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Abstract

The present study demonstrates that manganese superoxide dismutase (MnSOD) (Escherichia coli), binds nitric oxide (NO)
and stimulates its decay under both anaerobic and aerobic conditions. The results indicate that previously observed MnSOD-
catalyzed NO disproportionation (dismutation) into nitrosonium (NO™T) and nitroxyl (NO™) species under anaerobic
conditions is also operative in the presence of molecular oxygen. Upon sustained aerobic exposure to NO, MnSOD-derived
NO species initiate the formation of peroxynitrite (ONOO ") leading to enzyme tyrosine nitration, oxidation and (partial)
inactivation. The results suggest that both ONOO ~ decomposition and ONOO -dependent tyrosine residue nitration and
oxidation are enhanced by metal centre-mediated catalysis. We show that the generation of ONOO ™~ is accompanied by the
formation of substantial amounts of H,O,. MnSOD is a critical mitochondrial antioxidant enzyme, which has been found to
undergo tyrosine nitration and inactivation in various pathologies associated with the overproduction of NO. The results of
the present study can account for the molecular specificity of MnSOD nitration iz vivo. The interaction of NO with MnSOD
may represent a novel mechanism by which MnSOD protects the cell from deleterious effects associated with overproduction
of NO.
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MnSOD has been found to be inactivated and
tyrosine nitrated in different pathologies associated
with the overproduction of nitric oxide (NO) [3-12].
As MnSOD is a critical mitochondrial antioxidant

Introduction

Manganese superoxide dismutase (MnSOD) is the
SOD isoform found in the mitochondrial matrix of
eukaryotes and in a variety of prokaryotes. SOD

enzymes from various sources have a high degree of
structural similarity and contain identical metal-
chelating amino acid groups in the active site [1,2].
The biological role of SOD is the detoxification of the
superoxide radical (O, ) by converting it into
hydrogen peroxide (H,O,) and molecular oxygen
(02 [1,2].

enzyme, its nitration is thought to represent a severe
hazard and has been suggested to promote oxidative
damage, which may ultimately signal to cell death [3].
In vitro studies have demonstrated that synthetic
peroxynitrite (ONOO ) causes MnSOD tyrosine
nitration and inactivation [13—15]. It has also been
suggested that peroxynitrite ONOO , which can be

Correspondence: V. Niketi¢, Department of Chemistry, University of Belgrade, Studentski Trg 12—16, POB 158, 11001, Belgrade, Serbia.
Tel: 381 11 3336721. Fax: 381 11 635425. E-mail: vniketic@chem.bg.ac.yu

TThe authors dedicate this paper to Prof. A. M. Michelson on the occasion of his 80th birthday in 2006.

ISSN 1071-5762 print/ISSN 1029-2470 online © 2007 Informa UK Ltd.
DOI: 10.1080/10715760600944296

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/02/11
For personal use only.

formed in an extremely fast reaction between NO and
O, (second order rate constant of approximately
10'°M s [16]), causes MnSOD tyrosine nitration
and inactivation  vivo [13,14].

Previous studies from our laboratory [17] have
demonstrated that in anaerobic solutions MnSOD
(Escherichia coli) catalyses NO conversion (dispropor-
tionation) into nitrosonium (NO™) and nitroxyl anion
(NO ") species (reactions 1-2), which lead to
structural enzyme modifications and inactivation
[17]. The term NO-dismutation [18] was suggested
to distinguish this from other modes of NO
disproportion promoted by transition metal com-
plexes [19].

We hypothesised that if MnSOD-catalysed NO
dismutation was operative under aerobic conditions
(O, may react with NO [20] thereby preventing its
interaction with the enzyme) NO  derived from
MnSOD-catalysed NO disproportionation (reaction
2) could trigger ONOO ™~ formation via its rapid
reaction with O, [21] (rate constant of
5.7 x 10°M ™~ 's7! [22]) (reaction 3). The ONOO~
formed by such a mechanism would be generated at/or
near the enzyme’s active site. Therefore, both
ONOO™ decomposition and ONOO -dependent
tyrosine residue nitration and oxidation would be
enhanced by metal centre-mediated catalysis [15].

Mn(IIHSOD + NO — Mn(I)- - -NO* (1)
Mn(IDSOD + NO — Mn(IIl)- - -NO~  (2)

NO™ +0,— ONOO™ 3)

Here, we demonstrate that MnSOD (E. coli) binds
and stimulates NO decay under both anaerobic and
aerobic conditions. We show that upon sustained
aerobic exposure to NO, MnSOD-derived NO™
initiates the formation of ONOO  which leads to
ONOO  decomposition and ONOO -dependent
enzyme tyrosine residue nitration, oxidation and
(partial) enzyme inactivation. Substantial amounts of
H,0, generated upon aerobic MnSOD exposure to
‘NO support the intermediacy of O, during the
reaction of MnSOD-derived NO  with O,. The data
suggest a novel protective role of MnSOD and can
account for the molecular specificity of MnSOD
nitration in vivo.

