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The heme-containing peroxidases catalyze

The reaction of nitrite (NO 3) with horseradish peroxidase and lactoperoxidase was
studied. Sequential mixing stopped-flow measurements gave the following values for
the rate constants of the reaction of nitrite with compounds II (oxoferryl heme inter-
mediates) of horseradish peroxidase and lactoperoxidase at pH 7.0, 13.3 £ 0.07 mol !
dm® s~ and 3.5 + 0.05 - 10* mol™ dm® s, respectively. Nitrite, at neutral pH, influ-
enced measurements of activity of lactoperoxidase with typical substrates like
2,2'-azino-bis[ethyl-benzothiazoline-(6)-sulphonic acid] (ABTS), guaiacol or

thiocyanate (SCN"). The rate of ABTS and guaiaool oxidation increased linearly with
nitrite concentration up to 2.5-5 mmol dm™>, On the other hand, two-electron SCN~
oxidation was inhibited in the presence of nitrite. Thus, nitrite competed with the in-
vestigated substrates of lactoperoxidase. The intermediate, most probably nitrogen
dioxide ("NOy), reacted more rapidly with ABTS or guaiacol than did lactoperoxidase
compound I1. It did not, however, effectively oxidize SCN™ to OSCN . NO; did not in-

fluence the activity measurements of horseradish peroxidase by ABTS or guaiacol
method.

Compound II + SH - Peroxidase + S*

(3)

one-electron oxidation of a wide range of sub-
strates with concomitant reduction of perox-
ides:

Peroxidase + HyO9 - Compound I + HpO (1)
Compound I + SH - Compound II +'S* (2)

where compound I is an oxoferryl porphyrin
m-cation radical, Fe(IV)=0(Por "), which, in
the case of lactoperoxidase (LPO) (and some
other peroxidases, but not horseradish
peroxidase (HRP)), spontaneously transforms
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peroxidase; LPO, lactoperoxidase; MPO, myeloperoxidase; TNB, 5-thio-2-nitrobenzoic acid.
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to oxoferryl protein radical, Fe(IV)=OR"");
compound II is an oxoferryl heme intermedi-
ate, Fe(IV)=0; SH is a substrate to be oxi-
dized. Many organic and inorganic com-
pounds are known to serve as subsirates of
the peroxidase reaction [1].

Since about ten years, i.e. since the discov-
ery that nitric oxide (*"NO) plays a key role in
several processes, both physiological and
pathophysiological, reactions of reactive ni-
trogen intermediates with biologically impor-
tant molecules have drawn considerable inter-
est. It is known that *NO is a shortliving mole-
cule the content of which is nearly 0.01-0.1
Hmol dm~23 in mammalian tissues, and is sig-
nificantly increased in pathophysiological
processes [2]. Its autooxidation in aqueous so-
lution is a very complex process which can be
summarized as follows:

4°NO+0y+2Hy0 54 H +4NO; (4)

*NO reacts rapidly with 03" to yield
peroxynitrite (ONOO7), a powerful oxidizing
agent. Isomerization of peroxynitrite gives
NO7j, but oxidation by ONOO™/ONOOH (pK,
= 6.8), results in concomitant production of
NOj. Thus, nitrite is an important end prod-
uct of *NO metabolism. The amount of nitrite
found in healthy human subject ranges from
hundreds of nanomoles in plasma up to hun-
dreds of micromoles in saliva [3]. The level of
nitrite concentration reflects not only endoge-
nous *NO production but also NO3/NOj in-
gestion [4]. It is worth noting that nitrite is
also a significant contaminant in solutions of
peroxynitrite synthesized on the laboratory
scale. NO; may be present at millimolar con-
centration in peroxynitrite samples [5].

It has been shown that nitrite is oxidized by
heme proteins: oxyhemoglobin [6], catalase
[7, 8] and peroxidases [9, 10]. More recently,
it was reported that catalase was inhibited by
NOj3 [11]. In the case of peroxidases, nitrite
peroxidation occurs in the normal peroxidase
cycle (reactions (1)-(3)) and the formation of
nitrogen dioxide ("NO3) as an intermediate

has been postulated [9]. The second-order rate
constants for the reactions of compounds I
and [I of horseradish peroxidase (HRP) with
nitrite increased with increasing acidity over
the pH range 6-8 [9]. Shibata et al [10] re-
ported that nitrite added to a mixture contain-
ing HRP and H904 bleached chlorophyll and
nitrated tyrosine. The optimum pH for bleach-
ing of chlorophyll was 4.0. Chance [8] sug-
gested that protonated nitrite (HNOy, pK, =
3.3) could be the active form of the electron
donor. Klebanoff [12] showed that myelo-
peroxidase (MPO) together with HyOs and ni-
trite was toxic to E. coli at pH 5-7. Recently
van der Vliet et al. [3] and Sampson et al. [13]
reported that HRP, LPO and MPO oxidize ni-
trite in the presence of HoOs to catalyze nitra-
tion of tyrosine and tyrosine residues in pro-
teins at neutral pH. The efficiency of tyrosine
nitration by investigated enzymes was found
to be as follows: HRP < LPO < MPO [13].

