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Abstract

PC12 pheochromocytoma cells expressing a dominant inhibitory mutant of Ha-Ras (M-M17-26) and PC12 cells transfected with normal c-Rask
(M-CR3B) have been used to investigate the role of nitrosylation and farnesylation of Ras on the production of homocysteine and the activities of the
redox-sensitive transcription factors MB-and c-Fos. We found that under serum and nerve growth factor withdrawal conditions undifferentiated
apoptotic M-CR3B cells accumulated more homocysteine than M-M17-26 cells, and the production of homocysteine decreased in the presenc
of manumycin and increased in the presence-bfAME. Furthermore, we have shown that manumycin increased the activity of c-Fos in the
M-CR3B cells and decreased the activity of NB; while .-NAME decreased the activities of both transcription factors, and accelerated apoptosis
of M-CR3B cells. In contrast, in M-M17-26 cells manumycin did not change the activity of c-Fos, nor the activity B NFe conclude that
trophic factor withdrawal stimulates Ras, which apparently through the Rac/NADPH oxidase system induces permanent oxidative stress, modulatt
the activities of NFkB and c-Fos, induces production of homocysteine and accelerates apoptosis. Nitrosylation of Ras is necessary for maintaining
the survival of PC12 cells, while farnesylation of Ras stimulates apoptosis under withdrawal conditions.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Recent studies have suggested that elevated homocysteine léverease in homocysteine was detected following folate depri-
els are a causal risk factor for Alzheimer’s dise§$8,28]  vation in cultured hippocampal and embryonic cortical neurons,
and Parkinson’s diseag#4]. Besides, it has been found that which promotes the accumulation of DNA damage by impair-
patients with severe hyperhomocysteinaemia exhibit a widéng DNA repair[9,13]. The increasing level of this amino acid
range of clinical symptoms, including neurological abnormal-was correlated with elevation of reactive oxygen species (ROS),
ities such as mental retardation, cerebral atrophy and seizuresggesting that oxidative stress may be an important factor for
[33,34] Certain drugs used in the treatment of Parkinson’s disthe accumulation of homocysteine in neuronal cfl]s
ease also increase the levels of homocysteine and induce anHomocysteine is a sulfur-containing, nonproteinogenic
axonal-accentuated degeneration in sensory peripheral nervasino acid biosynthesized from methionine during methyl
[21]. Nevertheless, the molecular mechanisms of homocysteingycles. It is either catabolized into cystathionine (the transsul-
neurotoxicity, as well as the source of homocysteine in the cerfuration pathway) by cystathionin@-synthase, a vitamin
tral nervous system, are not fully understood. Homocystein®6-dependent enzyme, or remethylated into methionine (the
induces apoptosis, which is not mediated by NMDA channel+emethylation pathway) by methionine synthase, which uses
dependent Ca influx, and apparently compromises neuronalP-methyltetrahydrofolate as methyl donor and cobalamin as
homeostasis by multiple, divergent roufd®]. A significant  cofactor. Cystathionine is then converted into cysteine, a pre-
cursor of glutathione, which is the main antioxidant compound
of cells. It has been shown that some enzymes of the methyl
* Corresponding author. cycle can be directly affected by oxidative stress. There is
E-mail address: J.Ramsden@unibas.ch (J.J. Ramsden). some evidence that methionine synthase is inactivated by oxi-

0304-3940/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2005.08.039



T. Barbakadze et al. / Neuroscience Letters 391 (2005) 5661 57

dation and requires reductive methylation for reactivity, while  Cell viability assay: Cell death was estimated by the mea-
cystathioning3-synthase is a haem protein and active in the oxi-surement of lactate dehydrogenase (L)2)] released into the
dized form[7,31]. These data imply that oxidative stress canextracellular medium by dead or damaged cells after 24 h treat-
diminish remethylation and enhance transsulfuration to mainment with L-NAME, manumycin or both. LDH activity was
tain, via an adaptive process, the intracellular glutathione pookjuantified by the NADH oxidation rate, which was followed
whose existence is essential for the redox-regulating capacitgpectrophotometrically at 340 nm. Total LDH was estimated
of cells. after lysis of cells in buffer containing Triton X-100 (1% Triton