Materials and methods
Reagents

MnSOD (from E. coli) was isolated according to Ref.
[23]. Mn removal from the enzyme’s active site and
the preparation of the apoenzyme was performed as
described in Ref. [15]. The enzyme activity was
assayed by the adrenalin method [24]. ONOO was
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synthesised, quantitated and handled as described in
Ref. [25]. A dityrosine (dityr) standard was prepared
using horseradish peroxidase-catalysed oxidation of
tyrosine by H,O, [26] and quantified using the
extinction coefficient Es;5 = 8380M 'cm ' [26].
Tyrosine and 3-nitro-L-tyrosine were purchased from
Sigma. Human haemoglobin was isolated from red
blood cells from healthy volunteers as previously
described [27]. Methaemoglobin (MetHb) was pre-
pared by oxidation of haemoglobin with excess
sodium hexacyanoferrate(II) [27] and further pur-
ified by extensive dialysis using ultra-pure Milli-Q
water. All other chemicals were at least analytical
grade and were used without additional purification.
Potassium phosphate (KPi) buffer (50 mM, pH 7.4)
was prepared from K,HPO,KH,PO, using ultra-
pure Milli-Q water and treated with the heavy metal
scavenger resin Chelex-100 (0.3-0.5g per 10 ml) by
shaking gently for 18 h in the dark. After low-speed
centrifugation for 15 min, the solution was carefully
decanted from the resin and the pH of solution was
checked and re-adjusted at 23°C. Gaseous NO was
obtained from the reaction of FeSO,4 with NaNO, in
0.1M HCI and subsequently purified by passing
through 0.5 M NaOH and then through a solid CaCl,
column [28]. NO solutions (1.2-1.8mM) were
prepared by collecting gaseous NO in argon (Ar)-
purged glass vials fitted with septum containing KPi
buffer. Solutions of low NO concentrations were
prepared by bubbling Ar through the millimolar NO
solutions until concentrations of between 10 and
150 uM of NO were achieved. For NO measure-
ments, 50 pl aliquots of NO solutions were sampled
with a gas-tight Hamilton syringe and added directly
to the stirred reaction chamber containing 5 ml of KPi
buffer containing a NO-sensitive electrode (Harvard
Apparatus, USA).

Kinetics of MnSOD-stmulated 'NO decay

An anaerobic NO solution (10—150 wM, 2 ml) in KPi
buffer was incubated for 60 min at 23°C before a
further 60 min incubation which followed the injec-
tion of an Ar-purged stock solution of MnSOD. NO
was determined by sampling 50 pl aliquots of NO
solutions using a gas-tight Hamilton syringe at specific
time points and then added directly to a stirred
reaction chamber containing 5ml of KPi buffer
containing a NO-sensitive electrode. At the end of
the experiment, NO was removed by bubbling Ar
through the solution and the remaining enzyme
activity was estimated.

The effect of MnSOD on the decay of NO in an air-
saturated buffer was estimated as described in Ref.
[29]. Briefly, a NO solution (1.6 mM) in KPi buffer
was sampled with a gas-tight Hamilton syringe and
added directly to the stirred reaction chamber
containing 5ml of air-saturated KPi buffer in the
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Figure 1. MnSOD causes rapid NO decay in anaerobic solution.
(A) Anaerobic NO solution (10 M) in KPi buffer was incubated
for 60 min at 23°C and subsequently for a further 20 min following
the injection of an Ar-purged stock solution of MnSOD to the final
indicated enzyme monomer concentrations. (B) Anaerobic NO
solution (150 puM) in KPi buffer was incubated with MnSOD
(0.45 pM subunit) with and without GSH supplementation
(1mM). For NO measurments 50 pl aliquots of NO solutions
were sampled with a gas-tight Hamilton syringe at the indicated time
points and added directly to the stirred reaction chamber containing
5ml of KPi buffer containing a NO-sensitive electrode. Arrows
indicate the remaining enzyme activity as % of the control. Data are
representative of at least three individual experiments.

absence and presence of MnSOD (5-25pM)
containing a NO electrode.

Stoichiometric determinations

To quantitate the reaction products formed upon
aerobic MnSOD exposure to 'NO, aliquots of NO
solution of known concentration (to yield a NO
concentration of approximately 10 wM in the reaction
mixture) were injected sequentially at 5 min intervals
into a solution of MnSOD in air-saturated KPi pH 7.4
buffer at 23°C. Under these conditions, completed
reactions of NO occurred (within 5 min) prior to the
subsequent addition. Control experiments with the
SOD apoenzyme were performed to estimate the
potential effects of reactive NO species derived from
the auto-oxidation of NO.