Reszka et al. [14,15] found that the presence
of nitrite dramatically enhanced oxidation of
some substrates by the LPO/H505 system at
neutral pH. The same authors also reported
that the anticancer agent, mitoxantrone,
which was not metabolized by LPO/H505 un-
derwent oxidation to the biologically active
quinone/diiminoquinone form of the drug by
a nitrite-derived metabolite of LPO/H505,
presumably the *NOy radical [16).

The aim of this work was to compare the re-
activity of two peroxidases: HRP and LPO to-
wards nitrite and to investigate the influence
of the intermediate species of nitrite oxida-
tion, most likely *NOs, on reactions catalyzed
by these enzymes.

MATERIALS AND METHODS

Horseradish peroxidase (type VI) (EC
1.11.1.7) with the purity number RZ = Ayq3/
Aogy of 3.0 (a measure of hemin content using
content of the aromatic amino acids as refer-
ence), and lactoperoxidase (EC 1.11.1.7) with
RZ = A4y9/As5p of 0.8 were obtained from
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Sigma and used as received. Extinction coeffi-
cients of 1.02 * 10° mol™! dm® em™! at 403 nm
[17) and 1.12 - 10° mol" ! dm® em ' at 412 nm
[18] were used for spectrophotometric deter-
minations of HRP and LPO concentrations,
respectively. Sodium nitrite (NaNQOg), 2,2'-
azino-bis[ethyl-benzothiazoline{6)-sulphonic
acid] (ABTS), guaiacol, sodium thiocyanate
(NaSCN), hydrogen peroxide (H503) 30%
were also obtained from Sigma. All other re-
agents were of analytical grade. All experi-
ments were carried out at ambient tempera-
ture and at pH = 7.0. (0.01 mol dm™3 phos-
phate buffer). We checked that reaction kinet-
ics in the absence or presence of 0.1 mol dm3
NaNOjz was the same, i.e that ionic strength
did not influence the reactions investigated.
Nano-pure water from MilliQ (Millipore) was
used throughout.

In order to determine the dissociation con-
stant, Ky, for the LPO/NOg complex, differ-
ence absorption spectra (spectrum of the en-
zyme-substrate versus spectrum of the en-
zyme) were taken. Titrations were carried out
by adding nitrite at concentrations of 1-50
mmol dm ™2 to 4 gmol dm ™2 LPO solution and
to the buffer (pH 7.0) in the reference cell. K
value was calculated according to [19].

Kinetic measurements for reactions taking
place within milliseconds or seconds were per-
formed using the SX 17 MV stopped-flow
spectrofluorimeter (Applied Photophysics)
with 1-cm cell. The kinetics of the reaction of
compounds I or II of HRP with nitrite were
studied using the sequential mixing mode of
the stopped-flow apparatus. HRP solution (8
pmol dm"g) placed in syringe 1, was premixed
with an equal volume of the 10 gmol dm™3
Ho04 solution, placed in syringe 2. After a de-
lay of 100 ms, the compound I formed in the
aging loop was mixed with the solution con-
taining nitrite, the concentration of which
was chosen to ensure at least 10-fold excess
over that of compound I. Reactions of HRP
compounds I or II with nitrite were followed

by changes in absorption at 412 nm (iso-
shestic point between native enzyme and com-
pound II) or 398 nm (isosbestic point between
compound I and compound II), respectively.