A large body of evidence suggests that Ras is directlyX-100, 150 mM NaCl, 5mM MgGl, 1 mM phenylmethylsul-
involved in the regulation of the intracellular redox statefonyl fluoride [PMSF], 1 mM dithiothreitol, 1 mM NapPOy,
[2,12,24] This GTP-binding protein (specifically, Ha-Ras) stim- 10 mg/ml aprotinin, 10 mg/ml leupeptin and 50 mM HEPES, pH
ulates intracellular ROS levels by activating NADPH oxidase;7.5). The amount of LDH after each treatment, expressed as a
inhibition of Ras signalling by farnesylation inhibitors was percentage of the total LDH, reflects the percentage of dead or
found to increase resistance to apoptosis in Ha-Ras-expressidgmaged cells.
endothelial cells[6]. Ras is regulated by a series of post- NF-«B and c-Fos DNA-binding activities were determined
translational modifications, including farnesylation, methyla-by BD Mercury Transfactor Kits (Clontech) according to the
tion, palmitoylation and nitrosylation, but the role of these mod-manufacturer’s protocol.
ifications on the specificity of downstream effectors is not fully  Homocysteine analysis: The quantity of homocysteine was
understood. Farnesylation is necessary for membrane bindirdetermined by the method of Pfeiffer et §5]. Briefly, the
and involves farnesyltransferase-catalysed thioether linkagesamples (5@Q.L) and 1uM cysteamine hydrochloride (inter-
of farnesyl from farnesylpyrophosphate to C-terminal cysteinenal standard) were incubated with 10 of 100g/L tris(2-
residues. The farnesylated Ras is further modified by a specificarboxyethyl)phosphine (TCEP) (Pierce Chemical Co.) for
CAAX protease and methyl transferase and then translocate2D min at room temperature to reduce and release protein-bound
to the plasma membrane, where it undergoes palmitoylation dhiols, after which 9GL of 100 g/L trichloroacetic acid con-
multiple upstream cysteine residues (except for K-Ras B). In thisaining 1 mM EDTA was added for deproteinization. The sam-
regard,S-nitrosylation of Ras at Cys-181, Cys-184 or Cys-186ple was centrifuged for 10 min at 13,090and 50uL of the
could be important, since it would prevent membrane attachsupernatant was added to a vial containingulLOof 1.55M
ment of Ras or change the palmitoylation/repalmitoylation rateNaOH, 125.L of 0.125 M borate buffer containing 4 mM EDTA
Structural, chemical and mutational studies have shown thgiH 9.5, and 5@.L of 1 g/L 7-fluorobenzo-2-oxa-1,3-diazole-4-
these cysteine residues on Ras are surface-exposed and hawffonate (SBD-F, Sigma Chemical Co.) in the borate buffer.
the potential to be oxidized by oxidative or nitrosative processe$he sample was then incubated for 60 min a0 HPLC
[16,18] On the other hand, NO-donating reagents stimulatedvas carried out on a solvent delivery system using a fluo-
deacylation and permitted subsequent reacylation of Ha-Rasgscence detector (385 nm excitation, 515 nm emission), both
decreased Ha-Ras GTP binding and inhibited phosphorylatioftom Waters Technologies Corp. Separation of the SBD-derived
ofthe kinases ERK1 and ERK2in NIH 3T3 cdll§. Thus, nitro-  thiols was carried out on a NovaPak C18 analytical column
sylation altered two important properties of Ha-Ras: membranéparticle size um, 100 mmx 8 mm i.d., Waters Technologies
attachment and substrate specificity. Corp.) using a 4Q.L injection volume and a 0.1 M acetic acid-

In order to clarify these issues, in this study we investi-acetate buffer (pH 5.5) containing 3% methanol as the mobile
gated the effects of farnesyltransferase and nitric oxide syrmphase at a flow rate of 0.7 ml/min and a column temperature
thase (NOS) inhibitors on the synthesis of homocysteine imf 29°C.

