Biophysical
Chemistry

ELSEVIER Biophysical Chemistry 76 (1999) 63-72

The kinetics of the reaction between NO and O, as studied
by a novel approach

Sonia Caccia®*, Ilya Denisov?, Michele Perrella
 Department of Biochemistry and Molecular Biophysics, Washington University School of Medicine, Box 8231, St Louis,

Missouri, 63110, USA
bDipaﬂimento di Scienze e Tecnologie Biomediche, L.1.T.A., Via F.lli Cervi, 93, I-20090 Segrate, M1, Italy

Received 22 May 1998; received in revised form 10 November 1998; accepted 11 November 1998

Abstract

The kinetics of the reaction between NO and O, was determined by measuring the time course of the decrease in
the concentration of NO with a quench—flow technique. NO and O, were mixed rapidly and reacted for periods of
time varying from 10 to 50 s. A second rapid mixing with a solution containing an excess of deoxyhemoglobin and
sodium hydrosulfite trapped free NO as nitrosylhemoglobin and reduced O,. The spectrum of the mixture of deoxy-
and nitrosylhemoglobin was recorded within 30 s from the second mixing, before any appreciable dissociation of NO
from the protein, by means of a flow-cell mounted on-line with the quench—flow apparatus. The amount of NO not
consumed in the auto-oxidation reaction was calculated from the proportion of nitrosylhemoglobin in the mixture. As
NO and O, bind deoxyhemoglobin at comparable rates and NO is oxidized to nitrate by oxyhemoglobin, the ratio of
hemoglobin /(NO + O,) had to be optimized to avoid the interference of this oxidation reaction. The kinetics was
first and second order with respect to O, and NO, respectively and third order overall with a rate constant
k=4Xk, =4x223(£0.26) x 10° M™% s~ 1! at 20°C, invariant in the pH range 7-9, in agreement with published
values obtained by different methodologies. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction aggregation and macrophage function [1,2]. Speci-
fic targets have been identified, such as the heme

Nitric oxide (NO) is the product of arginine moiety of guanylyl cyclase [1,3], but a variety of
metabolism and plays an important physiological other molecules, proteins and low molecular
role in neurotransmission, vasodilation, platelet weight substances can also react with this radical.
Some reactions yield products possibly implicated

in physiological functions, e.g. as mediators of
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molecules potentially harmful to the organism [8].
Oxygen dissolved in tissues reacts with NO, acting
as a scavenger which prevents NO from reaching
its targets [9,10]. Thus the auto-oxidation of NO
has been studied to assess to what extent physio-
logical concentrations of oxygen can influence the
cellular functions of NO.

The mechanism of auto-oxidation of NO in the
gas phase yields species NO, according to a third
order rate law, although two bimolecular reac-
tions may be involved [11]:

NO + 0, & OONO (1
OONO + NO < ONOONO - 2NO, ()

The product of NO, dimerization, O,NNO,,
disproportionates in water yielding nitrous and
nitric acids:

O,NNO, + H,0 - 2H"+ NO; + NOj3 3)

The auto-oxidation of NO in the aqueous phase
yields only nitrous acid, the overall stoichiometry
of the reaction being:

4NO + O, + 2H,0 © 4NO; +4H" 4)

The mechanism of Reaction (4) has been stud-
ied by measuring either the increase in the con-
centrations of the products, NO; and H*
[9,10,12,13], or the decrease in the concentration
of NO [14]. The first approach has yielded a rate
law that is first and second order with respect to
O, and NO, respectively, suggestive of a mecha-
nism involving species N,Oj; either directly, as in
Reaction (5):

NO, + NO < N, 0, Q)
N,O; + H,0 < 2NO; +2H" (6)

or through some other highly reactive unidenti-
fied intermediate [9]. In both cases the reaction
involving NO, should not be rate limiting.

The determination of the change in NO con-
centration by means of a porphyrinic sensor has
indicated a rate law of zero and first order with
respect to NO and O,, respectively, suggestive of

a multi-step mechanism in which the reactions
involving NO are not rate limiting [14].

Since the discrepancy between the two experi-
mental approaches could be either methodologi-
cal or theoretical we have used an alternative
method for the measurement of the concentra-
tion of reacting NO to test the mechanism in
aqueous medium. An aqueous solution of NO
was mixed with an aqueous solution of O,. After
varying time periods the reactants were mixed
with a quenching solution of deoxyhemoglobin
(Hb) containing sodium hydrosulfite. The associa-
tion reactions of NO and O, with hemoglobin are
both rapid, but whereas the ligand dissociation
from nitrosylhemoglobin (HbNO) is slow, it is
orders of magnitude faster from oxyhemoglobin
(HbO,) [15]. Hydrosulfite, which reacts with free
O, and NO, can remove all the O, from the
quenched solution before any appreciable dissoci-
ation of NO from HbNO. The amount of NO not
reacted with O, in the auto-oxidation reaction is
then determined from the spectrum of the mix-
ture of Hb and HbNO. Since several additional
reactions involving NO and O, can occur after
mixing the reactants with the hemoglobin /hydro-
sulfite solution, a thorough evaluation of the con-
ditions and a number of controls were made to
check that the procedure is a valid technique for
quenching the auto-oxidation reaction of NO.