The reaction of compound II of LPO with ni-
trite was studied in a similar way: 4.5 umol
dm™3 solution of LPO was premixed with 20
umol dm~3 Hy0, (concentrations before mix-
ing are given). Delay time was 2 s. We checked
that after that time LPO compound I was con-
verted to the species with absorption maxi-
mum at 430 nm, characteristic for compound
II. Now it is accepted that LPO compound I,
which occurs primarily in the form of oxo-
ferryl porphyrin m-cation radical, spontane-
ously transforms to the form of oxoferryl pro-
tein radical, the absorption spectrum of which
is indistinguishable from that of compound II
[20, 21]. Nevertheless, reduction of compound
I by an internal donor to compound II cannot
be excluded. The formed LPO intermediate
species (compound [ in the form of protein
radical and/or compound II) was then mixed
with varying concentrations of nitrite (kept in
at least 10-fold excess over LPO species). The
rate of the decrease of absorbance at 430 nm
was taken as a measure of the rate of the reac-
tion of compound II with substrate. Note that,
when compound I, existing in the form of a
protein radical, reacts with substrate to form
compound II, no changes in absorption at 430
nm should be seen.

Five determinations of rate constants were
performed for each nitrite concentration and
the mean values were plotted against the sub-
strate concentration. The apparent second-or-
der rate constants of the reactions of com-
pounds [ and II of HRP and for compound II
of LPO with nitrite were calculated from the
respective slopes using least-squares regres-
sion.

The kinetic measurements for the reactions
occurring at a longer time-scale were per-
formed using Hewlett-Packard 8452A diode
array spectrophotometer.
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RESULTS AND DISCUSSION

It was shown that nitrite binds to heme pro-
teins at the heme iron [22], but the concentra-
tion of nitrite as high as mmol dm™® is re-
quired to change the absorption spectrum. Li-
gation of NO; to HRP is very sensitive to pH.
The optical spectrum of HRP in the presence
of 20 mmol dm™2 NO; showed no change af-
ter 13 h at pH 7.7. However, at pH 5.4, in the
presence of 100 mmol dm ™3 NO; the absorp-
tion maximum shifted to 416 nm within 1 min
[22]. We have checked whether nitrite used at
the concentrations required to determine the
rate constants with HRP compounds I and II
and in activity measurements does influence
absorption spectrum of HRP. Our experi-
ments have shown that absorption spectrum
of HRP in the presence of nitrite at concentra-
tions from 10™° to 5 - 1072 mol dm™ at pH
7.0 remained unchanged even after several
days (storing at 8°C, measurement at room
temperature). This means that under our ex-
perimental conditions most of nitrite was dis-
sociated from the enzyme.

Spectral scans of the reaction between HRP
and Ho0g in the presence of nitrite are shown
in Fig. 1. The presence of isosbestic points
during formation of compound II (Fig. 1a) and
restoration of native enzyme from compound
IT (Fig. 1b) clearly indicate that the reaction
occurs in two kinetically separated steps, in
volving a nitrite induced one-electron reduc-
tion of compounds I and II, respectively. The
respective second-order rate constants for the
reactions of HRP compound I and I with NO3
at pH 7.0 determined by us are 4.5 + 0.05 -
10° mol™! dm® s™! and 18.3 + 0.07 mol™! dm3
s™1. These values fall into the range reported
earlier [9]. In order to check whether *NO,,
most probably formed as an reaction interme-
diate, does inactivate the enzyme, a solution
containing 2 gmol dm™2 HRP was incubated
with 2.5 umol dm™2 H,0, and with different
amaunts of NO; (from 10%t0 5 - 1072 mol
dm™?) for the time ranging from 10 min to
24 h. Then the aliquots of the solution were di-

luted with the buffer in proportion 1:500 and
the rates of ABTS (2.5-10 mmol dm'E} or
guaiacol (2.5-10 mmol dm™?) oxidation were
measured. We found that activity of the sam-
ples incubated with NOj, irrespective of ni-
trite concentration and incubation time, was
the same as in the absence of nitrite (not
shown). We have also measured the rates of
ABTS or guaiacol oxidation by adding nitrite
at concentrations of 1073-5 - 10~2 mol dm™>
directly to the cuvette. Again, no change of re-
action kinetics has been observed, irrespec-
tive of substrate concentration.

It has been shown that nitrite interacts with
LPO [23]. The value of dissociation constant
for tl'.le LPO/NO; adduct, Kp = 2.43 mmol
dm™? at pH 5.5 was reported [24]. When ni-
trite concentration equals Ky, half of the en-
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Figure 1. Absorption speectra of compound II for-
mation (A, spectra taken every 10 s) and decay [B.
spectra taken every 3 min). [HRP] = 2 umol dm™>
[H;0,] = 5 umol dm™, [NaNO,] = 5 - 1074 mél
dm™, pH = 7.0.

zyme present in the solution is complexed
with NO; (assuming that nitrite is in a great
excess with respect to the enzyme). The ab-
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sorption maximum for the LPO/NO3 complex
at pH 5.5 was found at 422 nm [24]). We have
found that Ky value for the LPO/NO; com-
plex is 20 + 0.5 mmol dm ™3 at pH 7.0. This in-
dicates that for LPO, similarly to HRP, the in-
teraction between NO5; and ferric iron is
weaker at neutral pH than in acidic solution.

