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Abstract Reactive oxygen species (ROS) have been found to
play important roles in regulating cellular functions. Their action
in vivo has been related to specific effects on signal transduction
pathways, such as Ras pathway. In order to characterize which
elements of Ras pathway are affected by ROS, we have analyzed
the action of different oxidizing agents on the ability of GTPase
activating protein GAP and nucleotide exchange factor GEF
to enhance the intrinsic activities of Ras. The action of these
agents on the binding between H-Ras and its effector c-Raf-1 was
also investigated. No effects were observed on the intrinsic
activities of H-Ras or Ras2p. On the other hand, reversible
inhibitions of GEF and GAP actions on Ras were found, whose
extent was dependent on the agent used. As tested with the
scintillation proximity assay, these agents also inhibited the
binding of c-Raf-1 to H-Ras. Our data reveal new potential
targets for the action of ROS on Ras pathway and suggest that
they can influence the Ras activation state indirectly via
regulators and effectors. © 2001 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Reactive oxygen species (ROS) are responsible for a wide
range of pathological processes such as DNA damage, oxida-
tive inactivation of certain proteins and alteration of lipid
molecular structure [1,2]. Free radicals are endogenously gen-
erated as normal by-products of the living cell and can be
produced by various environmental chemicals. According to
their broad action, in vivo experiments have shown that they
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can not only induce toxic effects but also play a crucial role in
diverse physiological processes. In particular, the action of
free radicals in vivo has been related to the specific activation
of receptors, Ras pathway, mitogen-activated protein (MAP)
kinase cascade, specific cyclins and the regulation of transcrip-
tional and posttranscriptional events [3-5]. In this context,
stimulation of various mammalian cell types with cytokines,
phorbol esters or growth factors leads to the transient increase
in the intracellular concentration of hydrogen peroxide, a re-
sponse associated with tyrosine phosphorylation and MAP
kinase stimulation [6-9]. Differently, fibroblasts transformed
with an active form of Ras constitutively produce large
amounts of ROS and exhibit a reduced tyrosine kinase activ-
ity in key elements of signalling, such as PDGF receptors and
MAP kinases [10]. ROS generation has been shown to affect
Ras signalling also in the yeast Saccharomyces cerevisiae [11].
On the basis of all these results it has been proposed that
constitutive production of ROS in Ras-transformed cells acti-
vates intracellular pathways that are distinct from those acti-
vated by extracellular growth factors.

The mechanisms by which free radicals participate in all
these processes remain in large part unknown. In fact, in
contrast to the abundant literature dealing with effects of
ROS in vivo, much less extended information exists on their
direct targets and mode of action on purified components.

Since the investigation of the action of oxidizing agents in
vitro has become a primary goal for understanding the mo-
lecular mechanism(s) by which the redox signalling is trans-
mitted in the cell, in this work we have analyzed the action of
the oxidizing agents H,O,, hemin and HgCl, on the activity
of the Ras regulators GAP (GTPase activating protein) and
GEF (GDP/GTP exchange factor) and on the binding be-
tween H-Ras and the downstream target c-Raf-1. Reversible
inhibitory phenomena were found, whereas no effect was de-
tected on the intrinsic activities of H-Ras or yeast S. cerevisiae
Ras2p. These oxidizing agents appear to act on Ras proteins
indirectly via regulators and effectors.

2. Materials and methods

2.1. Biological material

Purified H-Ras, Ras2p, the catalytic domain of the GEF CDC25M™
(CDC25Mm285) " 5120-GAP (1042 amino acid residues), the catalytic
domain of Ira2p-383 and the Ras binding domain of c-Raf-1 gluta-
thione S-transferase (GST)-Raf (51-131) were obtained as reported
[12,13].

2.2. GDPIGTP exchange activity
Dissociation of p21-nucleotide complexes was measured kinetically
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at 30°C by nitrocellulose binding assay. The Ras[*H]GDP and
Rasy-?P]JGTP complexes (specific activity: 370 and 222 Bq/pmol,
respectively) were obtained as described [13]. The reaction was started
by addition of a 2000 times excess of cold GDP or GTP with or
without GEF, H,0,, hemin or HgCl, (see legends). At time intervals,
aliquots were passed on nitrocellulose filters (Sartorius SM 11 306,
0.45 uM) and the retained radioactivity measured in a liquid scintil-
lator counter (Pharmacia, Wallac 1410).