To assess the formation of NO  and (under
anaerobic conditions) NO*, the MnSOD solution
was supplemented with GSH (1 mM) prior to the

addition of NO. Hydroxylamine and GSNO were
estimated in the reaction mixture. Hydroxylamine was
determined by measuring indooxine formation from
8-hydroxyquinoline [22]. Since the presence of thiols
causes decreased colour yield, a standard curve was
performed using solutions containing hydroxylamine
and GSH to compensate for the decreased colour
yield [22]. The formation of NO ', upon aerobic
MnSOD exposure to NO was assessed by reductive
nitrosylation of metHb to HbNO which was mon-
itored directly in a quartz cuvette in the assay buffer at
23°C [22]. GSNO was measured by the method of
Saville [30].

The oxidation of non-fluorescent dihydrorhoda-
mine-123 (DHR) to fluorescent rhodamine-123 (RH)
was measured using a Fluorolog 3-22 spectrofluoi-
meter (Jobin Yvon, USA) with Acgitation = 503 nm
and Acmission = 526 nm. The formation of RH was also
quantified spectrophotometrically at 500nm
(e =78,000M 'cm™!) [31]. Known amounts of
synthetic ONOO ™~ were added for calibration and to
determine the relationship between ONOO and
DHR conversion into RH.

H,0, was quantified spectrophotometrically
by measuring the coloured product formed by
peroxidase-catalysed oxidation of 4-aminoantipyrine
[32].

Protein-bound 3-nitrotyrosine (3-NT) and dityr
were determined by HPLC analysis using hydrolysed
protein samples. To avoid artifactual nitration reac-
tions during acid hydrolysis, due to the presence of
nitrite in the reaction mixture, protein samples were
extensively dialysed against ultra-pure Milli-Q water
until the dialysate did not show any qualititative
reaction (pink coloring) with the Griess reagent [33].
Protein samples (1 mg) were hydrolysed in sealed (Ar)
glass ampoules under standard conditions (containing
1.5ml of 5.7 M HCI at 110°C for 24 h). After drying
the hydrolyzates under vacuum, the mixtures were
resuspended in the appropriate mobile phase. 3-NT
and dityr were analyzed by HPLC, using an ODS
Hypersil column (200 X 4.6 mm, 5-pM diameter
particles). Tyrosine, dityr, and 3-NT were eluted
isocratically at 1ml/min using a mobile phase
consisting of 92% water, 8% acetonitrile and 0.1%
trifluoroacetic acid [26] and analysed by UV detection
at 274 nm. Data are expressed as 3-N'T/MnSOD and
dityr/MnSOD subunit. To determine the yields of 3-
NT and dityr during acid hydrolysis and HPLC
separation, the hydrolysis of MnSOD (1 mg) plus
50nmol of each standard (3-NT and dityr) was
performed in parallel. HPLC analysis revealed a 100%
recovery of 3-NT and a 90% recovery of dityr under
our conditions. Protein solutions were also analysed
for the presence of dityr using a spectrofluorimeter.
Aliquots of NO-treated or untreated MnSOD were
added to solutions of 0.1 M KPi buffer (pH adjusted
to 9.0) and the fluorescence emission was scanned

RIGHTS

i
L

| MR



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/02/11
For personal use only.

Reaction of NO with MnSOD 65

A B nason
100 nM 0 uM
MnSOD
250 200 nM
l MnSOD 10 M
200 l
% 150
= 25 4M §I
g ©
Z, 100 P
50 } 1 min
—
: A

0 100 200 300 400 500

Time (s)

s

=1

Q

z.

N

5 -1.54 lOIIM
-2.01 15 pM
i) 25 1M

0 50 100 150 200 250 300 350
Time (s)

m

NO bound (LM)

Cc 1.04
0.5 -
0.0+
_0.54
=il control

[34M]

o]

y = 0.0051+ 6.52E%

Rate of NO decay (s‘})
o
=t
(3]

S 10 15 20 25 30
MnSOD (M)

10 15 20 25
MnSOD (M)

Figure 2. MnSOD catalyses NO decay in air-saturated buffer. (A) A representative trace of NO decay following the addition of MnSOD
into the NO solution (monitored with an NO electrode). (B—D) The effect of adding 3 uM of NO to aerobic solutions of increasing
concentrations of MnSOD. Representative NO traces (B), logarithmic plots (C) and the rate of NO decay as a function of the initial MnSOD
concentration (D). A plot of the binding of NO as a function of MnSOD concentration: the intercept of the linear portion of the logarithmic
plot with the time-zero point was used to calculate the amount of NO rapidly removed from the solution and this is plotted as a function of the
MnSOD (subunit) concentration (E). Data are representative of at least three individual experiments.

from 350 to 500nm using a fixed excitation
wavelenghth of 325 nm [13].

