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Abstract—The interaction of peroxynitrite with thiolate dinitrosyl iron complexes (DNIC) has been examined and
compared with the interaction with H,O,. Peroxynitrite oxidized DNIC containing various thiolate ligands—cysteine,
glutathione, and bovine serum albumin. Analysis of the oxidation suggested a two-electron reaction and gave third-
order rate constants of (9.3 = 0.5)00° M-[Sec! for DNIC with BSA, (4.0 = 0.3)d0® M~2Eec! for DNIC
with cysteine, and (1.8 £ 0.3)0” M~2Sec™! for DNIC with glutathione at 20°C and pH 7.6. Peroxynitrite was
more reactive towards DNIC than towards sulfhydryls. Addition of sodium dithionite after the reaction led
to significant restoration of the EPR signal of DNIC with cysteine. The reaction of glutathione DNIC with
H,O, was about 600 times slower than with ONOO™ and not reversed by sodium dithionite. Thus peroxynitrite,
in contrast to hydrogen peroxide, changes the pool of nitrosocompounds which can be responsible for in-
terconversion, storage, and transportation of nitric oxide in vivo.
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redox properties of nitrosyl adducts

Dinitrosyl iron complexes (DNIC) with thiol-con-
taining ligands may be involved in various processes
providing transportation and stabilization of nitric
oxide (NO) in cells and tissue. NO appears to be a
major second messenger in different physiological proc-
esses such as neurotransmission, vasodilatation, plate-
let aggregation, etc. [1-3]. The functions of nitric oxide
vary greatly—it can be cytostatic or cytotoxic depend-
ing on its level provided by various forms of nitric oxide
synthase depending on the state of the organism. The
effects of NO can are changed significantly due to
reactions with oxygen and superoxide (O;). The toxic
effect of NO results partly from products of very fast
reactions between NO and superoxide:peroxynitrite and
its conjugate acid, peroxynitrous acid. Peroxynitrite
anion (ONOOQO) is a relative stable species in alkaline
solution and has two distinct pK values, at 7.5-8.0 and
6.8, which could be related to cis and trans conforma-
tions [4]. At physiological pH (7.2-7.4) peroxynitrous
acid decomposes with a half-life of ~1 sec. The prod-
ucts of decomposition have the reactivity of hydroxyl
radical and nitrogen dioxide [5, 6]:

* To whom correspondence should be addressed.

H+
O, + NO" -~ ONOO = ONOOH - "OH™ + NO.,.

Peroxynitrite and peroxynitrous acid are potent
oxidants and can initiate lipid peroxidation [7], DNA
fragmentation [8], inactivation of enzymes containing Fe-S
clusters or zinc-thiolate centers [9, 10], and oxidation of
sulfhydryl groups in proteins and low mass molecules
[11]. Formation of peroxynitrite in vivo can be seen by
immunohistochemical methods in different tissue [12].

The ability of DNIC and of nitrosothiols to provide
a “depot” of nitric oxide in vivo makes interesting the
discussion of these adducts in tissue during the diffusion
of NO from NO-producing cells such as endothelial cells,
hepatocytes, and macrophages to target cells. Thus,
investigation of the interaction between these compounds
and peroxynitrite or end products of its decay is impor-
tant. The interaction of DNIC with NO, was discussed
in [13], where decomposition of DNIC initiated by a
mixture of gaseous NO and a small amount of NO, was
demonstrated. The stability of resulting nitrosothiols did
not change under these conditions.

