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Manganese superoxide dismutase (MnSOD) catalyzes
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Abstract: The peroxynitrite-induced nitration of manganese superoxide dismutase
(MnSOD) tyrosine residue, which causes enzyme inactivation, is well established.
This led to suggestions that MnSOD nitration and inactivation in vivo, detected in
various diseases associated with oxidative stress and overproduction of nitric mon-
oxide (NO), conditions which favor peroxynitrite formation, is also caused by
peroxynitrite. However, our previous in vitro study demonstrated that exposure of
MnSOD to NO led to NO conversion into nitrosonium (NO*) and nitroxyl (NO™)
species, which caused enzyme modifications and inactivation. Here it is reported
that MnSOD is tyrosine nitrated upon exposure to NO, as well as that MnSOD nitra-
tion contributes to inactivation of the enzyme. Collectively, these observations pro-
vide a compelling argument supporting the generation of nitrating species in MnSOD
exposed to NO and shed a new light on MnSOD tyrosine nitration and inactivation in
vivo. This may represent a novel mechanism by which MnSOD protects cell from
deleterious effects associated with overproduction of NO. However, extensive
MnSOD modification and inactivation associated with prolonged exposure to NO
will amplify the toxic effects caused by increased cell superoxide and NO levels.
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INTRODUCTION

The nitrogen monoxide molecule (NO), a known environmental pollutant, is
an ubiquitous cellular messenger, which regulates numerous biological processes,
but its overproduction appears to contribute essentially to the pathology of disease.
The pathophysiological effects are related to the generation of “reactive nitrogen
species” (RNOS), such as oxides of nitrogen (NOy) and peroxynitrite (ONOO"),
which are formed by the reaction of NO with oxygen and superoxide, respec-
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tively.! Of these, peroxynitrite, a strong oxidizing and nitrating agent, is now
thought of as a potent mediator of NO induced cytotoxicity.2:3

Tyrosine nitration is a covalent posttranslational protein modification derived from
the reaction of proteins with nitrating agents, which has been detected in a variety of dis-
ease states. 3 Protein nitration appears to be a selective process since not all tyrosine res-
idues in proteins or all proteins are nitrated in vivo.*> In addition to serving as a marker
of reactive nitrogen species, nitration of tyrosine can severely compromise the function
of proteins if the affected tyrosine residues are in the active site of the protein.!-3

The descovery that proteins at sites of cellular damage in diseases associated
with oxidative stress bear heavily nitrated tyrosyl groups, together with the in vitro
experiments which demonstrated that authentic peroxynitrite is an efficient nitrat-
ing agent, led to the suggestion that peroxynitrite could be a major tyrosine nitrat-
ing agent in vivo.3:6.7 However, direct evidence for peroxynitrite-mediated nitra-
tion in vivo is still lacking.8-° Moreover, a number of recent in vitro studies demon-
strated that the co-generation of NO and O,"~, which is a better approximation to
the in vivo situation than bolus addition of concentrated peroxynitrite solutions, did
not cause significant nitration of tyrosine.!0-12 Several alternative pathways for
nitrotyrosine formation under physiological conditions have been identified and
data obtained up to now suggest that not only one reaction but rather a combination
of pathways may be responsible for the nitration of tyrosine residues in proteins. 14

Manganese superoxide dismutase (MnSOD) is the SOD isoform found in the mi-
tochondrial matrix of eukaryotes and in a variety of prokaryotes. The enzymes from
various sources have a high degree of structural similarity and contain identical metal
chelating amino acid groups at the active site. MnSOD catalyzes the decomposition of
superoxide and, therefore, plays an active role in both detoxification of the cell from
this reactive oxygen species, and prevention of its reaction with NO to form pero-
xynitrite.!3:14 The essential nature of MnSOD was demonstrated by the discovery that
deletion mutation of the MnSOD gene is mice resulted in death within 5-21 days of
birth.15:16 In different pathophysiologies associated with oxidative stress and overpro-
duction of nitric oxide, MnSOD was reported to be tyrosine nitrated and inactivated.!”
Based on in vitro studies demonstrating that peroxynitrite inactivates MnSOD, causing
nitration of critical enzyme tyrosine residue(s), it was suggested that peroxynitrite is
the probable nitrating species causing MnSOD nitration in vivo.!8-21