PC12 pheochromocytoma cells expressing a dominant-negative Data analysis: The numerical data from each experiment
c-rasH gene (M-M17-26), or overexpressing the wild type c- were analysed separately and treated by one-way analysis of
rasH gene (M-CR3B). variance (ANOVA). When a significant effect was observed

Cell lines: The M-M17-26 cell line[29] was isolated after by the ANOVA, Student's-test was also used to compare the
transfecting PC12 cells with the cDNA of a dominant-negativesamples.
c-rasH mutant (crasH-Asn17) under the control of the metal- Under growth factor withdrawal conditions, nondifferenti-
lothionein promoter. These cells are resistant to NGF activatioated PC12 cells produce reactive oxygen spefd8§ which
of the Ras/ERK pathway and NGF stimulation of neuritogenesién turn can affect homocysteine metabolism. Under these cir-
[4]. M-CR3B is a PC12 cell line overexpressing the wild-type cumstances, Ras may play an important role since this protein
c-rasH gene from the metallothionein promoter (J. Szébgr,  directly regulates the intracellular redox state by activating the
unpublished results). Rac/NADPH oxidase systenfit7,30] To investigate the role of

Cell culture: M-CR3B and M-M17-26 cells were maintained nitrosylation and farnesylation of Ras on the viability of cells,
in DMEM supplemented with 5% fetal bovine serum and 10%homocysteine metabolism and activity of transcription factors,
heat-inactivated horse serum (Sigma Chemical Co.). ApoptosiS®-nitro-L-arginine methyl esten.(NAME), and manumycin,
was induced by serum withdrawal. For survival experimentsrespectively inhibitors of nitric oxide synthase and farnesyl
M-CR3B, or M-M17-26, cells were extensively washed with transferase, were employed. To demonstrate the specificity of
serum-free medium and plated in polylysine-coated 24 welRas-elicited effects, PC12 pheochromocytoma cells expressing
plates at a density of 20 10* cells per well. a dominant-negativeus gene (M-M17-26), and M-CR3B cells
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Table 1 of opposite character—it increased the activity of c-Fos. Inter-
Effect of L-NAME and manumycin on extracellular LDH activity estingly, in M-CR3B cells in the presence of both inhibitors the
Additions Extracellular LDH activity transcription activity of NR<B was restored to the control level.
(% of total) This effect was not observed in the M-M17-26 cells. Taken all
M-CR3B M-M17-26 together, these data suggest that nitrosylation and farnesylation
Control 204+ 3.4 4584 24 of Ras alter the DNA-binding activities of both transcription
Control + manumycin (1.M) 365+ 2.1 50.6+ 3.6 factors c-Fos and NkB.
Control +L-NAME (1 mM) 56.6+ 4.3 46.2+ 3.8 To test the effects of nitrosylation and farnesylation of Ras
Control +L-NAME (1 mM) + 414+ 1.2 495+ 29 and Ras-effector systems on homocysteine metabolism, the lev-

manumycin (1.M) els of homocysteine formed under the action.éAME and

Cells were incubated for 24 h in serum-free DMEM alone or contaiming manumycin were determined. We found that both types of cells
NAME, manu‘m_yci_n or a combination afNAME and manumycin. Extracgl—_ produced homocysteine and M-CR3B to a greater extent than
lular LDH activity is expressed as a pt_arcentage of total ce_IIuIa}r LDH activity. M-M17-26 (Fig. 1)_ The concentration of secreted homocys-
Values representthe mears.E. of three independent determinations performed . . L . e
in triplicate. teine varied within 60—80 nM in the M-CR3B cells and within
* P<0.05 vs. control. 40-50nM in the M-M17-26 cells. In the incubation medium
of M-CR3B cells the levels of homocysteine produced statis-
tically significantly decreased under the action of manumycin
that had been stably transfected with normakeH [29] were  and increased in the presenceeeflAME. In M-CR3B cells in
incubated with the inhibitors. the presence of both inhibitors the levels of homocysteine were
We have found that neither manumycin meNAME had an  restored to the control level. The effects of manumycin and
apoptotic effect on M-M17-26 cells at the concentrations usedNAME were weaker in M-M17-26 cells. It is interesting to note
(1M and 1 mM, respectively), while-NAME reduced sur- that an inverse correlation between levels of homocysteine and
vival of M-CR3B cells. Under the action eENAME, extracel-  activity of c-Fos was observed in the MCR3B cells. Such a cor-
lular activity of LDH was increased only in the case of M-CR3B relation was not found in the M-M17-26 cells. These findings
cells (Table 9. These data thus suggest that nitrosylation of Rasuggest that nitrosylation and farnesylation of Ras may affect
is necessary for maintaining the survival of PC12 cells, whilehomocysteine metabolism, which finally results in the alteration
farnesylation of Ras stimulates apoptosis under conditions aéf the DNA-binding activity of c-Fos.
withdrawal of trophic factors. Oxidative stress appears to be the common convergence con-
Two transcription factors, nuclear factor (NF) kappa B anddition in the neuronal death process induced by many differ-
activator protein (AP)-1, have been identified as being reguent insults, including trophic factor withdrawf3]. Ras is a
lated by the intracellular redox state via Ras-dependent pathwagentral molecular switch of intracellular regulation and stress
[20,27] Thus, inthe next series of experiments the DNA-bindingresponse, and through interactions with downstream effector
activities of c-Fos and NikB were determined. We found that molecules regulates the activities of several transcription fac-
in the M-CR3B cells manumycin increased the activity of c-Fostors[26]. Ras itself is regulated by a series of post-translational
and decreased the activity of NéB, while L-NAME decreased madifications, including farnesylation and nitrosylation, but the
the activities of both transcription factorgaple 2. In contrast  role of these modifications on stress response and downstream
to the M-CR3B cells, in the M-M17-26 cells manumycin doeseffector specificity is not well understood. Using dominant-
not change the activity of c-Fos, nor the activity of NB: Fur-  negative and wild-type Ras-overexpressing pheochromocytoma
thermore, in the M-M17-26 cells the effect ofNAME was  cells and trophic factor withdrawal conditions, we have found