We report here an investigation of the interaction
between compounds potentially able to accumulate or
donate NO and two oxidative agents: peroxynitrite and
hydrogen peroxide.
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MATERIALS AND METHODS

Cysteine, reduced glutathione, bovine serum albu-
min (BSA), Hepes, and sodium dithionite were pur-
chased from Sigma (USA). Ferrous sulfate was from
Fluka (UK). NaNO, and H,0, were produced in Russia
(analytical grade). Dinitrosyl iron complexes with
cysteine, glutathione (GS), and phosphate were prepared
by treatment of 5.4 mM FeSO, and 10.8 mM GS or
cysteine with gaseous nitric oxide in a Thunberg vessel
under pressure 200-300 mm Hg in solutions previously
degassed by vacuum and buffered with 15 mM Hepes
(pH 7.6) or without thiols in 15 mM sodium phosphate
(pH 7.6). Gaseous NO was synthesized in the reaction
of FeSO, with NaNO, in 0.1 M HCI with subsequent
purification in an evacuated system. Complexes with
BSA were synthesized by incubation of 0.6 mM BSA
solution with 0.5 mM solution of phosphate DNIC.

S-Nitrosoglutathione was synthesized in a Thun-
berg vessel by treatment of 50 mM glutathione with
a mixture of gaseous NO and air for 5 min with
subsequent evacuation of excess NO,. The concentra-
tion of S-nitrosoglutathione was determined spectro-
photometrically at 338 nm (molar extinction coeffi-
cient 980 M 'ldm ™).

Peroxynitrite was synthesized by mixing an acidi-
fied solution of 0.6 M NaNOQO, and 0.6 M H,0O, with
subsequent stabilization with 0.9 M NaOH [14]. The
concentration of peroxynitrite was determined spectro-
photometrically at 302 nm (molar extinction coefficient
1670 M '@m ). This reagent was synthesized every time
before an experiment.

Optical spectra were recorded on a Specord spec-
trophotometer (Germany). X-Band EPR spectra were
recorded on a Bruker 106 spectrometer (Germany)
under the following conditions: temperature 20°C,
microwave power S mW, modulation amplitude 0.5 mT.
The relative concentration of paramagnetic centers in
samples were determined by comparing the intensity of
the EPR signal in set of samples prepared under iden-
tical conditions in calibrated tubes.

RESULTS

Reactions between peroxynitrite and dinitrosyl iron
complexes with glutathione and cysteine. Dinitrosyl iron
complexes with glutathione and cysteine are observed
in dimeric and monomeric forms depending on the
concentration of free thiols in solution [15]. Monomeric
forms of DNIC dominate of dimeric forms at high
concentrations of low-molecular-weight thiols in solu-
tion. The monomeric form is paramagnetic and is
characterized by an anisotropic EPR signal in frozen
solution which can become isotropic with g,, = 2.03
in liquid solution (Fig. 1). Reactions of DNIC with
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oxidizing agents (peroxynitrite and hydrogen peroxide)
were studied by determination of paramagnetic DNIC
during reaction in solution. A small amount of
peroxynitrite in alkaline solution (25 mM stock solu-
tion) was added to I mM DNIC in the presence of free
thiols at molar ratio DNIC/free thiol < 1:20. The final
pH of the reaction solution changed insignificantly
(about 0.1-0.2 unit). The initial yellow color of the
solution changes. This process correlates with a decrease
of the 310-nm band characterizing DNIC optical spec-
tra and the appearance of absorption near 330-340 nm
which could be due to nitrite. A solution with
peroxynitrite decomposed at pH ~ 3 for 5 min was
used as control.

The pH dependence of the interaction between
DNIC and peroxynitrite was investigated by mixing
0.5 mM DNIC buffered with 15 mM Hepes with a
small amount of peroxynitrite to 0.6 mM final concen-
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Fig. 1. X-Band EPR spectra of | mM DNIC after adding
20 mM cysteine in 15 mM Hepes, pH 7.6 (a); 2 mM
peroxynitrite was added to the previous sample (b); 20 mM
cysteine was added 10 min after starting the reaction with
peroxynitrite (c); 10 mM dithionite was added to the end
products of the reaction with peroxynitrite (d). Spectra were
recorded at 20°C, microwave power 5 mW, modulation
frequency 100 kHz, modulation amplitude 0.5 mT, and
receiver gain 100* (a, b), 300* (¢), and 1.500* (d).
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tration and adjusting the pH. The change of initial pH
did not exceed 0.1-0.2 unit. The dependence of relative
changes of the EPR signal intensity on initial pH is
demonstrated in Fig. 2.