In a similar manner as in the experiments
with HRP, i.e. by the method of sequential
mixing, we have tried to determine the rate
constant of the reaction of LPO compound I
and compound II with nitrite. It is known that
LPO compound I, occurring in the form of
porphyrin m-cation radical is very unstable
(t1/92 = 0.2 8) and spontaneously transforms to
the species showing an absorption spectrum
typical for compound II [25]. However, it has
been suggested, that the species formed could
be compound I in the oxoferryl protein radical
form. In fact, it is spectroscopically indistin-
guishable from compound II [21]. After a de-
lay of 50 ms, i.e. at a time when LPO com-
pound I in the form of porphyrin 7-cation radi-
cal is being formed, the solution was mixed
with nitrite and an increase of absorbance at
430 nm (maximum of compound II absorption
band) was detected. Unfortunately, the spon-
taneous transformation of porphyrin radical
form of compound I into protein radical form
(k=23.5+0.05s (our unpublished results)),
strongly disturbs observations of the reaction
of compound I with nitrite and prevents pre-
cise determination of the rate constant for
this reaction. The absorbance at 430 nm ob-
served after LPO compound II formation is by
about 30% lower in the presence of both HoO9
and nitrite than in the presence of Hs09
alone. The lowered concentration of LPO com-
pound II is most probably due to a smaller, in
comparison with HRP, difference in the rate
constants for the reactions of LPO com-
pounds I and IT with nitrite. A similar observa-
tion were made by Metodiewa & Dunford [26]
who studied the reactions of LPO compounds
I and II with 3-aminotriazole.

Using sequential mixing with a delay time of
2 s (see Materials and Methods) it was possi-

ble to measure the rate constant of LPO com-
pound II with nitrite. We obtained a value of
3.5 + 10* + 0.05 mol ! dm® s™1 (pH 7.0). It is
three orders of magnitude higher than that
for HRP.

Bactericidal activity of lactoperoxidase in
viwo 1s connected with two-electron oxidation
of thiocyanate to hypothiocyanite anion,
OSCN™ (at pH 7.0), the formation of which
may be followed spectrophotometrically at
235 nm [27]. The rate of thiocyanate oxidation
(ISCN"] = 1 mmol dm~3) by LPO in the pres-
ence of 1 mmol dm~3 Hy0y decreased with in-
creasing nitrite concentration and was com-
pletely inhibited when 2.5 mmol dm™? nitrite
was present in the sample (not shown). The re-
ported values of the rate constant of LPO com-
pound [ with SCN™ at pH 7.5 are in the range
4-10%*1.1- 10° mol ! dm3 5! [28, 29] i.e.
they are comparable with the rate constant of
LPO compound II with nitrite obtained by us.
Note that the rate constant for the reaction of
LPO compound I with nitrite estimated by us
was only several times higher (also of the or-
der of 10° mol™! dm?® s™1). This may suggest
that SCN™ and NO; compete with each other
for LPO compound I. The other possibility is
that NO; blocks the binding site for SCN™ in
the enzyme. It is generally accepted that
peroxidase substrates bind to the enzyme
prior to the catalytic reaction. The dissocia-
tion constant, Kp, for LPO/SCN™ complex
was reported to be 20.3 mmol dm™3 at pH 5.6
[24] but 90 + 0.5 mmol dm ™3 at pH 6.1 [30]. Ni-
trite ions strongly compete with SCN ™ in bind-
ing to the enzyme and the Kp value for the
LPO/SCN” complex in the presence of NO;
(at a concentration four times as high as Kp)
is 88.1 mmol dm 3 [24] at pH 5.5. However, as
we carried out our measurements at ion con-
centrations lower than Ky, i.e. under condi-
tions when more than half of the amount of
engyme remained in the uncomplexed form, it
seems unlikely that inhibition of SCN™ oxida-
tion by nitrite was caused by difficulties in
SCN™ binding to protein prior to the catalytic
reaction.
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Van der Vliet et al. [3] found that the oxida-
tion of 5-thio-2-nitrobenzoic acid (TNB) by the
LPO/Hg04/SCN™ system was enhanced by
NOj; when [NO;] was two orders of magni-
tude lower than [SCN~]. Thus, when the ratio
[SCN")/[NO3] = 100, the competition betwe-
en those two anions with LPO compound I
seems unlikely. It is possible that LPO com-
pound I, in addition to reacting with SCN ™, is
reduced to compound II by an internal donor.
Compound II is unable to oxidize SCN~ but
can react with nitrite to produce *"NO,, which
in turn oxidizes TNB, additionally to OSCN".