To be absolutely sure of the accuracy of nitrate
estimation, the concentration of nitrite present in the
reaction mixtures was first measured using the Griess
reagent [33], followed by the addition of an equal
amount of ammonium sulfamate dissolved in 50 mM
HCI to remove the nitrite from the reaction mixtures.
The nitrate concentration in the reaction mixtures was
then estimated after its conversion to nitrite by means
of the nitrate reducing wire (Innovative Instruments,
USA) as described by the manufacturer.

‘NO-treated samples of MnSOD and the correspond-
ing controls were subjected to SDS-polyacrylamide gel

electrophoresis (SDS-PAGE) using a 10% running gel
under reducing conditions [34].

Results

MnSOD stmulates NO decay and NO dismutation upon
anaeorobic exposure to NO

Figure 1A shows that addition of an Ar-purged
solution of MnSOD into an anaerobic solution of NO
caused a rapid breakdown of NO that was associated
with enzyme inactivation. We can estimate that a
minimum of 2 and 8 uM of NO (of the total 10 pM
added) was broken down by 0.25 and 0.75 uM of
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Figure 3. MnSOD-catalysed generation of NO~ upon aerobic
exposure to NO. (A) Reductive nitrosylation of MetHb (50 uM;
502 and 630nm) to HbNO (543 and 582nm). A solution of
MnSOD (15 M subunit) in air-saturated KPi buffer supplemented
with MetHb was subjected to sequental bolus additions (each 10 wl)
of saturated NO solution (1.6 mM) to yield the NO concentration
in the reaction mixture of approximately 10 .M at 23°C. After each
addition of NO, the solution was incubated for 5 min. Under these
conditions, completed reactions of NO occurred (within 5 min)
prior to the subsequent addition. The illustrated spectra were
recorded after two additions of NO solution. In control incubations
(without MnSOD addition), NO did not produce any effect on
MetHb. (B) Estimation of hydroxylamine. A solution of MnSOD
(15 M subunit) supplemented with GSH (1 mM) was subjected to
bolus additions of NO as described in (A). After 2—3 additions of
NO solution (at the indicated cumulative NO doses), aliquots of the
reaction mixture were removed for hydroxylamine estimation. Data
(A) are representative of at least three individual experiments. Data
points (B) are the means from triplicate values representative of
three separate experiments; SEM error bars were of similar size to
the symbols and are thus omitted for clarity.

MnSOD, respectively suggesting that the reaction was
in fact catalytic. These results are consistent with the
previous finding that MnSOD (under anaerobic
conditions) catalyses NO disproportionation into
NO*' and NO~ species (reactions 1-2) causing
structural enzyme modifications and catalytic inacti-
vation [17]. Furthermore, the addition of GSH, which
reacted with both NOT and HNO/NO~ species
yielding GSNO (approximately 40 uM) and hydro-
xylamine (approximately 20 pM) respectively [22,30]
significantly protected MnSOD from NO-mediated
inactivation thereby increasing the amount of NO
broken down by the enzyme (Figure 1B). In a control
incubation with GSH (but without MnSOD), NO

decay was almost non-detectable (Figure 1B) which
therefore excluded the reaction of GSH with NO [35]
as a source of NO breakdown.

MnSOD stmulates NO decay in the presence of oxygen

Since 'NO decomposes slowly in an air-saturated
buffer due to its reaction with O, [20], the capacity of
MnSOD to increase NO decay was examined. Results
in Figure 2 show that MnSOD increased the rate of
‘NO breakdown in the presence of O,. The effects of
adding an aliquot of MnSOD solution into the aerobic
solution of NO and representative traces of NO decay
upon addition of NO (3 M) to the aerobic solution
of MnSOD are shown in panels A and B, respectively.
The effect of increasing concentrations of MnSOD on
NO (3 wM) decay (plotted logarithmically) is shown
in panel C. Panel D shows that in the presence of
increasing concentrations of MnSOD, the rate of NO
decay increased. Although the auto-oxidation of NO
by O, is a second-order process [20], under these
conditions (low NO concentrations and fixed high O,
concentrations), it may be assumed that the rate
approximates a first-order process [29]. Assuming
that pseudo-first-order conditions are applicable at
high MnSOD concentrations, the slope of this graph
should yield the rate constant for the reaction of
MnSOD with 'NO. It was found to be approximately
650 M~ 's™!. Extrapolating the linear segment of the
logarithmic plot to zero time revealed a rapid decrease
in the initial concentration of free NO as the MnSOD
concentration increased. This fraction was pro-
portional to the MnSOD concentration and rep-
resented approximately 7% of the amount added
(panel E).