Table 2
Enhancer-binding activity of c-Fos and NéB after treatment of cells with-NAME and manumycin
Transcription factors and additions M-CR3B cells M-M17-26 cells
ODgys0 (Mg protein) Percentage of activity Q#y (mg protein) Percentage of activity
c-Fos
Control 0.272+ 0.021 100 0.187 0.009 100
Control + manumycin (1.M) 0.327+ 0.033 120 0.168+ 0.014 89
Control +L.-NAME (1 mM) 0.211+ 0.03T 76 0.259+ 0.021 138
Control + manumycin (M) + L-NAME (1 mM) 0.226+ 0.028 83 0.117 0.007 63
NF-xB
Control 0.456+ 0.036 100 0.421 0.027 100
Control + manumycin (1.M) 0.315+ 0.027 69 0.378+ 0.034 89
Control +L-NAME (1 mM) 0.333+ 0.031 73 0.441+ 0.039 104
Control + manumycin (M) + L.-NAME (1 mM) 0.457+ 0.049 101 0.335: 0.033 79

DNA-binding activity of c-Fos and NikB was determined after exposureitdNAME or manumycin for 24 h. All data were normalized to the control values
(untreated or only preincubated cells). The data are presented as the-i8ea. for triplicate determinations.
* P<0.05 vs. control.
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Fig. 1. Production of homocysteine after treatment of M-CR3B and M-M17-26 celisN&ME and manumycin. M-CR3B (A) and M-M17-26 (B) cells were
cultured for 24 h in the presence or absence of manumygiM)landL-NAME (1 mM) and aliquots of medium were subjected to HPLC analyses. Homocysteine
was not detected in the fresh medium.