The interaction between peroxynitrite and DNIC
with glutathione, cysteine, and albumin was investigated
at pH 7.6 and 20°C. The reaction time was very short,
so the intensity of the DNIC EPR signal decreased to
a level dependent on the concentration of added
peroxynitrite during the time of sample preparation
(~2 min) and then did not change. Rate constants were
estimated as described in [11]. A small amount of
peroxynitrite was added to the solution and the EPR
signal of final complexes was measured. Under these
conditions, the decomposition of peroxynitrite may
involve the reaction with DNIC, the reaction with
sulfhydryl groups of free thiols, and other decompo-
sition processes including spontancous decay:

/
kz

[ONOO] » [SH]
ke

spontaneous decay

According to this scheme, the decomposition of
peroxynitrite may be written as:

w = k,[DNIC] C[ONOOT]" —
~ k,[SH] OJONOO] — kJONOO], (1)

where [DNIC] is the concentration of the complexes in
solution, k,; is the rate constant of oxidation of the
complexes, n is the order of this rate for peroxynitrite,
[SH] is the concentration of free thiols in solution, &,
is the second-order rate constant for the reaction be-
tween sulfhydryl and peroxynitrite, and k, is the con-
stant for spontaneous decay. Because under the con-
ditions of the experiments the concentration of free
thiols significantly exceeded the concentration of
peroxynitrite and DNIC, approximate integration of
Eq. (1) gives:

—(ko[SH]y + kot
[ONOO] = [ONOO], e . )

The oxidation of DNIC was determined according to:

d[DNIC]

4 = ~ k[DNIC] OJONOOT.  (3)
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Fig. 2. Influence of pH on the peroxynitrite-mediated oxi-
dation of DNIC with glutathione. The reaction was started
by addition of 0.56 mM peroxynitrite to 0.5 mM DNIC at
20°C in 15 mM Hepes. 1/1 is the intensity of the DNIC EPR
signal 3 min after starting the reaction normalized to initial
intensity of the signal.

Integration of Eq. (3) with time increasing to infinity
gives:

1, [DNIC]
[DNIC], K, .
[ONOOT,  n(k,SH], + k) (

The dependence of relative intensity of the DNIC
EPR signal from the left-hand expression on the con-
centration of added peroxynitrite is demonstrated in
Fig. 3 for the complexes with glutathione and cysteine.
Analysis of the data gave the best linear fit when n =
2.

Estimation of the third-order rate constant from
the curves in Fig. 3 gave &* = (4.0 * 0.3)10° M e’
for DNIC with cysteine and k> = (1.8 + 0.3)10" M “&bc
for DNIC with glutathione when it was assumed that
k, = 5900 + 480 M 'Bec' and k, = 0.39 + 0.02 sec'
as reported in the literature [5, 11].

The interaction of the DNIC dimer with
peroxynitrite was similar to that of the monomer.

Reduction by addition of 10 mM dithionite to the
solution of oxidized DNIC with cysteine restored 90%
of the initial EPR signal at pH ~ 7.6 (Fig. 1); the
reduction of DNIC with glutathione did not achieve
this level. No restoration of the EPR signal of para-
magnetic complexes decreased by peroxynitrite was
observed after the addition of cysteine or reduced
glutathione.