However, our previous in vitro study demonstrated that exposure of MnSOD (£.
coli) to NO led to its fast and extensive inactivation, which was accompanied by struc-
tural alterations, such as amino acid group depletion and the cleavage of the poly-
peptide chains of the enzyme. The generation of nitrosonium (NO™) and nitroxyl
(HNO/NO") species in NO treated MnSOD, which produced enzyme modifications
and inactivation, was demonstrated.22 It is shown here that inactivation of NO treated
MnSOD is associated with the tyrosine nitration of the enzyme. Colectively, these ob-
servations provide a compelling argument supporting the direct involvement of NO in
the generation of nitrating species in MnSOD exposed to NO.



TYROSINE NITRATION 603

EXPERIMENTAL

All chemicals were reagent grade and used without additional purification. MnSOD (E. coli)
was isolated according to Keele ef al.23 The protein concentration in the dissolved enzyme samples
was determined according to Bradford ef al.2* The enzyme activity was assayed by the adrenalin
method.2> The enzyme preparations had typically a specific activity of 2300 units/mg. Manganese
was removed from the active site essentially as described in Quijano ef al.2! Deionized Milli-Q wa-
ter was used for washing glassware and preparing buffer solutions.

An argon purged solution (30 min) of MnSOD (15 pM enzyme monomer) in 50 mM potassium
phosphate buffer pH 7.4 containing 100 mM EDTA (KPi), was exposed to a saturated (1.7 mM) so-
lution of NO (15 min — 24 h, 23 °C) as described previously.? The remaining NO was subsequently
removed by bubbling the medium with argon for 30 min.

Peroxynitrite was prepared and quantified as described by Beckman et al.2® Working solutions
of peroxynitrite were prepared by diluting stocks with 1M NaOH prior to use. Peroxynitrite was
added (23 °C) at the final indicated concentations to MnSOD in KPi buffer, while vortexing.

The nitration of MnSOD was assayed spectrophotometrically. After the reaction had taken
place, the pH of the solution was adjusted to 10-11 with 4 M NaOH, and the absorbance was re-
corded at 428 nm using & (428 nm) = 4200 cm™! dm? mol-!.27 Nitration of MnSOD was also studied
by high performance liquid chromatography (HPLC). MnSOD samples were dialyzed extensively
against distilled water until the dialyzate did not show any qualitative reaction (pink coloring) with
Greiss reagent.2® The resulting proteins were hydrolyzed under standard conditions (5.7 M HCI at
110 °C for 24 h) in a closed vial. The solution was dried using a rotary evaporator under vacuum.
The residue was redissolved in 50 mM sodium phosphate buffer (pH 3.0) and analyzed by HPLC as
described below. HPLC analysis was carried out on a Waters 1529 instrument with a Waters 2487
dual UV/VIS detector. 3-Nitrotyrosine (3-NTYR) was separated using a 5-um Hypersil reverse
phase C-18 column under isocratic conditions with a mobile phase consisting of 50 mM NaH,PO,
(pH 3.0) and HPLC-grade methanol (90/10; v/v). The absorbance was monitored at 365 nm.!” The
3-NTYR peak was identified using an authentic external standard. The peak identity was deter-
mined by adding authentic 3-NTYR to the sample to establish the match in the HPLC retention time.
The 3-NTYR concentration was calculated from the peak area using a calibration curve obtained
with the standard. The data are expressed as nitrotyrosine/MnSOD subunit, obtained by dividing the
total nitrotyrosine content by the molar concentration of MnSOD monomer.