that alteration of the steady state levels of nitric oxide andenhancer-binding activity of the AP-1 complg0]. Our results
inhibition of farnesylation modifies the activities of c-Fos correlate with the first observation: an increase in homocysteine
and NF«B in the Ras-expressing cells, while in cells with concentration interferes with c-Fos DNA-binding in PC12 cells.
dominant-negative Ras there were no significant effects of thegen the other hand, a positive correlation between secreted homo-
inhibitors. cysteine and the viability of M-CR3B cells was also found. This
An increase in homocysteine was detected following folatecorrelation was observed only in the Ras-overexpressing M-
deprivation in cultured hippocampal and embryonic corticalCR3B cells, whereas in the Ras dominant-negative M-M17-26
neurons promoting apoptog 13]. The increasing level of this  cells such dependence was not found. Besides, we have shown
amino acid was accompanied by the elevation of ROS, sughat in the M-CR3B cells manumycin increased the activity of
gesting that oxidative stress may be an important factor foc-Fos and decreased the content of homocysteine. All together,
the accumulation of homocysteine. Since methionine synthasbese observations suggest that homocysteine is accumulated
is inactivated by oxidation, while cystathioniflesynthase is during trophic factor withdrawal conditions via Ras-dependent
active in the oxidized fornj7,31], oxidative stress can reduce oxidative stress, and an elevated concentration of this amino
remethylation and enhance the transsulfuration that results iacid can depress the DNA-binding activity of c-Fos. Taking into
increased homocysteine levels. We have determined homocyaecount that mitogenic stimuli preferentially recruit the ERKs
teine in the cell culture medium after treatment of cells byand activate AP-1 through expression enhancement of AP-1
manumycin and.-NAME and found that addition af-NAME component$11,15], while NGF withdrawal leads to sustained
increased the formation of homocysteine, while manumyciractivation of the INK and p38 enzymes and inhibition of ERKsin
decreased the production of this amino acid in M-CR3B cellsPC12 pheochromocytoma ce]B5], we infer that depression of
These observations suggest that physiological concentrations tife activity of c-Fos in our experiments reflects rearrangements
NO appear to regulate metabolic pathways for homocysteinef subunits in the AP-1 system.
resynthesis by balancing reducing and oxidizing conditions via Our results show that depression of the concentration of NO
Ras-operated systems. by L-NAME accelerates apoptosis of M-CR3B cells, but this
We have found an inverse correlation between levels ofnhibitor does not change the viability of M-M17-26 cells. Fur-
secreted homocysteine and the DNA-binding activity of c-Fosthermore, we found thatNAME decreased the activity of c-Fos
Reduction of the activity of c-Fos in M-CR3B cells was accom-in the M-CR3B cells and increased the production of homocys-
panied by an increasing level of homocysteine, and converselgine. Since inhibition of NOS by-NAME changes the viability
elevated activity of c-Fos correlated with diminution of homo- of the M-CR3B cells only, we may conclude that diminishing
cysteine production. Homocysteine might use several distindhe content of NO directly affects Ras, and that this action is
mechanisms to affect signalling processes leading to stimulaiot mediated by the nitrosylation of another regulatory protein,
tion of gene expression in PC12 cells. As an inhibitor of proteine.g. c-Fog8]. Our results agree with the observation of Teng
methylation, it was found to inhibit NGF-induced neurite for- et al. [32] that activation of c-Ha-Ras by NO modulates sur-
mation, supposedly through blocking the methylation of keyvival responsiveness in PC12 cells and can protect them from
signalling proteing5]. In contrast, homocysteine treatment of apoptosis.
cortical neurons was found to evoke increased phosphorylation In the presence of manumycin the activity of NB-in M-
of the tau protein via the ERK pathway, a signalling route thatCR3B cells was decreased, indicating that farnesylation of Ras is
stimulates the expression and phosphorylation of Fos, and theecessary for the activation of this transcription factor. Further-
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more, we found that diminution of the intracellular concentration  differentiation of PC12 cells, J. Cell Biol. 138 (1997) 1089—
of NO by 1-NAME decreased the activity of NkB, but para- 1103. . o _ .
doxically in the presence of both manumycin anNAME the [6] G. Cuda, R. Patemy R. Ceravolo, M. Candigliota, P. Perrotti, F. Perti-
. cone, M.C. Faniello, F. Schepis, A. Ruocco, E. Mele, S. Cassano, M.
activity of NF«B was restored to the normal l_evel' These data Bifulco, M. Santillo, E.V. Avvedimento, Protection of human endothelial
suggest that both nonfarnesylated and nonmtrosylateq .Ras act cells from oxidative stress. Role of Ras-ERK1/2 signaling, Circulation
on the same downstream effectors as does doubly modified Ras. 105 (2002) 968-974.
Our observation agrees with the suggestion of Bergo ¢8hl.  [7] 1.O. Danishpajooh, T. Gudi, Y. Chen, V.G. Kharitonov, V.S. Sharma,
that the absence of carboxyl methylation of CAAX proteins has G.R. Boss, Nitric oxide inhibits methionine synthase activity in vivo

rominent effects on Ras turnover. but apparently little or no and disrupts carbon flow through the folate pathway, J. Biol. Chem. 276
p , Pp Yy (2001) 27296-27303.

effect on downstream effector specificity. [8] W. Droge, Free radicals in the physiological control of cell function,
Farnesylated Ras is modified by a specific CAAX protease Physiol. Rev. 82 (2002) 47-95.