Reaction between peroxynitrite and dinitrosyl iron
complexes with BSA. Iron is coordinated by one
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Fig. 3. Oxidation of DNIC with glutathione and cysteine by
peroxynitrite. Reactions were started by addition of the
indicated amounts of peroxynitrite to 0.5 mM DNIC in the
presence of 20 mM cysteine (a) or 20 mM glutathione (b)
at 20°C in 15 mM Hepes, pH 7.6. I/]; is the intensity of
DNIC EPR signal 3 min after starting the reaction normal-
ized to the intensity of the initial EPR signal.

sulfhydryl group of the protein in dinitrosyl iron com-
plexes with BSA, Fe(NO),(BSA), and due to the struc-
ture of BSA the complex does not form diamagnetic
dimers; it shows the anisotropic EPR signal character-
ized by g, = 2.051, g, = 2.043, and g; = 2.01 in frozen
and liquid solution [16]. Addition of peroxynitrite
immediately decomposes the complex with BSA. The
dependence of the EPR signal intensity on concentra-
tion of added peroxynitrite is demonstrated in Fig. 4.
Small amounts of peroxynitrite were added in accord-
ance with the conditions described above. Analogous
analysis of the interaction between DNIC with BSA
and peroxynitrite gives for determination of the com-
plex oxidation constant:

In [DNIC]
ﬂ) (ksn

ky = —n(
[ONOO Ty

[BSA] + k), (5)

where [BSA] is the concentration of albumin, because
the protein contains only one sulfthydryl group, kgy is
the second-order rate constant of oxidation of albumin
sulfhydryl groups, and k| is the constant for the sum
of processes of peroxynitrite decomposition including
other interactions with albumin.

The best linearization of the curve from Fig. 4 is achieved
for n = 2; this allows calculation of the third-order rate
constant between peroxynitrite and BSA-containing DNIC—
KPS = (9.3 + 0.5)10° M *Sec ' at 20°C and pH 7.6. For
this calculation we used data from the literature [11]:
kg = 2800 + 180 M 'Sec ' and k! = 0.911 % 0.059 sec .
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Fig. 4. Oxidation of DNIC with bovine serum albumin by
peroxynitrite. Reactions were started by addition of the
indicated amounts of peroxynitrite to 0.2 uM DNIC with
albumin in presence of 0.6 mM BSA in 15 mM Hepes, pH
7.6, and 20°C. I/1 is the intensity of the DNIC EPR signal
3 min after starting the reaction normalized to the intensity
of the initial EPR signal.

The oxidation was irreversible; addition of dithionite
did not regenerate the EPR signal of the complex.

Influence of H,0, on DNIC with glutathione and
cysteine. The reaction of hydrogen peroxide with DNIC
at pH 7.6 was much slower than the reaction with
peroxynitrite. The time-dependent decrease of the DNIC
EPR signal after addition of H,O, is demonstrated in
Fig. 5. Hydrogen peroxide (0.5 mM) was added to 0.7 mM
DNIC in presence of 14 mM glutathione. This depend-
ence is quite well fitted by the second-order rate law.
The apparent second-order rate constant &, was deter-
mined from the curve linearized in accordance with:

1 D, (H, - D, + D)

In {
(Hy — Dy) H,D

j=kyt,  (6)

where H, and D, are the initial concentration of H,O,
and DNIC respectively, and D is the concentration of
DNIC after time ¢. The apparent rate constant was
0.37 = 0.05 M 'Sec' for DNIC with glutathione at
20°C and pH 7.6 as calculated from the data of Fig. 5.

The addition of 10 mM sodium dithionite did not
change the intensity of the EPR signal after the reac-
tion. The addition of 20 mM of reduced glutathione
to the reaction mixture 18 min after starting the oxi-
dation increased the EPR signal intensity from 14 to
51% of the initial signal. This fact pointed to the
conversation of about one half of the total DNIC to
diamagnetic forms through dimerization due to oxida-
tion of free thiols by hydrogen peroxide; another part
of the DNIC underwent irreversible oxidation.

BIOCHEMISTRY (Moscow) Vol. 64 No.2 1999
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Fig. 5. Interaction between DNIC with glutathione and hydro-
gen peroxide. Reactions were started by addition of 5 mM
H,0, to 0.7 mM DNIC with glutathione in the presence 20 mM
glutathione in 15 mM Hepes, pH 7.6, and 20°C. Aliquots were
taken from the reaction mixture and EPR signals were meas-
ured at different times. H, and D, are the initial H,O, and
DNIC concentrations and D is the DNIC concentration in
solution at time ¢ from the beginning of the reaction.