RESULTS AND DISCUSSION

The HPLC analysis of hydrolyzed MnSOD which had been subjected to either
peroxynitrite or NO treatment revealed a peak with the same retention time as the au-
thentic 3-NTYR (Fig. 1). Mn-deficient superoxide dismutase did not form a nitrated
adduct upon exposure to NO and was devoid of superoxide-scavenging activity.

Figure 2A shows that the 3-nitrotyrosine content of NO treated MnSOD in-
creases with time and a maximum yield of one tyrosine residue per enzyme subunit
could be predicted from these data. Figure 2B shows that tyrosine nitration paral-
lels the loss of enzyme activity. Collectively, these data suggest that exposure to a
high concentration of NO for a prolonged period of time is required for extensive
modification and inactivation of MnSOD.

The peroxynitrite titration data (Fig. 3A) demonstrated that approx. three tyro-
sine residues in MnSOD were nitrated, as well as that one of these tyrosine residues
is more susceptible to peroxynitrite induced nitration. All this is in good agreement
with findings reported previously by other authors who used the same method and
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Fig. 1. HPLC detection of 3-nitrotyrosine formed in peroxynitrite (1) and NO-treated (2)
MnSOD. Authentic 3-nitrotyrosine standard (3) and untreated MnSOD (4). An argon-purged so-
lution of the enzyme (15 puM of enzyme monomer) in KPi buffer pH 7.4 was exposed to saturated
(ca. 1.7 mM) NO solution at 23 °C for 15 min followed by bubbling the medium with argon for
30 min. Peroxynitrite (cumulative dose of 1.5 mM) was added sequentially to a stirred enzyme
solution (15 pM enzyme monomer) in 50 mM KPi buffer, pH 7.4 at 23 °C. The MnSOD samples
were dialyzed against distilled water until the reaction for nitrite was negative and then hydro-
lyzed in 5.7 M HCl at 110 °C for 24 h. Nitrotyrosine was analyzed by HPLC on reverse phase
C-18 column under isocratic conditions with 50 mM sodium phosphate buffer (pH 3.0)/methanol
(90:10; v/v) as the mobile phase and UV detection at 365 nm. The experiments were performed
as described in the Experimental section.
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Fig. 2. Time-dependence of 3-nitrotyrosine formation (A) and enzyme inactivation (B) in
NO-treated MnSOD. An argon purged solution of the enzyme (15 uM of enzyme monomer) in
KPi buffer pH 7.4 was exposed to saturated (ca. 1.7 mM) NO solution at 23 °C for the indicated
periods of time, followed by bubbling the medium with argon for 30 min. 3-NTYR was analyzed
using the described HPLC method. Data are mean values + S.D. of three experiments performed
in duplicate. The experiments were performed as described in the Experimental section.
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approach.!9 Consistent with previous findings, !9-20 peroxynitrite-induced enzyme
inactivation parallels the nitration of one, and most likely the more susceptible, ty-
rosine residue (Fig. 3B).
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Fig. 3. Peroxynitrite concentration dependence of 3-nitrotyrosine formation (A) and MnSOD in-
activation (B). Peroxynitrite was added sequentially to a stirred enzyme solution (15 uM enzyme
monomer) in 50 mM KPi buffer, pH 7.4 at 23 °C. Each point represents the bolus addition of
peroxynitrite; complete reaction of peroxynitrite occurred (ca 30 s) prior to the next addtion. The
3-nitrotyrosine content of MnSOD treated with peroxynitrite was calculated from the absorbance

at 428 nm using an extinction coefficient £ (428 nm) = 4200 cm™! dm3 mol'!. The experiments
were performed as described in the Experimental section.

Taken together, these data suggest that the reactive species generated upon di-
rect binding of NO to MnSOD are less invasive than peroxynitrite in producing en-
zyme modifications and inactivation.