and is translocated to the plasma membrane where it undergod8l P.I. Ho, D. Ashline, S. Dhitavat, D. Ortiz, S.C. Collins, T.B. Shea, E.

palmitoylation at multiple upstream Cysteine residues. Under Rogers, Folate dgpnvaﬂon induces negrodegenera_tlon: r_oles of oxida-
.. . . . . tive stress and increased homocysteine, Neurobiol. Dis. 14 (2003)

this circumstance§-nitrosylation of terminal cysteines of Ras 942

could be important, since it would prevent membrane attachn ) p.1. Ho, D. Ortiz, E. Rogers, T.B. Shea, Multiple aspects of homocysteine

ment of Ras. Structural, chemical and mutational studies have neurotoxicity: glutamate excitotoxicity, kinase hyperactivation and DNA

shown that these cysteine residues of Ras are surface-exposed damage, J. Neurosci. Res. 70 (2002) 694-702.

and have the potential to be oxidized by oxidative or nitrosativél1] Q- Hu. A. Klippel, A.J. Muslin, W.J. Fantl, L.T. Williams, Ras-dependent

. - - .- induction of cellular responses by constitutively active phosphatydilinos-

processefl 6,18] Cys-18€_5 is stably m0_d|f|ed with |_sopren0_|d in itol 3-kinase, Science 268 (1995) 100-102.

the mature Ha-Ras protein and is available as a nitrosylation tajro] . juravieva, T. Barbakadze, D. Mikeladze, T. Kekelidze, Creatine

get only in the unmodified precursor form. If exposure to nitric ~ enhances survival of glutamate-treated neuronal/glial cells, modulates

oxide or farnesyl transferase inhibitors were to cause accumula- Ras/NF«B signaling, and increases the generation of reactive oxygen

tion in this usually minor population, thesanitroso modification species, J. Neurosci. Res. 79 (2005) 224-230.

of Cys-186 could assume a Iarger importance. However furthé%3] I.l. Kruman, T.S. Kumaravel, A. Lohani, W.A. Pedersen, R.G._Cutlgr,

g - ) A K. Kruman, N. Haughey, J. Lee, M. Evans, M. Mattson, Folic acid
StUdy IS needed fOI’ CIarlflCat'On Of the Substrate SpeCIfICItIeS Of deﬁuency and homocysteine |mpa|r DNA repair in h|ppocampa| neu-
nitrosylated and farnesylated Ras. rons and sensitize them to amyloid toxicity in experimental models of
In conclusion, our results indicate that trophic factor with- ~ Alzheimer's disease, J. Neurosci. 22 (2002) 1752-1762.
drawal stimulates Ras (apparently Ha-Ras), which probabl{t4! W- Kuhn, R. Roebroek, H. Blom, D. van Oppenraaij, H. Przuntek, A.
. . Kretschmer, T. Buttner, D. Woitalla, T. Muller, Elevated plasma levels

thr_ough the Rac/NADPH (?dease Sy_Stem induces p_ermanent of homocysteine in Parkinson’s disease, Eur. Neurol. 40 (1998) 225—

oxidative stress. The elevation of reactive oxygen species causes 557,

inhibition of methionine synthase and increases the concentrgts] J.M. Kyriakis, J. Avruch, Mammalian mitogen-activated protein kinase

tion of homocysteine, which in turn accelerates cell apoptosis. signal transduction pathways activated by stress and inflammation, Phys-

Under these circumstances the DNA-binding activities of two___ i0l- Rev. 81 (2001) 807-869. }

. .. [16] H.M. Lander, A.J. Milbank, J.M. Tauras, D.P. Hajjar, B.L. Hempstead,
redox-sensitive t_ranscrlp_tlon factors, MB-and c-Fos, yvere G.D. Schwartz, R.T. Kraemer, U.A. Mirza, B.T. Chait, S.C. Burk, L.A.
altered, modulations which depend on the levels of nitrosyla-  quilliam, Redox regulation of cell signalling, Nature (Lond.) 381 (1996)
tion and farnesylation of Ras. 380-381.

[17] C. Li, R.M. Jackson, Reactive species mechanisms of cellular hypoxia
reoxygenation injury, Am. J. Physiol. Cell Physiol. 282 (2002)
C227-C241.

[18] R.J. Mallis, J.E. Buss, J.A. Thomasi, Oxidative modification of H-ras:
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