Ras signaling
pathway. Inhibitors fully specific to various NOS isoforms would also prove helpful. In
many cases, however, only one of the isoforms are expressed at any given time, so general
NOS inhibitors such as L-NAME are still useful. Knowing the sources of •NO in diseases
involving hyperactive Ras may lead to novel pharmacological targeting efforts. This is
exemplified by active eNOS in oncogenic Ras-driven pancreatic cancer [100].

The use of the C118S redox inactive Ras mutant is also crucial. RasGEF-mediated
activation of Ras will be unaffected with this variant, while activation by a radical-based
RNS or ROS mechanism will be blocked. Once it is established that •NO (or more
accurately RNS) activates a given Ras isoform and biological phenotype is observed, RNAi
should be used to test whether Ras is necessary for the phenotype. Subsequent rescue with
RNAi-resistant wild-type or C118S mutant Ras would demonstrate whether an indirect or
direct RNS-based mechanism is responsible, as demonstrated in the eNOS pancreatic cancer
study [100]. This is the most direct way to demonstrate a functional role for RNS (or ROS)
with regards to Ras activity.

While this review is focused on RNS/ROS modification of Cys118 in Ras, an interesting
publication also determined that three C-terminal cysteines in addition to Cys118 in Ras
were S-nitrosated and S-glutathiolated in vitro and in mouse fibroblasts when exogenous
nitrocysteine and other RNS/ROS donors were added [102]. These cysteines are likely to be
less accessible to modification by •NO compared to Cys118 in cells, as they undergo lipid
modification and membrane association. While the physiological significance of these
observation are unclear, modification of the C-terminal cysteines could potentially prevent
proper membrane localization, and thus could be a RNS/ROS-mediated mechanism of
downregulation of Ras, in contrast to the upregulation of Ras by RNS/ROS-mediated
activation observed through Cys118. Future studies should address the relevance of RNS/
ROS reactivity of these cysteines in a physiologically-relevant model system to determine
their role in normal or pathological Ras signaling.
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Immuno-spin trapping may also offer a viable avenue for future cell-based or in vivo studies
aimed at detecting radical-based Ras activation events. Under physiological conditions, low
molecular oxygen levels, coupled with the reducing environment of cells, would appear to
hinder implementation of IST in a cellular context. However, cancer cells typically exhibit a
well-established altered redox environment and possess altered levels of antioxidant
enzymes and small molecule antioxidants [103, 104]. Therefore, implementing IST and
detecting radical-mediated Ras activation in cancer cells may be feasible. While immuno-
spin trapping offers direct identification of radical-mediated Ras activation, it could easily
be coupled with simpler, less specific methods. Increased use of biotin switch
methodologies [92] to detect Ras S-nitrosation, for example, could be utilized to determine
the biological context in which Ras S-nitrosation is correlated to RNS activation. Perhaps
most important, we stress the future use of the C118S mutant of Ras in cells and in vivo to
determine whether there is a direct mechanism for activation of Ras by RNS/ROS.

While this review is dedicated to highlighting •NO-mediated activation of Ras and its
contribution in disease processes, ROS have also been shown to activate Ras in vitro [58,
105] and in cells [106]. Endogenous sources of ROS, such as NADPH oxidases, play crucial
roles in a variety of signaling processes [107]. ROS, like superoxide, also react with RNS
(i.e. •NO2) to form other powerful oxidants, such as peroxynitrite. We hypothesize
pathological activation of Ras through ROS may play a role in diseases such as cancer,
where the redox environment of the cell is altered. Ras transformation has previously been
demonstrated to be dependent on ROS, at least partially, through activation of NADPH
oxidase by Rac (a Ras isoform) [108, 109]. Importantly, in pancreatic cancer cells which
contain oncogenic K-ras mutations, Rac activation of NADPH oxidase increases ROS
levels, which is crucial for tumor growth in vivo [110]. We speculate that oncogenic Ras
activates ROS production by NADPH oxidase, which further activates other Ras isoforms in
a positive feedback loop similar to that seen with eNOS-mediated activation of wild-type
Ras isoforms.