2.3. GTPase activity

The GTPase activity was measured in the presence and in the ab-
sence of GAP proteins by nitrocellulose binding or the molybdate
method. Ras[y->P]GTP complex (specific activity: 222 Bg/pmol)
was obtained as in [14]. The reaction mixture contained H,0O,, hemin
or HgCl, (see legends). At time intervals, aliquots of the reaction
mixture were passed through nitrocellulose filters and the retained
radioactivity counted. The Ras[y-*’P]JGTP hydrolysis was followed
by determining the disappearance of radioactivity. With the molyb-
date method, Ras{y-**P]GTP hydrolysis was determined via the re-
lease of 3*P; as in [15]. The percentages of inhibition of Ras activities
were always calculated in the linear portion of the time courses in the
absence and in the presence of the indicated oxidizing agents.

2.4. Scintillation proximity assay (SPA)

The interaction between c-Raf-1 and H-Ras was monitored using
SPA according to the procedure of Skinner et al. [16] and Gorman et
al. [17] with the modifications described in [12]. After subtraction of
the blanks, the SPA signal was expressed as a percentage of the Ras/
GST-Raf binding relative to the control values obtained in the ab-
sence of H,0O,, HgCl, or hemin. Since we have observed quenching
phenomena between hemin and 3H, 200 uM was the maximum final
concentration of hemin used.

2.5. Growth of yeast cells and cyclic AMP (¢cAMP) determination
S. cerevisiae strain JM2763-14 was grown and treated with dieth-
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ylmaleate (DEM) to induce mild oxidative stress as described [11].
Briefly, cells were grown to mid-exponential phase (ca. 5X10° cells/
ml) in glucose-supplemented rich medium. Cells were then treated
with 5, 10 and 15 mM DEM. After 60 and 120 min they were col-
lected and processed for the determination of the levels of cAMP
using the cAMP *H system from Amersham on control and DEM-
treated cells, essentially as described [18].

3. Results

3.1. Oxidizing agents do not affect the intrinsic properties of
Ras proteins

Intrinsic activities of H-Ras p21 have been reported to be
influenced by nitric oxide, a powerful oxidizing compound
produced in various metabolic processes of the cell [19-23].
In contrast to this neither H,O, nor hemin even at high con-
centrations was able to affect the intrinsic GTPase of H-Ras
p21 (Fig. 1A). Similarly, H,O, and hemin did not alter the
[PH]JGDP/GTP exchange of H-Ras p21 (Fig. 1B). In the case
of HgCl, the abrupt dissociation of GDP from most H-
Ras*GDP and the high concentration of HgCl, needed for
this effect suggested the occurrence of unspecific denaturation
phenomena as a major cause for this acceleration (Fig. 1C). In
fact, comparable results to nucleotide dissociation were also
found when the intrinsic GTPase activity of Ras was mea-
sured by filtration procedure, i.e. with a method determining
the H-Ras-bound nucleotide, whereas with the molybdate
method, that measures the GTP hydrolysis via liberation of
2P, this effect was not observed (Fig. 1D). The actions of
oxidizing agents were also tested on the intrinsic dissociation
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Fig. 1. Effect of oxidizing agents on the intrinsic properties of H-Ras. In A and B the intrinsic GTPase activity and nucleotide exchange of H-
Ras were measured in 60 min kinetic experiments in the absence and the presence of increasing concentrations of hemin (a) or H,O; (@), as
described in Section 2. In A, the percentages of inhibition of intrinsic GTPase activity of H-Ras were determined versus the intrinsic GTPase
activity of H-Ras in the absence of ROS that was taken as 100% activity. In B, the percentages of inhibition of intrinsic [PHJGDP/GDP (@) or
[**P]GTP/GTP () exchange on H-Ras were determined versus the intrinsic nucleotide exchange on H-Ras in the absence of oxidizing agents,
which was taken as 100% activity. In C, kinetics of dissociation of the p21-*H]JGDP complexes were determined in the presence of increasing
concentrations of HgCl,. At the indicated time intervals, 15 ul aliquots were withdrawn and the amount of [P’HJGDP bound to H-Ras was de-
termined by the nitrocellulose filtration procedure. In D, the intrinsic GTPase activity of H-Ras was measured in 50 min kinetic experiments in
the presence of increasing concentrations of HgCl, by using the molybdate method as described in Section 2. The intrinsic GTPase activity on