MnSOD-stimulated "NO dismutation upon aerobic
exposure to NO: Generation of NO™ species

If MnSOD-stimulated 'NO decay in the presence of
oxygen was due to MnSOD-catalysed NO dismuta-
tion (reactions 1-2), it should therefore be possible to
identify the generation of NO ™ species in the reaction
mixture. Indeed, both the reductive nitrosylation of
MetHb to form HbNO [22] (Figure 3A) and thiol-
dependent formation of hydroxylamine [22]
(Figure 3B) strongly support our claim that MnSOD
stimulated the formation of NO  species upon
sustained aerobic exposure to NO.

Formation of ONOO™ and H,O, upon aerobic MnSOD
exposure to NO

The formation of MnSOD-derived NO ™ species
raised the possibility that ONOO ™~ was formed upon
the reaction of NO with O, (reaction 3). Indeed,
Figure 4A shows that upon sustained aerobic MnSOD
exposure to NO DHR oxidation [31] occured in
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Figure 4. DHR oxidation and the formation of nitrate and H,O, upon aerobic MnSOD exposure to NO. (A) A representative fluorometric
trace of DHR oxidation into RH. (B) The NO concentration-dependant oxidation of DHR. A solution of MnSOD (15 pM subunit) and
DHR (50 M) in air-saturated KPi buffer at 23°C was subjected to sequential bolus additions of NO solution as described in the legend to
Figure 3. Control incubations were without MnSOD and were run in parallel. (C) The production of nitrate and (D) the production of H,O,
as a function of NO added to the air-saturated buffer containing MnSOD (15 uM subunit). After 2—3 additions of NO solution (at the
indicated cumulative NO doses) aliquots of the reaction mixture were removed for nitrate and H,O, estimation. In control incubations
(without MnSOD addition), nitrate was not detected. Nitrate and H,O, were estimated as described in the Materials and Methods section.

parallel (at approximately 5 min) with the loss of NO.
DHR oxidation (50 uM) following sequental
additions of NO into aerobic MnSOD solution (as a
function of increasing cumulative NO dose, 0-
165 wM) is shown in Figure 4B.

The addition of synthetic ONOO ™~ oxidised DHR
with an efficiency of approximately 60%, agreeing
with a previously reported value [31]. In contrast, the
addition of synthetic ONOO ™ to a MnSOD solution
resulted in less oxidised DHR (approximtaely 5%
efficiency), which may be explained by the MnSOD-
catalysed decomposition of ONOO ™~ demonstrated in
a previous study [15].

A recent observation suggested that at neutral pH
the protonated HNO form of NO™  predominates
[36]. The oxidation of HNO forming a strong oxidant
species (distinct from ONOO ) capable of oxidising
DHR has been reported [37,38]. Nitrate, which is the
ONOO"~ decomposition product [39], was not
detected among the end products of auto-oxidation
of HNO [39] or small amount was detected upon
completion of the reaction [40]. However, Figure 4C
shows that substantial amounts of nitrate were found
in the 'NO-treated MnSOD reaction mixture.
Together these results suggest that upon aerobic
MnSOD exposure to NO ONOO~ was clearly
generated in the reaction of MnSOD-derived NO ™
species with O,. However, the present data does not

exclude the possibility that a portion of the MnSOD-
derived NO ™~ species was protonated to form HNO
which could be subsequently oxidised into a strong
oxidant chemically distinct from that of ONOO™
[37,38].

The formation of ONOO ™ in the reaction of NO ™
with O, has been suggested to take place via
the intermediate production of O, , which is
converted into H,O, in the presence of SOD [31]
(reactions 4—6). Accordingly, Figure 4D shows that
substantial amounts of H,O, (that approximate to the
amounts of nitrate from Figure 4C) were generated
upon aerobic MnSOD exposure to NO.

NO~ + 0, = NO + O, (4)
O, + 2H'* + SOD — H,0, + SOD (5)
'NO + 0, — ONOO"~ (6)

MnSOD ryrosine residue nitration, oxidation and enzyme
mactivation upon aerobic enzyme exposure to NO

The generation of ONOO™ by the above-described
mechanisms occuring at/or near the MnSOD active
site raises the possibility that ONOO -dependent
enzyme tyrosine residue nitration and oxidation could
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Figure 5. The 3-NTand dityr content of NO-treated MnSOD as a
function of NO. MnSOD was exposed to NO as described in the
legend to Figure 3. (A) 3-NT and dityr (mol/mol MnSOD subunit)
in hydrolysed MnSOD samples analysed by HPLC. (B)
Fluorescence spectroscopy of intact proteins. Aliquots of NO-
treated or untreated MnSOD were added to solutions of 0.1 M KPi
buffer (pH adjusted to 9.0) and the fluorescence emission was
monitored from 350 to 500 nm at a fixed excitation wavelength of
325 nm. A synthetic dityr standard (0.75 nM) was used. (C) SDS-
PAGE of 'NO-treated MnSOD. Lane 1, control MnSOD; lanes 2
and 3, NO treated MnSOD (cumulative NO dose 165 and 45 uM,
respectively).