Recently, addition of exogenous H2O2 was shown to alter Rho GTPase activity and stress
fiber formation in rat fibroblasts [111]. Addition of exogenous H2O2 to cells, however,
presents the same issues as bolus addition of exogenous •NO, in that other oxidizing species
are generated. H2O2 can react with transition metals in cells, through Fenton chemistry, to
produce other highly reactive free radical oxidants, such as the hydroxyl radical. To
overcome these obstacles, Aghajanian et al. determined that endogenous as well as
exogenous ROS sources activate RhoA and stimulate stress fiber formation in rat fibroblasts
[111]. By knocking down endogenous RhoA and rescuing with wildtype or redox-inactive
mutants, the authors demonstrated that stress fiber formation can occur by direct ROS-
mediated activation of RhoA. This was the first example demonstrating that ROS can
directly regulate RhoA activity and function. As ROS/RNS regulation of Rho GTPases is
poorly understood, additional studies with RhoA and other Rho GTPases will be necessary.
Moreover, additional oxidative mechanisms have been proposed to regulate Ras activity. For
example, Adachi et al. suggest that Ras can be activated by H2O2 dependent S-
glutathiolation of Ras [112]. Moreover, this group conducted additional studies, and
proposed that stable S-gluthathione modification of Ras via two-electron oxidation
mechanisms can regulate Ras activity in vitro and in cells [112–114]. Our studies, however,
indicate only one-electron/radical-mediated oxidative mechanisms can drive Ras guanine
nucleotide exchange. It is important to state that both radical and non-radical pathways can
result in glutathiolation of Ras Cys118. Delineating whether or not radical pathways are
contributing to S-gluthiolation, particularly in cultured cells, is a difficult task. Current
efforts in our lab are aimed at understanding the consequences of one- versus two-electron
Ras S-glutathiolation and its potential links to Ras activation.
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Given the complex chemistry associated with RNS and ROS, many cell-based studies fail to
properly mimic the oxidative stress of disease states. For example, the oxygen concentration
in cell culture is very different than that in vivo, which can strongly affect redox processes.
Furthermore, the circulatory system and various organs (such as lung) can have different
oxygen concentrations than other organs and thus very distinct redox environments. Cell-
based studies are convenient, however, and do offer an easy route for genetic manipulation.
Focusing on animal models in future studies may be a better means for examining the effects
of oxidative or nitrosative stress. As an example, if the endogenous H-ras gene is mutated to
H-ras C118S, what functions of the protein will be changed? Also, K-ras is the only Ras
isoform whose knockout in mice is embryonically lethal, so will a C118S mutant allow the
mice to survive? Tissue-specific knock-in of a C118S variant of H-ras or N-ras C118S in a
genetically engineered K-ras driven mouse model of pancreatic cancer could also advance
our understanding of redox processes during pancreatic tumorigenesis. Along these same
lines, immuno-spin trapping efforts have recently detected various protein radical
intermediates in mouse models [69]. Future experiments could utilize this technique to
directly detect radical-mediated activation of Ras in animal models.

Conclusion
An abundance of evidence clearly indicates RNS contribute to the activation of Ras, both in
vitro and in cells. In this review, we have highlighted the mechanistic aspects and biological
implications of RNS-mediated Ras activation. Understanding the full spectrum of Ras
activation mechanisms, including activation through RNS, is paramount for a full
appreciation of Ras signaling. Compared to protein-mediated and oncogenic activation,
regulation of Ras by RNS remains relatively understudied. Advancement of the field
ultimately rests in our ability to perform well controlled, physiological relevant studies that
directly tie endogenous free radical oxidants to altered Ras activity. Thus far, the reactivity
of redox active Cys118 in H-, N-, and K-Ras is the sole link between all studies which
correlate RNS to Ras regulation. As studies continue to imply radical-mediated pathways in
Ras activation, we anticipate new detection methods will be needed. Targeting RNS-
mediated Ras activation through redox active Cys118 may spring new, novel therapeutic
options. We hope these options ultimately open new avenues to combat hyperactive Ras in
cancer and many other diseases states.