H-Ras in the absence of HgCl, was taken as 100% activity.
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Fig. 2. Inhibition of GAP activity by oxidizing agents. 0. mM of H-Ras p21-[y->P]GTP was added to a 100 pl mixture that contained fixed
amounts of pl120-GAP (@) (0.01-0.08 mM depending on the test) and the indicated increasing concentrations of H,O, (A), hemin (B) or HgCl,
(C) in buffer C (50 mM Tris-HCI, pH 7.5, 1 mM MgCl,, 1 mg/ml bovine serum albumin (BSA)). 10 ul aliquots were transferred to nitrocellu-
lose disks at different intervals during 30 min kinetic experiments. The GTPase activity of pl20-GAP was measured as the difference between
the radioactivity retained in the absence and in the presence of the various agents. The GTPase activity in the absence of the agents was taken
as 100%. The values are the average of several experiments, the standard deviations being < 15%.

rate of the S. cerevisiae Ras2p-GDP complex and the GTPase
activity of Ras2p-GTP. Effects similar to those observed on
H-Ras were obtained.

3.2. Inhibition of GAP activity

Due to its extremely low intrinsic GDP/GTP exchange and
GTPase activity, the level of the active GTP-bound form of
Ras in the cell depends on the ratio between the activities of
the two regulators GEF and GAP [12]. Since no effect was
observed on the intrinsic activities of Ras, we examined
whether the regulators of Ras were susceptible of reversible
oxidation regulating the activity of Ras pathway. As shown in
Fig. 2A, high concentrations of H>O; (ICs, in the millimolar
range) inhibited human full-length p120-GAP with a dose-de-
pendent effect. A more marked inhibition on GAP activity
(Fig. 2B) was obtained with hemin; the ICsy was obtained
at 1.35 mM hemin. HgCl, exerted an even stronger effect.
In the range of 200400 uM, it induced 100% inhibition of
the p120-GAP activity (Fig. 2C). Similar effects were also
obtained with yeast Ras2p by using the catalytic domain of
the yeast GAP Ira2p-383 (Fig. 3).

The action on GAP of the three oxidizing agents was re-
versible. In the experiments shown in Fig. 5 (bottom panels),
dilution of the reaction mixtures after incubation with the
agent led to full or nearly full disappearance of the inhibition
on GAP, whose stimulatory activity on H-Ras displayed val-
ues approaching those of the control.

3.3. Inhibition of the GEF-dependent nucleotide dissociation on
Ras

The results described in the preceding paragraph establish
for the first time a possible interference between Ras and its
regulator GAP, dependent on oxidizing agents, under condi-
tions where the intrinsic GTPase of Ras proteins was essen-
tially unaffected. This prompted us to extend our analysis to
GEF, the regulator regenerating the active form of Ras.

As for the full-length exchange factor CDC25M™ (not
shown) and its catalytic domain (CDC25M™28%) " 4 situation
comparable to that induced by GAP was observed. With
H,0; the IC5y was obtained at 10 mM (Fig. 4A). Hemin
influenced negatively the activity of RasGEF CDC25Mm285