be enhanced by metal centre-mediated catalysis [15].
HPLC analysis of hydrolysed MnSOD samples
subjected to NO treatment (under the conditions
similar to those in Figure 3) revealed the presence of
both 3-NT and dityr. The amount of 3-NT increased
with the NO dose, whereas the initial increase of dityr
did not further increase despite continued addition of
‘NO (Figure 5A). Spectrofluorimetric analysis of NO-
treated samples to detect dityr (Figure 5B) confirmed
the results from the HPLC analysis. SDS-PAGE
indicated that NO treatment resulted in the formation
of non-reducible high molecular weight structures
(Figure 5C). The simultaneous appearance of dityr
and high molecular-mass complexes suggests that dityr

~ 110~
1004
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80 S
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60+

MnSOD activity (% of control
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0 40 80 120 160
Cumulative NO dose (M)

Figure 6. The effect of NO treatment on MnSOD activity.
Solutions of MnSOD (15 pM subunit) supplemented without or
with GSH (1 mM) were exposed to NO as described in the legend to
Figure 3. Aliquots were withdrawn at the indicated time points for
MnSOD activity measurements. Results from a single experiment
(repeated three times) are shown.

promotes intermolecular covalent crosslinking
between MnSOD subunits.

When Mn-deficient SOD apoenzyme or BSA was
incubated with NO (a cumulative dose of 165 pM)
neither 3-NT nor dityr could be detected (data not
shown), which excluded the auto-oxidation of NO
[41] as the source of tyrosine nitration and oxidation
in NO-treated MnSOD under our experimental
conditions.

The majority of NO added into a solution of
MnSOD is converted to nitrite, a product of NO
auto-oxidation [20]. Given the ability of nitrite/H,0O,
and metals to nitrate tyrosine [41], we incubated
MnSOD (15pM of enzyme monomer) with nitrite
and H,0, (each 1mM) for 2h at 23°C. This
treatment yielded approximately 0.01 mol of 3-NT
per mole of the enzyme monomer. This suggested that
under the experimental conditions of Figure 5 nitrite
and H,0, formed upon MnSOD exposure to NO
could not be the major source of enzyme tyrosine
nitration.

Taken together our findings support the idea that
ONOO ™ generated at or near the enzyme’s active site
upon aerobic MnSOD exposure to NO causes
tyrosine residue nitration and oxidation of the enzyme.

Treatment of MnSOD with specific cumulative NO
concentrations confirmed a dose-dependent inhibition
of MnSODs enzymatic activity (Figure 6). However, in
contrast to MnSOD treatment with synthetic
ONOO , in which 0.25 tyrosine residue nitration per
enzyme subunit was associated with partial enzyme
inactivation [42], NO-mediated MnSOD inactivation
(approximately 40%) shown in Figure 6 was due to
modification of 0.15 tyrosine residues per enzyme
subunit (Figure 5). This means that when MnSOD is
treated with NO other pathways are operative in
addition to ONOO -mediated enzyme inactivation.
These include enzyme inactivation due to modifi-
cations of the enzyme molecule itself by NO" and
NO™ species generated by MnSOD-stimulated NO
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dismutation observed in our previous study [17]. GSH,
which reacts with both NO* and NO ™ species [22,30],
prevented both the reaction of NO' and NO~ species
with MnSOD and NO -mediated ONOO ~ formation
protected MnSOD from inactivation (Figure 6) and
inhibited tyrosine residue modification (data not
shown).

Discussion

Our present study demonstrates that MnSOD
(from E. col) binds and catalyses NO decay under
both anaerobic and aerobic conditions. In addition,
MnSOD-catalysed NO dismutation (reactions 1
and 2) observed under anaerobic conditions in
our previous study [17] is also operative in the
presence of O,. NO itself is considered not to
disproportionate [43]. However, several examples of
NO disproportionation promoted by transition metal
complexes have been reported in Ref. [19]. To our
knowledge, MnSOD-catalysed NO dismutation is the
first example of NO disproportionation promoted by
metallo-proteins that are widely present in biological
systems. The molecular mechanism of MnSOD-
catalysed NO dismutation remains to be fully
elucidated and may prove to be a difficult task.

In our previous study, we demonstrated that under
anaerobic conditions both NO* and HNO/NO~
generated by MnSOD-catalysed dismutation reacted
with MnSOD causing extensive modification and
inactivation [17]. The results of the present study
show that during sustained aerobic exposure to
micromolar levels of NO (a situation reflective of
in vivo conditions) the reaction of MnSOD with 'NO
predominated forming NO ', ONOO and H,O,.