Incubation of a solution containing 2 umol

of NO; (Fig. 2-inset). We have observed that
the rate of ABTS and guaiacol oxidation in-
creases linearly up to about 2.5-5 mmol dm ™3
NO3. Above these concentrations, the influ-
ence of NO; becomes less and less pro-
nounced to reach saturation at about 12 mmol
dm™? and 20 mmol dm ™3 nitrite, respectively,
for guaiacol and ABTS. On comparing the rate
constants for the reactions of LPO compound
IT with nitrite with those for the investigated
substrates one can conclude that nitrite is
able to compete with LPO substrates. The in-
termediate, most probably “NOs, reacts more
rapidly with ABTS and guaiacol than does
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:g ! p G . : . Figure 2. Influence of ni-
| (1] (1] 58 10 12 tritﬂ on Mm g“_
o 0.000 »
i aiacol oxidation, [LPO] = 2
T TR A = T - 10™® mol dm ™, [H,0,] -
5 mmol dm™>, [guaiacol] =
[NO,] (mmol dm™) 5 mmol dm™>, pH = 7.0.

dm™3 LPO, 20 #mol dm™3 Hy0y and nitrite at
concentrations up to 0.1 mmol dm™3 for dif-
ferent time intervals (from 10 min to 24 h) fol-
lowed by 500-fold dilution of the samples and
determination of activity by the ABTS method
indicates that *NOy does not inactivate LPO.
The presence of nitrite at a concentration
> 0.1 mmol dm™? caused an increase of the
rate of oxidation of ABTS (not shown) or
guaiacol (Fig. 2). At 2.5 mmol dm™? concen-
tration, nitrite accelerated oxidation of 2.5
mmol dm~> ABTS approximately fivefold (not
shown) and the oxidation of guaiacol even
more efficiently. In the presence of 2.5 mmol
dm™3 nitrite, 5 mmol dm™3 guaiacol was oxi-
dized sixteen times faster than in the absence

LPO compound II ([31, 32] and our unpub-
lished results), thus their oxidation in the
presence of nitrite occurs faster. On the other
hand, *NOy seems to be unable to oxidize
SCN™ to OSCN~. When NO; concentration is
comparable with Kp, its significant part is
complexed with ferric iron and, in conse
quence, the reaction with hydrogen peroxide
is blocked and enzyme becomes inactivated.
Thus the observed deviations from linearity in
the plot of the reaction rate for substrate oxi-
dation vs [NO3 |, observed for nitrite concen-
trations above 2.5-5 mmol dm™® (Fig. 2), is
most probably connected with partial enzyme
inactivation caused by nitrite binding to the
ferric iron.
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It has been shown that nitrite is able to in-
hibit catalase activity. In the presence of 1
mmol dm ™3 nitrite, at pH 7.0, only 23% of the
initial activity (the rate of Hy05 decomposi-
tion) was detected ([H;05) used at this experi-
ment was 10.5 mmol dm'a) [11]. The mecha-
nism of this inhibition is not clear. The rate
constant for the reaction of compound I of
catalase with nitrite and with Hs05 is of the
order of 10% mol™? dm® s~ at pH 7.0 [7, 32]
and of 10" mol~! dm® 7! [33], respectively.
Thus, the observed inhibition could not be due
to the competition between nitrite and Hs09
for compound I, but was rather due to the
modification of enzyme caused by nitrite.

CONCLUSIONS

Nitrite reacts with lactoperoxidase with a
rate constant comparable with those for typi-
cal peroxidase substrates at pH 7.0. The inter-
mediate, most probably “NOs, does not inacti-
vate the enzyme but may react with LPO sub-
strates at a rate even higher than that of LPO
compound II with substrates. As a result, oxi-
dation of substrates in the presence of nitrite
may occur faster. When nitrite concentration
exceeds 2.5-5 mmol dm™3, partial enzyme in-
activation is observed. On the other hand, the
rate constants for the reaction of HRP com-
pounds I and II with nitrite at neutral pH are
much lower than those for typical HRP sub-
strates and, in most cases, nitrite does not
compete with the latter in the catalytic pro-
cess.
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