The reaction between DNIC dimers (when the ratio
of DNIC/glutathione was about 1:2) and hydrogen
peroxide supported this suggestion (data not shown).

The DNIC with cysteine was oxidized irreversibly
by hydrogen peroxide too, and mononitrosyl complexes
Fe(NO)(cys), were oxidized simultaneously.

Reaction of nitrosothiols with peroxynitrite and
hydrogen peroxide. The oxidative reaction of nitro-
soglutathione was studied spectrophotometrically by
following the absorption band characterizing nitro-
sothiols near 338 nm (¢ = 980 M 'ldm ") in solution
buffered by 15 mM Hepes, pH 7.6, and 20°C. Small
amounts of concentrated peroxynitrite solution were
added to the control and experimental cuvettes.
Nitrosoglutathione (GSNO), which is stable at pH 7.6,
was oxidized quickly and completely by peroxynitrite
when the ratio GSNO/peroxynitrite was less than 1:1.5
(t < 0.5 min). The absorption characteristic of nitrite
anion was found instead the band of nitrosothiols in
the UV range.

Hydrogen peroxide also reduced the absorption
band near 338 nm. But the concentration of GSNO
decreased by only 50% when the GSNO/H,0, ratio was
about 1:60. The process was not accompanied by the
appearance of new bands in the UV range.

DISCUSSION

Peroxynitrite oxidizes DNIC containing thiolates
as well as nitrosothiols effectively. Our study demon-
strates the oxidative ability of both protonated
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(ONOOH) and deprotonated (ONOO") peroxynitrous
species with respect to DNIC (Fig. 2). The oxidative
properties of both forms have been studied in numer-
ous previous papers [8, 11]. It was shown that
peroxynitrite oxidizes thiol groups through one- and
two-electron pathways, but the two-electron pathway
which was mediated by peroxynitrite anion (ONOO")
prevailed quantitatively over the one-electron pathway
[17], though a number of substrates underwent one-
electron oxidation by activated species derived from
peroxynitrous acid (ONOOH?¥) [8]. If peroxynitrite was
added to DNIC in approximately equal concentrations,
the oxidative ability of peroxynitrite increased twofold
at pH values near the pK of one peroxynitrite con-
formation [17]. Data are shown in Fig. 2. Kinetic
analysis of the oxidative reactions between DNIC and
peroxynitrite at pH 7.6 suggests the following mecha-
nism for the oxidation of the complex:

DNIC + 2 OONOOH 0O 0 -
00 - oxidation products + 2NO,. @)

Because the oxidizing ability of peroxynitrite in-
creased twofold as mentioned above, we suggest that
DNIC undergoes two-electron oxidation in the reac-
tion with peroxynitrite: two molecules of ONOOH
oxidize the complex by a one-clectron mechanism under
acid conditions and one molecule of peroxynitrite anion
oxidizes the complex by a two-electron process at
alkaline pH.

Comparison of the oxidizing ability of peroxynitrite
with respect to thiols and DNIC containing these thiols
as a source of sulfhydryl groups shows the greater
oxidizing ability of peroxynitrite toward DNIC. The
half-life of DNIC with BSA reacting with 10 pM
peroxynitrite is In2/k,[ONOO]”* ~ 0.8 sec. This result is
comparable with one of the fastest reactions of
peroxynitrite—its reaction with yeast alcohol dehydro-
genase. The half-time for inactivation of the enzyme
was about In2/k,[ONOO] ~ 0.3 sec under similar con-
ditions [10]. The half-time for oxidation of the sulfhydryl
of BSA was In2/k;JONOO] ~ 25 sec calculated for the
same conditions according to data from the literature
[11].