more markedly than that of GAP, the ICsy being obtained
at 40 uM hemin, while at 300-400 uM hemin the inhibition
was 100% (Fig. 4B). The increase in concentration of HgCl,
could inhibit nearly 100% the stimulation of the GDP/GTP
activity of CDC25M™285 on H-Ras with an ICsy of 175 pM
(Fig. 40).
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Fig. 3. Influence of H,O, on Ira2p-383 activity. 0.1 mM of
Ras2p[y->P]GTP was added to 100 ul of buffer C that contained
increasing concentrations of H,O, (0, 178, 550 mM) in the presence
and in the absence of 55 nM of Ira2p-383. 10 ul aliquots were
transferred to nitrocellulose disks at different intervals during 30 or
60 min kinetic experiments. The GTPase activity of Ira2p-383 was
measured as the difference between the radioactivity retained in the
absence and in the presence of Ira2p-383.
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Fig. 4. Effect of oxidizing agents on the GEF-dependent GDP/GDP exchange on H-Ras. 0.1 uM of H-Ras p21-*H]GDP (A, C) or H-Ras
p21-[y->?P]GTP (B) were added to a 100 pl mixture containing fixed amounts of CDC25M™285 (0.01 uM) and the indicated concentrations of
H,0, (0), hemin (a) or HgCl, (@) in buffer D (50 mM Tris—HCI, pH 7.5, 100 mM NH4Cl, | mM MgCl,, 1 mg/ml BSA). 10 ul aliquots were
withdrawn and the amount of nucleotide-bound H-Ras was determined by nitrocellulose filtration procedure during 30 min kinetic experiments.
The percentages of inhibition of CDC25M™?%5 were determined taking the CDC25M™?%5_dependent p21 exchange activity in the absence of ROS
as 100% activity. The values are the average of several experiments, the standard deviations being < 15%.

The inhibitory action of these agents was in large part re-
versible (Fig. 5), since after dilution of the reaction mixture
the GEF activity approached that of the untreated control.

3.4. Effect of oxidizing agents on the Ras—Raf interaction as
monitored by SPA
The SPA method allows the direct estimation of binding or
inhibition of binding between two components without requir-
ing a separation step, i.e. under equilibrium conditions of
binding. This method, which uses fluoromicrospheres coated

+C-CDC25Mm

+C-CDC25Mm

with anti-GST, allows the monitoring of the binding of GST-
Raf-1 (51-131) to Ras p21 in complex with [’H]JGTP and the
effect of oxidizing agents. As shown in Fig. 6A-C, all of the
three agents inhibited the binding of c-Raf-1 to H-Ras. Hemin
was most active, showing a maximum effect at 200 uM, at
which concentration 80% of the reaction was inhibited. HgCl,
was the second most powerful inhibitor, 90% inhibition of Raf
binding to Ras being obtained in the range of 1-3 mM
(ICso~0.7 mM). Finally, with H,0,, maximum inhibition
(ca. 50%) was reached at a concentration around 10 mM.
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Fig. 5. The action of the agents on GAP and GEF activities is reversible. Experiments were performed as described in Figs. 2 and 3 and in
Section 2. The symbol # indicates that the reaction mixtures, after incubation with the agent, were diluted about 500 times to get the same
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Fig. 6. The c-Raf (51-131) binding to H-Ras[*H]GTP is inhibited
by hemin, HgCl, and H,O;. The indicated concentrations of hemin
(A), HgCl, (B) or H,O, (C) were added to SPA with 30 nM
Ras’H]GTP and 50 nM GST-Raf (51-131). After subtraction of
the blanks without GST-Raf (51-131), the SPA signal was expressed
as the percentage of inhibition relative to the control value obtained
in the absence of oxidizing agents.

4. Discussion

Free radicals are important factors for the regulation of
basic physiological processes and pathological events of the
cell such as age-related alterations, atherosclerosis, carcino-
genesis, diabetes and heat stress [1,2]. Most of the molecular
phenotypes observed upon ROS increase are associated with a
protective response of the cell against the possible toxic effects
of these compounds [24]. More recently, a role for oxidizing
agents in signal transduction has been proposed [5]. Depend-
ing on the cell type the biological effects of ROS can be
dramatically different going from the activation of cell prolif-
eration to induction of apoptosis and promotion of cell sur-
vival upon stress events [10,25-28]. The target(s) of these oxi-
dizing species in the cell are not yet clearly defined, although
experimental evidence suggests that they are located upstream/
downstream of Ras and involve tyrosine phosphorylation
[6,8,10]. Because of the importance of the upstream regulation
of Ras, mediated by GAPs and GEFs and effectors (Raf-1,
PI3-kinase and likely GAP) [12,14,29], we have analyzed
whether their activities on Ras or in the case of Raf-1 the
binding to H-Ras are affected by oxidizing agents. The oxi-
dizing agents used in this work did not modify the intrinsic
activities of Ras.