Evidence was provided in a previous study that NO-treatment of MnSOD (E.
coli) gives rise to reactive nitrosyl complexes which is associated with NO conver-
sion into NO* and HNO/NO~ species, presumably according to the following reac-
tion scheme:22

Eox + NO — Eyeq + NO*

Ered + NO — Eoy + NO—

It was suggested that the NO, NO* and NO~ species are reminiscent of the re-
dox forms of dioxygen, O,*~, O, and O,2-, respectively.29 Therefore, the term
NO-dismutation for NO conversion into NO* and NO~ species was suggested.30 A
portion of the generated NO™ and NO~ species are consumed in in situ reactions
with amino acid residues from the enzyme molecules, which explains the modifi-
cation(s) of the enzyme amino acid groups and cleavage of the polypeptide chains
of the enzyme at the histidine residues of the active site of the enzyme observed in a
previous study. The other portion takes part in reactions with molecules present in
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the reaction medium, such as the reaction of NO* with water which yields nitrite,
and the reaction of NO™ and NO~ species with low molar mass thiols added to the
reaction mixture yielding S-nitrosothiols and hydroxylamine, respectively.22 The
present study extends these findings by showing that reactive NO species capable
of nitrating the tyrosine residues(s) of the enzyme are generated at the active site of
NO treated enzyme.

It is assumed that NO treatment causes nitration of the Tyr34 residue of the en-
zyme molecule, which is located only a few angstroms from the manganese at the
active site.14:31 This tyrosine residue was shown previously to be the primary tar-
get for tyrosine nitration with peroxynitrate in MnSOD, which causes enzyme in-
activation.!9:20 The Tyr34 residue is located at the vertex of the substrate fun-
nel,14:31 indicating that this residue may come in contact with nitrating species
generated at the active site of the NO-treated enzyme.

The mechanism of the nitration of the tyrosine residue in NO-treated MnSOD
is not yet clear. A pathway intiated by NO* derived C-nitrosation of the tyrosine
residue followed by oxidation (with an as yet unidentified oxidizing agent) of the
C-nitroso compound to the nitro derivative32 seems plausible. However, a number
of nitrite based reaction pathways of tyrosine nitration have recently been pro-
posed.! One could speculate that NO™ generated at the active site of the enzyme
may be capable of reacting with accumulated nitrite (the product of the reaction of
NO* with water), to form nitrogen dioxide (NO,*), a documented tyrosine nitrating
species.! Indeed , the nitration of MnSOD (Fig. 2A) parallels the formation of ni-
trite: it is lower at the beginning of the exposure of the enzyme to NO but increases
as the amounts of nitrite in reaction mixture increase with time.22 The mechanism
of the NO-dependent MnSOD nitration of the tyrosine residue of MnSOD is
currently being investigated in our laboratory.

The present study suggests that NO-induced MnSOD tyrosine nitration and
inactivation may be relevant for in vivo conditions associated with an overproduc-
tion of NO during a prolonged period of time. Transition metal centers are the ma-
jor targets for NO binding in biological systems,33 suggesting that binding of NO
to MnSOD is more specific than that of peroxynitrite, which has been shown, in
addition to being rapidly decomposed at pH 7.4, to react with virtually all classes
of biomolecules, including low molar mass antioxidants which are present in abun-
dance in the cell.2:3 Taken together, these findings shed new light on MnSOD tyro-
sine nitration and inactivation in vivo and indicate a novel mechanism by which
MnSOD may protect cell from deleterious effects associated with an overproduc-
tion of NO. However, extensive MnSOD modifications and inactivation associated
with prolonged exposure to NO will amplify toxic effects caused by increased cell
superoxide and NO levels.
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U3BOJ

MAHTI'AH-CYIIEPOKCUI-IUCMYTA3A (MnSOD) KATAJIM3YJE NO-3ABMCHO
HUTPOBAKBE OCTATKA TUPO3NHA

CPHAH CTOJAHOBI/ITll, JTPATAHA CTAHI/IT12. MUITAH HI/IKOJ'II/ITll, CMUIbAHA PAI/I‘IEBI/I"B3,
MUMXAJIIO CITACUR™ u BECHA HUKETHUR
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beozpao u " Uncitiuitiyit 3a 6uonaowka ucitipaxcusarba “Cunuuia Citianxosuh”, Byaesap Oeciiottia Citiepana 142,
11001 Beozpao