Abbreviations

DMPO 5,5-dimethyl-1-pyrroline N-oxide

Em
7 midpoint oxidation-reduction potential at pH 7

GAPs GTPase activating proteins

GDP guanosine-5′-diphosphate

GEFs guanine exchange factors

GTP guanosine-5′-triphosphate

MS mass spectrometry

NHE normal hydrogen electrode

N2O3 dinitrogen trioxide
•NO nitric oxide
•NO2 nitrogen dioxide
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ONOO− peroxynitrite anion

NOS nitric oxide synthase
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Figure 1.
Guanine nucleotide exchange is commonly regulated by protein modulatory factors, such as
GEFs and GAPs. GEFs facilitate exchange of GDP to GTP, while GAPs promote intrinsic
hydrolysis of GTP to GDP. Recent evidence suggests small free radical oxidants, such
as •NO2, also facilitate Ras guanine nucleotide exchange similar to the action of GEFs.
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Figure 2.
In the presence of •NO2, Cys118 in Ras undergoes a one-electron oxidation. Subsequent
electron transfer between the resulting Cys118 thiyl radical and bound guanine nucleotide
causes oxidation of the guanine base and premature release guanine nucleotide from Ras.
The closest distance between the sulfur of Cys118 and bound GDP is ~ 7.54 Å, as presented
by the 1CRR NMR structure [71].
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Figure 3.
Transnitrosation or electrophilic N2O3 are believed to S-nitrosate Ras without promoting
guanine nucleotide exchange. In the presence of •NO2, however, a transient Ras Cys118
thiyl radical is produced. Electron transfer (E.T.) between the Cys118 thiyl radical and
bound GDP is believed to initiate release the nucleotide. In vivo this would result in
population of the active GTP-bound Ras. Once formed, the transient Ras Cys118 thiyl
radical can also undergo radical recombination with •NO to produce S-nitrosated Ras. For
these reasons, S-nitrosation cannot be construed as a conclusive indicator of radical-
mediated exchange. Detection of S-nitrosated Ras can, however, be useful as a biomarker
for potential radical-mediated activation events.
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Figure 4.
Detection of Ras DMPO-nitrone adducts by IST, upon treatment of Ras with •NO in vitro,
involves a series of complex and competing reaction kinetics. Blue text highlights the
pathway which results in observable Ras DMPO-nitrone adducts.
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Figure 5.
Simplified model of Ras activation in T cells. The T-cell receptor is activated by antigen
resulting in a variety of biological outcomes. K-ras activation at the plasma membrane,
mediated by SOS1, contributes to proliferation and differentiation. Activation of N-ras at the
Golgi is mediated by both eNOS and RasGEFs. Calcium activates RasGRP1 which
subsequently activates N-ras and leads to integrin-mediated adhesion. Alternatively,
activation of eNOS can activate N-ras in a •NO-dependent manner to promote apoptosis.
This figure highlights how diverse stimuli can activate different pools of Ras to promote
specific cellular outcomes. It also demonstrates how RasGEF-mediated activation of Ras
can have a different functional outcome than •NO-mediated activation.
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Figure 6.
Model of Ras activation in neurons by NGF. NGF promotes both differentiation and
survival in neurons by activating Ras in different ways and through different effector
pathways. Survival is facilitated by •NO-mediated Ras activation of the PI3K/Akt pathway,
while differentiation is mediated through SOS1-dependent Ras activation of the Raf/Mek/
Erk pathway.
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Figure 7.
Model of Ras activation by •NO-mediated processes in pancreatic cancer. Pancreatic cancer
growth and maintenance is dependent, in part, on activation of eNOS by oncogenic K-ras.
NO subsequently activates wild-type H-ras and N-ras. H- and N-ras contribute to the effects
of oncogenic K-ras, which include anchorage-independent growth and tumor formation in
mice. N-ras and H-ras may also activate PI3K/Akt, which would constitute a positive
feedback activation of the PI3K pathway.
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