The oxidizing agents used influenced negatively the activity
of GEF and GAP on H-Ras as well as the binding of c-Raf-1
to Ras. Since the intrinsic activities of H-Ras were not af-
fected also at high concentrations of the oxidizing agents we
could exclude that these inhibitions were due to denaturing
phenomena of Ras. The extent of the inhibition greatly varied
depending on the specific agent and Ras ligand. Noteworthy
the negative effect of H,O; cannot be directly quantified, since

Table 1
Levels of cAMP (pmol/107 cells) in yeast cells treated with various
DEM concentrations for various times

Time (min) DEM concentration (mM)
0 5 10 15
0 0.50 - - -
60 0.49 0.21 0.26 0.31
120 0.46 1.02 0.12 0.90

For the assay conditions, see Section 2.
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the action of H;0; is mainly based on its very slow conver-
sion to highly oxidizing derivatives, in particular the hydroxyl
radical *HO. The H,O; concentration modifying the action of
GEF and GAP in our experiments was at least two orders of
magnitude higher than the micromolar range of H,O, esti-
mated to be present in the cell [30-33]. This suggests a
much higher sensitivity to H,O, in vivo, probably depending
on the involvement of other factors and metabolic steps, or on
a selective subcellular localization of oxidizing agents. Hemin
and HgCl, are more active inhibitors of the H-Ras regulators
than H,O,. GAP is more sensitive to HgCl, than to hemin
and H,0,, the negative effect being evident in the micromolar
range, whereas GEF is more efficiently inhibited by hemin.
The same results were observed using either mammalian or
yeast Ras or when the full-length GAP or GEF or their cata-
Iytic domains were used. This suggests that the action of the
oxidizing agents mainly concerns the catalytic regions of these
Ras ligands. All the described effects were reversible, an im-
portant property because it grants to our in vitro observations
a physiological relevance.

Oxidizing agents are able to modify any amino acid residue
(for references: [2,34]); cysteine and methionine are particu-
larly sensitive to their action, followed by histidine, arginine,
lysine and proline. Aromatic amino acid residues are also
preferred targets of ROS species. Protein fragmentation as
the result of cleavage of peptide bond can follow the ROS
attack on glutamyl, aspartyl and prolyl side chains. These
more drastic effects can be ruled out, because of the reversi-
bility observed under our experimental conditions. Recent
studies have provided a structural basis of the molecular in-
teraction between nitric oxide and H-Ras, pointing to the S-
nitrosylation of cysteine 118 of H-Ras [20-22]. Our results
show that H,O,, hemin and HgCl, have a comparable effect
on both human H-Ras and S. cerevisiae Ras2p. Since the
latter protein has a serine in position 125 as residue homolo-
gous to H-Ras cysteine 118, our observations decrease the
relevance of the nature of this residue for oxidizing effects,
at least for those induced by the agents used in this work.
Noteworthy, the exposure of NIH3T3 cells to HgCl, was
reported to induce both aggregation and activation of Src
kinases as a consequence of the binding of two adjacent in-
termolecular SH groups forming a S—-Hg-S bond [35-37].