JToOpo je MO3HATO J]a MEPOKCHHATPHT M3a3UBa HUTPOBAhE OCTaTaKa TUPO3KMHA Y MaHTaH-Cy-
nepokcua-auemyTtasn (MnSOD) mTo goBomu A0 MHAKTHBanmje eHsmMa. [lokasaHo je nma
HUTpPOBame U MHaKTHBanuja MnSOD-a HacTaje y pasHuUM 0oJiecTuMa, 3a KOje je Kapakre-
pUCTHYaH OKCHIaTHBHE cTpec m moBehana mpopykumja azoT-monokeuaa (NO). IMomro ce
IIpU OBUM YCJIOBHUMa OYeKyje HacTajame NEePOKCUHUTPUTA IPEJJIOKEHO je [a NMEepOKCU-
HUTPUT M3a3UBa HUTPOBake W MHAKTUBALM]y MnSOD in vivo. Y HameMm NpeTXOXHOM pamy
nokasajuu cMo ga MnSOD karanusyje Tpancgopmanujy NO y uurposonujym (NO') u HuTpo-
kemn (NO™) peakTHBHE BpCTe, Te HISHTH(UKOBAIN HEKe O] MOIM(PUKAIja MOJIEKYJIa eH3N-
Ma Koje IIpU TOMe HacTajy u3a3uBajyhu leroBy MHaKTHBALMjy. Y OBOM pajy je IOKa3aHo fa
npu n3naramby MnSOD a30T-MOHOKCHIY TOJIa31 U O HATPOBaWa OCTaTKa THPO3UHA Y MO-
JIeKYJly €H3HUMa, ILITO JONPHUHOCHU HeT0BOj HHaKTUBanuju. OBYU pe3ynTaTH yKasyjy ja Ipu 1H-
Tepakumju MnSOD ca NO oasu o HacTajama HUTPYjyhuX BpcTa, IITO 6ara HOBO CBETIIO Ha
Ipollec HUTPOBaWka OcTaTaka THUPO3MHA M MHaKTUBauujy MnSOD in vivo. OBo Moxe ja
nmpejcTaBlba HOBKM MeXaHu3aM KojuM MnSOD wtuty hesujy o ITeTHUX ehekaTa n3a3BaHux
XUNEePIPOAYKINjOM a30T-MOHOKcHAa. MebyTuM, ekxcTeH3uBHe MoguduKanuje 1 THAaKTUBA-
nrja MnSOD J10 KojuXx JJoJia3u MpH MPOAy>KeHOM n3iaramy ensuma NO, yBehahe Tokcnuane
edekTe nzazBane noBehannmm KoHneHTpanujama cynepokcuaa u NO y henmju.

(IMpummbeno 29. jyna 2004)
REFERENCES

1. J. P. Eiserich, R. P. Patel, V. B. O’Donnell, Mol. Aspects Med. 19 (1998) 221

2. W. H. Koppenol, Free Radic. Biol. Med. 25 (1998) 385

3. J. T. Groves, Curr. Opin. Chem. Biol. 3 (1999) 226

4. H. Ischiropoulos, Biochem. Biophys. Res. Commun. 305 (2003) 776

5. K. S. Aulak, M. Miyagi, L. Yan, K. A. West, D. Massillon, J. W. Crabb, D. J. Stuehr, Proc. Natl.

Acad. Sci. USA 98 (2001)12056

. J. S. Beckamn, Chem. Res. Toxicol. 9 (1996) 836

. J. K. Hurst, J. Clin. Invest. 109 (2002) 1287

. B. Halliwell, K. Zhao, M. Whiteman, Free Radic. Res. 31 (1999) 651

. A.vander Vliet, J. P. Eiserich, C. A. O’Neill, B. Halliwell, C. E. Cross, Arch. Biochem. Biophys.