Our evidence for the generation of ONOO  is
derived from: (i) its reaction with exogenously added
probe (DHR); (ii) the formation of substantial
amounts of nitrate; (iii) the formation of substantial
amounts of H,0,; and (iv) the tyrosine residue
nitration and oxidation of MnSOD itself. The results
suggest that both ONOO~ decomposition and
ONOO -dependent tyrosine residue nitration and
oxidation are enhanced by metal centre-mediated
catalysis [15]. The addition of synthetic ONOO
caused a significant level of DHR oxidation compared
to that when MnSOD was present. This is consistent
with a previous finding that MnSOD catalyses
decomposition of ONOO ™~ [15]. Significantly lower
amounts (approximately 10 times less) of ONOO
were estimated from DHR oxidation than expected
from the amounts of nitrate (the decomposition
product of ONOO ) found in the reaction mixture
(Figure 4). The significant nitration and oxidation of
MnSOD tyrosine residues detected in NO-treated
MnSOD suggest that manganese in the MnSOD
active center enhances the enzyme autonitration [15].
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The formation of substantial amounts of H,O,
upon aerobic MnSOD exposure to NO observed in
the present study deserves additional discussion. The
reaction of NO ™~ with O,, that has been suggested to
take place via the intermediate production of Oj
which is then converted into H,O, in the presence of
SOD [31] (reactions 4—6) has been questioned in
subsequent studies [38]. In the cited studies, Angeli’s
salt was used, which at neutral pH releases HNO [38],
whereas in the present study, we dealt specifically with
NO™ species bound to Mn in the enzyme active site.
This may provide an explanation for the observed
discrepancies.

Therefore, we propose that the major source of
ONOO™ generated upon aerobic MnSOD exposure
to NO is the reaction of MnSOD-derived NO ™~ with
O,. The formation of substantial amounts of H,O, in
the reaction mixture opens up the posibility that
ONOO ™ might be subsequently formed in a reaction
of H,O, with NO and MnSOD, as well as in a
reaction of H,O, with MnSOD-derived NO™ species
(reactions 7—8) [44,45].

‘NO + H,0, + MnSOD — ONOO™ + H"
(7)
+ MnSOD

NO* 4+ H,;0, — ONOO™ + H" (8)

Although the tyrosine residues modified by NO-
treated MnSOD were not identified, we postulate that
NO-treatment causes nitration of the critical tyrosine
residue at position 34. This residue is located at the
vertex of the substrate funnel [2,46,47] suggesting
that the tyrosine residue may come into contact with
nitrating species generated upon reaction of ONOO ™
with Mn in the active site [15]. Consistent with
findings reported for human recombinant MnSOD
[13,42], we can predict the position where MnSOD
(E. coli) homodimers cross-link: the covalent binding
of two tyrosine 174 residues, which are located in close
proximity on the surfaces of MnSOD (E. coli) subunits
facilitating 3,3/-dityr formation via the combination of
two tyrosyl radicals.

However, in contrast to MnSOD treatment with
synthetic ONOO ~ which yields 3-HT and minimal
levels of dityr [42], high yields of dityr relative to those
of 3-nitrotzrosine were found in NO-treated MnSOD
(Figure 5A). This means that in NO-treated MnSOD,
the other pathways are operative in addition to
ONOO -mediated dityr formation [13,42]. We
assume that dityr could have been formed in a
reaction of TyrO" with NO, which is known to yield
dityr as a major product under the conditions such as
those of our study in which the flux of NO was higher
than that of O, [48]. Besides this, we speculate that
tyrosine residues could be oxidised by the strong
oxidant of currently unknown structure, which may be
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formed upon auto-oxidation of HNO [37,38] formed
by protonation of MnSOD-derived NO ™~ (reaction 2).

MnSOD (E. coli) bears high structural and
functional similarities to human MnSOD found in
mitochondria [47]. Whereas the human mitochon-
drial enzyme is homotetramer [47], E. coli MnSOD is
a dimer [46]. However, MnSOD from mitochondria
has a metal site that is nearly indistinguishable from
that of E. coli MnSOD [47]. The effect of synthetic
ONOO ™ on E. coli MnSOD is quite similar to that
reported for human recombinant MnSOD [15].
Taking these points together we assume that the
‘NO-mediated effects on E. coli MnSOD observed in
our present study in which biologically relevant
MnSOD (20 = 10 pM in mitochondria [49]) and
‘NO concentrations (1-10 pM under pathological
conditions [50]) were used may also be relevant for
human MnSOD.