Our results indicate that the negative effects of the three
agents on Ras are mediated by upstream and downstream
Ras ligands. Since it has been shown that Ras binding regions
to GEF, GAP and Raf are partially overlapping and that
these ligands compete for binding to Ras [12,14,38-40], our
results suggest that ROS can affect the interactions between
Ras and several of its ligands. The different potency of each
oxidizing agent towards these ligands could induce either ac-
tivation or inhibition of the Ras pathway, depending on
whether either GAP or GEF is more severely affected. The
stronger HgCl, inhibition of GAP would be expected to pref-
erentially down-regulate GAP in vivo, thus mimicking GEF
activation. Consistent with this possibility is the observation
that the Ras/MAP kinase pathway in cultivated thymic lym-
phocytes is activated by HgCl, [41]. However, it is germane to
mention that depending on the in vivo experimental situation,
ROS generate different and sometimes opposite effects on mi-
togenic signals. In fact, ROS, generated constitutively in A6
cell lines transformed by overexpression of oncogenic H-Ras,
can function differently [10] from the burst of ROS induced by
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growth factor activating the Ras pathway [8]. The decreased
activation of MAP kinase pathway observed in the former
case is contrary to its activation by growth factor-induced
ROS production or by the transient expression of oncogenic
Ras in non-transformed cells [8,9]. Moreover, although an
increased tyrosine kinase activity has been shown to occur
after addition of exogenous ROS in various cell lines includ-
ing NTH3T3 [37,42-44], the production of ROS in Ras-trans-
formed fibroblasts is accompanied by a reduction of tyrosine
kinase activity of different key signalling molecules. To ex-
plain this discrepancy, it has been proposed that constitutive
production of ROS in Ras-transformed A6 cells activates in-
tracellular pathways that may be distinct from those activated
by extracellular growth factors [10]. Our in vitro observations
that oxidizing agents induce a direct inhibition of the binding
of H-Ras to c-Raf-1, the first element of the MAP kinase
cascade, correspond to the situation in which ROS are con-
stitutively produced. This suggests that in vivo the activation
by ROS of the MAP pathway is dependent on elements other
than Ras. Even though it was initially thought that Ras plays
the major role in the activation of MAP kinases, activation of
this pathway has later been shown to be mediated also by
other signalling molecules such as Rapl, PKC, Racl and
Cdc42 [45-48]. Accordingly, experiments in vivo have sup-
ported an important involvement of the Rac pathway in the
action of ROS [49-51]. H,O; has been shown to activate PKC
isoforms influencing the activity of components of the MAP
kinase pathway [28].

To further prove that our in vitro results are of physiolog-
ical relevance, we re-investigated the effect of mild oxidative
stress on the Ras pathway in S. cerevisiae in vivo. We previ-
ously showed that treatment with low doses of DEM, a glu-
tathione depleter, down-regulates the Ras pathway as shown
by a GO-like cell cycle arrest and induction of a STRE-driven
reporter gene [11]. Since these are all integrative long-term
effects, we decided to directly measure the intracellular levels
of cAMP, i.e. the immediate downstream target of Ras in
budding yeast. Exponentially growing yeast cells were treated
with 5, 10 or 15 mM DEM. Samples were taken at different
times after DEM treatment and processed for determination
of cAMP levels. Results are reported in Table 1 and indicate
that 1 h after DEM addition, a strong reduction in cAMP
level is observed (Table 1). These results are consistent with
the reported effects on glutathione levels and expression of
reporter genes [11]. One hour later, however, some feedback
mechanism counteracting the DEM effect becomes operative,
so that the cCAMP returns at levels even higher than that of
control cells. These observations indicate that the Ras/cAMP/
PKA pathway is a major target of ROS action in yeast, but
that it is affected only transiently. Later on, a second Ras-
independent pathway takes over, resulting in cell growth ar-
rest. Consistently, hyperactivation of the Ras pathway
(brought about by either overexpression of the yeast GEF
CDC25 or by expression of the activated Ras2V¥!!? protein)
rescues the DEM-induced G1 arrest, but fails to rescue the
growth defect of DEM-treated cells that arrest as budded G2/
M cells [11]. Thus the above data indicate that proteins in-
volved in regulation of the Ras cycle may be direct targets of
oxidative stress in eukaryotes. Notably, recent evidence has
shown that not only the small G proteins, but the o subunits
of trimeric G proteins, Go; and Goy, can also be the direct
target for ROS action [52].

K. Accorsi et al.IFEBS Letters 492 (2001) 139-145

In conclusion, this work shows that the upstream regulators
of Ras, as well as its downstream effectors, represent addi-
tional potential targets for the action of ROS. The intrinsic
function of Ras is not directly involved but it can be strongly
influenced via the response of regulators and effectors to ox-
idizing compounds. The activity of GAP and GEF is known
to control the level of the active form of Ras and very likely
also Ras effectors such as Raf-1 and PI3-kinase can indirectly
participate with a kind of feedback mechanism to the regula-
tion of the level of the active Ras*GTP complex by modulat-
ing the activity of GEF [12,14]. As a consequence, the action
of ROS on the Ras pathway very probably takes place via
indirect tuning of the switch functions of Ras.
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