The DNIC with glutathione and BSA are more
stable than the DNIC with cysteine because the stabil-
ity of DNIC in solution is generally dependent on the
resistance of the thiolate ligand to air oxidation [18§].
Thus, complexes with free thiols that are paramagnetic
in solution undergo gradually dimerization upon thiol
oxidation in air. Dimers are diamagnetic, more stable
to oxidation in air, and return to the monomeric
paramagnetic form after addition of reduced thiols to
the solution. This process does not play a significant
role in the oxidizing reaction with peroxynitrite because
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oxidation of thiols by peroxynitrite is less effective than
oxidation of DNIC. Dimeric DNIC also actively reacts
with peroxynitrite. Thus, the resistance of the complexes
to the action of peroxynitrite may depend on the
accessibility of the nitrosyl groups. DNIC containing
two large glutathione molecules is more stable than the
complex with cysteine when interacting with
peroxynitrite—k°® = (1.8 + 0.3)d0" M “Sec ' and kK =
(4.0 £ 0.3)00° M *Sec . The largest rate constant of
oxidation is exhibited by DNIC with BSA, k%% =
(9.3 + 0.5)00° M *Eec', where the dinitrosyl iron
complex is connected with only one sulfthydryl group
of the protein which is located close to the surface [16].

The reaction between NO and ONOO has been
investigated [5] and was shown to be quite significant—
k =9.100" M 'Sec, so 7,, ~ 0.8 sec for 10 utM ONOO .
This result is in good agreement with the rate of
oxidation of DNIC with BSA (z,, ~ 0.8 sec for 10 uM
ONOO"). Because of this similarity, we propose that
the oxidation occurs through the interaction with ni-
trosyl group as follows:

ONOO + NO" -~ ONOONO 4 NO; + NO,; (8a)
&
Y 2NO,. (8b)

Complete decomposition of the complexes with
release of nitrosyl groups from DNIC as nitrite anions
would be the result of reaction (8b); partially
stabilization of the complexes in the oxidized state can
occur in reaction (8a). The latter reaction may prevail
in oxidation of DNIC with cysteine, this being consist-
ent with the restoration of the DNIC EPR signal after
addition of sodium dithionite to the reaction mixture.
The formation of RSNO, as possible oxidation prod-
ucts in the reaction of peroxynitrite with thiols was
proposed previously [17].

The interaction of DNIC with hydrogen peroxide
is less effective. The reaction of DNIC containing
glutathione with hydrogen peroxide at 20°C and pH
7.6 would be 600 times slower than the reaction with
peroxynitrite if equal concentrations of the oxidant
agents were used. Because the oxidation of thiols by
hydrogen peroxide is more effective than the oxidation
of DNIC (k = 4.7 M 'Sec' for oxidation of cysteine
by H,O, [11]), DNIC dimerization follows the oxida-
tion due to the decrease of free thiol in solution. Thus,
the addition of cysteine increases the EPR signal of
DNIC. Sodium dithionite does not restore the initial
signal. These facts mean that oxidation by hydrogen
peroxide is significantly different than the reaction with
peroxynitrite in the character of the reaction as well
as of the end products.
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The production of peroxynitrite in biological sys-
tems is difficult to assess. Nitric oxide reacts with
superoxide anion in a near diffusion-limited reaction
with rate constant k = (4.5-6.4)10° M 'Sec'. The
production of nitric oxide could reach values from 0.05
to 8 pM/min depending on the conditions in vivo. The
intracellular steady-state production of O; could reach
from 1 to 10 nM/sec in normalcy and pathology [19].
Thus, the production of peroxynitrite in vivo especially
in prolonged pathophysiological processes such as
sepsis, acute inflammation, or ischemia—reperfusion
could be significant. Our data indicate that this can
change the pool of nitrosoadducts in cells and in
contrast to hydrogen peroxide can disturb the proc-
esses of storage and transportation of nitric oxide.

This work was supported by the Russian Founda-
tion for Basic Research (grant number 96-04-48060).
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