It is widely assumed that the major source of
ONOO ™ vivo is the extremely rapid reaction of NO
with O, [16,39]. ONOO ™ is a strong oxidant and
nitrating agent that promotes oxidative damage via a
variety of mechanisms. Due to the multiplicity of its
targets ONOO ~ has a short half-life suggesting that
most of it will react/be consumed in close proximity to
its site of production [39]. Although there can be no
doubt that synthetic ONOO ™ effectively nitrates and
oxidises proteins, the generation of ONOO ™ and
ONOO -mediated protein nitration iz vivo has been
questioned in a number of recent studies especially
when NO and O, are generated from independent
sources [48]. A number of studies have pointed to
MnSOD as a predominant nitrated protein [4—
6,11,12], suggesting a high sensitivity of MnSOD
towards nitration and/or its close proximity to the
oxidant source. Concentrations of O, iz vivo are many
orders of magnitude higher than those of O
(between 5—-200 pM and <60 pM, respectively [51])
suggesting that although the reaction between NO
and O, proceeds at a slower reaction rate than that of
‘NO and O3, the former mechanism of ONOO™
formation could be potentially relevant to the
explanation of MnSOD nitration and inactivation
in vivo. MnSOD tyrosine nitration and oxidation by
ONOO  generated at the enzyme active site would
more convincingly explain the observed high sensi-
tivity of MnSOD towards nitration n wvivo under
conditions of up-regulated NO synthesis, such as
those occuring during ischemia/hypoxia [3—9], than
the pathway based on MnSOD reaction with ONOO ™
generated from independent sources of NO and O3 .

Using a rodent model of renal ischemia/reperfusion,
MacMillan and colleagues observed tyrosine nitration
of MnSOD and cytochrome ¢ during ischemia alone
and demonstrated that these two proteins were
specific targets of this oxidative damage [6]. Cyto-
chrome c interacts with NO, stimulates NO decay
and catalyses the reduction of NO to NO ™, which

subsequently reacts O, to yield ONOO  [29]. The
capacity of MnSOD to stimulate NO decay as well as
to induce ONOO ™ formation, reported in our study,
is comparable or higher than that reported in the cited
study for cytochrome c. Therefore, we interpret the
above findings by assuming that interaction of these
two proteins with NO (followed by its transformation
into NO ) preceeds and triggers the ONOO ™
formation via the reaction of NO~ with O,, which
then causes nitration and oxidation of specific tyrosine
residues.

The proposed mechanism of MnSOD tyrosine
nitration and inactivation may be applicable to other
pathological situations associated with overproduction
of NO. Examples are MnSOD tyrosine nitration in
the cerebrospinal fluid from patients suffering from
neurodegenerative deseases [11] and in human lung
adenocarcinoma cells in response to cytokines [12].

The results of our present study suggest that
MnSOD may play a novel dual role in the formation
and decomposition/scavenging of ONOO . MnSOD
may catalyse ONOO ™~ formation from NO facilitating
both Mn-dependent ONOO ™ decomposition and
ONOO -mediated tyrosine residue nitration [15].
This suggests that most of the generated ONOO ™~ will
be decomposed into nitrate and/or consumed in
nitration and oxidation of MnSOD tyrosine residues.
In this way, MnSOD may protect other cell
constituents from ONOO -dependent oxidations.
Dismutation of O5; to H,0O, by MnSOD (reaction
5) reduces the formation of ONOO™ (reaction 6),
prolongs the half-life of WO and increases the
concentration of cytosolic H,O, level. H,O, gener-
ated in this manner may then be involved in the
regulation of different cellular processes [51] and/or
contribute to oxidative cell damage [52].

A recent study has examined the role of enzymes as
protectors against high local concentrations of NO in
‘NO generating cells. It was proposed that these
enzymes might regulate the level of NO via their
reductase or dismutase activities [53]. The results
presented in our previous report [17] together with the
present study raise the possibility that MnSOD is a
candidate for being a NO dismutase and points to the
novel mechanism by which MnSOD may protect the
cell from deleterious effects associated with over-
production of NO. The mechanisms include reactions
of GSH with both MnSOD-derived NO" and
HNO/NO ™ species which yield GSNO and hydro-
xylamine, respectively and protects the enzyme from
NO-mediated structural modifications and inacti-
vation. However, NO-mediated MnSOD inactivation
could at the same time amplify the toxic effects of NO.

On the basis of our i vitro study, we argue that the
reactions of NO with E. coli MnSOD may represent
part of the biochemical basis of resistance to NO-
mediated host defense [54]. Reactive NO species
serving as part of host defense have DNA as their
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ultimate target [46] and E. coli MnSOD is effective in
preventing damage to DNA [55]. By reducing the
levels of both O, and NO, MnSOD decreases the
extent to which O, combines with NO to form
ONOO " in the cell that is more toxic than either of its
precursors.

The results presented herein and in our previous
study [17] together with the finding that trace
amounts of iron ions (reflective of the so-called “free
iron” in biological milieu) may stimulate NO
dismutation into NO" and HNO/NO~ species [18]
illustrate that metal-assisted NO dismutation in
biological systems may be feasible and possibly
physiologically relevant. The relevance of these
findings in the case of human MnSOD as well as the
importance of metal-assisted NO dismutation i vivo
warrants further consideration along the lines pre-
sented here.
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