319 (1995) 341

10. S. Pfeiffer, K. Schmidt, B. Mayer, J. Biol. Chem. 275 (2000) 6346

11. S. Goldstein, G. Czapski, J. Lind, G. Merenyi, J. Biol. Chem. 275 (2000) 3031

12. G. R. Hodges, J. Marwaha, T. Paul, K. U. Ingold, Chem. Res. Toxicol. 13 (2000) 1287

13. J. V. Bannister, W. H. Bannister, G. Rotilio, Crit. Rev. Biochem. 22 (1987) 111

14. M. E. Stroupe, M. DiDonato, J. A. Tainer, in Manganese Superoxide Dismutase. Handbook of
Metalloproteins. A. Messerschmidt, R. Huber, T. Poulos, K. Wieghardt, Eds., Wiley, Chichester,
2001, p. 940

15. R. M. Lebovitz, H. Zhang, H. Vogel, J. Cartwright, Jr., L. Dionne, N. Lu, S. Huang, M. M.
Matzuk, Proc. Natl. Acad. Sci. USA 93 (1996) 9782

16.Y.Li, T. T. Huang, E. J. Carlson, S. Melov, P. C. Ursell, J. L. Olson, L. J. Noble, M. P. Yoshimura,
C. Berger, P. H. Chan, Nat. Genet. 11 (1995) 376

O 00 31 N



608 STOJANOVIC e al.

17
18

19

20.

21

22.

23.

24

25.
26.

27.
28.
29.
30.
31.
32.

33.

. L. A. MacMillan-Crow, D. L. Cruthirds, Free Radic. Res. 34 (2001) 325

. H. Ischiropoulos, L. Zhu, J. Chen, M. Tsai, J. C. Martin, C. D. Smith, J. S. Beckman, Arch.
Biochem. Biophys. 298 (1992) 431

. L. A. MacMillan-Crow, J. P. Crow, J. A. Thompson, Biochemistry 37 (1998) 1613

F. Yamakura, H. Taka, T. Fujimura, K. Murayama, J. Biol. Chem. 273 (1998) 14085

. C. Quijano, D. Hernadez-Saavedra, L. Castro, J. M. McCord, B. A. Freeman, R. Radi, J. Biol.
Chem. 276 (2001) 11631

V. Niketi¢, S. Stojanovi¢, A. Nikoli¢, M. Spasi¢, A. M. Michelson, Free Radic. Biol. Med. 27

(1999) 992

B. B. Keele, Jr., J. M. McCord, I. Fridovich, J. Biol. Chem. 245 (1970) 6176

. M. M. Bradford, Anal. Biochem. 72 (1976) 248

H. P. Misra, 1. Fridovich, J. Biol. Chem. 247 (1972) 3170

J. S. Beckman, D. A. Wink, J. P. Crow, in Methods in Nitric Oxide Research, M. Feelisch, J. S.
Stamler, Eds., Wiley, Chichester, New York, 1996, p. 61

J. F. Riordan, B. L. Vallee, in Methods in Enzymology, C. H. W. Hirs, S. N. Timasheff, Eds., Aca-
demic Press, New York, 1972, p. 515

L. C. Green, D. A. Wagner, J. Glogowski, P. L. Skipper, J. S. Wishnok, S. R. Tannenbaum, Anal.

Biochem. 126 (1982) 131

J. S. Stamler, D. J. Singel, J. Loscalzo, Science 258 (1992) 1898

V. Niketi¢, S. Stojanovié, M. Spasié, lugoslav. Physiol. Pharmacol. Acta 34 (1998) 463

R. A. Edwards, H. M. Baker, M. M. Whittaker, J. W. Whittaker, G. B. Jameson, E. N. Baker, J. B.

L C.3(1998) 161

L. K. Keefer, D. L. H. Williams, in Methods in Nitric Oxide Research, M. Feelisch, J. S. Stamler,
Eds., Wiley, London, 1996, p. 509

Y. A. Henry, D. J. Singel, in Methods in Nitric Oxide Research, M. Feelisch, J. S. Stamler, Eds.,
Wiley, London, 1996, p. 357.