2. Experimental procedures
2.1. Materials

Stock solutions of NO were prepared by
bubbling a mixture of NO and N, of a known
composition in a carefully deoxygenated buffer.
The gas mixture was purged through 2-M NaOH
to remove traces of NO,. Calibrated mixtures
containing 6—15% (v /v) NO were purchased from
SAPIO srl, Bergamo.

Ghost-free hemoglobin was prepared by cen-
trifugation of red blood cell lysates and was equi-
librated in 0.1 M KCI by gel filtration. Samples,
200-u1, were stored in liquid nitrogen at a con-
centration of 10 g/dl. The Hb solutions for the
quenching experiments were prepared by diluting
these samples in 50 mM sodium phosphate, pH 7,
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Fig. 1. Scheme of the quench—flow apparatus. 1 and 2, reac-
tant syringes; 3, quencher syringe; M1 and M2, mixers. The
reaction occurs in the reaction loop. The time spent by the
solution in the exit line between M2 and the optical observa-
tion in the flow cell varied from 400 to 800 ms depending on
the flow conditions.

and deoxygenated by scrubbing with N,. The uM
concentration of hemoglobin in this work is the
heme concentration.

2.2. Experimental procedure

Fig. 1 shows a scheme of the quench—flow
apparatus (KinTec RQF-3, University Park, PA).
Syringes 1 and 2 were filled with the reactants, i.e.
aqueous solutions of NO and O,, respectively.
Syringe 3 contained a solution of human hemo-
globin, to trap NO not reacted with O,, and
sodium hydrosulfite, to remove O, not reacted
with NO. The contents of syringes 1 and 2 were
mixed in M1 and aged in the ‘reaction loop’ for a
programed time (10 ms—50 s or longer). The
reactants were then mixed in M2 with the con-
tents of syringe 3. The liquid from M2 was ana-
lyzed by means of a flow-cell (1-cm optical path)
connected to M2 by a teflon tube (the ‘exit line’

in Fig. 1) and mounted in a spectrophotometer
(Beckman DU 70).

The apparatus was operated to yield turbulent
flow under all conditions. Reaction times up to
700 ms were obtained by suitable adjustments of
the flow and of the inner volume of the inter-
changeable reaction loops. For longer reaction
times the quench—flow apparatus was operated in
a push—push mode. The syringes, mixers and re-
action loop were thermostatted at 20°C. Further
aging of the liquid in the tube (the exit line in Fig.
1) between the mixing with the hemoglobin /hy-
drosulfite solution and the optical observation
varied from 400 to 800 ms depending on the flow
conditions. Spectra were recorded within 30 s
after stopping the flow.

Since it was observed that the some of the
materials of the original KinTec apparatus (tubes,
connectors, etc.) interacted with NO, a new ther-
mostatted reaction block was built using gas-tight
Hamilton syringes and valves, stainless steel tubes
and ball-mixers [16].

2.3. Spectral analyses

The concentration of NO that was not con-
sumed in the auto-oxidation reaction was calcu-
lated from the proportion of HbNO in the mix-
ture of HbNO/Hb. Spectra were recorded at
2-nm intervals in the 450-650-nm range. The
experimental spectra were fitted with linear com-
binations of the molar spectra of Hb and HbNO.
The Hb spectrum was measured using a protein
solution deoxygenated by nitrogen tonometry
prior to the addition of a trace amount of hydro-
sulfite. The spectrum was then normalized using
the extinction coefficient value of 13.35 mM ™!
cm™! at 554 nm [17]. The extinction coefficient of
HbNO was calculated from the spectrum of the
same solution of Hb saturated with NO. The least
squares unconstrained fit to the experimental
spectra and the error estimation were carried out
using Matlab 4.0 (MathWorks, Natick, MA, USA).
Fig. 2 shows the agreement between an experi-
mental spectrum and the fitted linear combina-
tion of the HbNO and Hb spectra. The error in
the NO concentration, as determined by this
procedure, was usually within 1%.
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Fig. 2. (X), experimental spectrum of the solution observed in
the flow cell after quenching the auto-oxidation reaction of
NO with a Hb/hydrosulfite mixture. The spectrum was
recorded within 30 s after stopping the flow. ¢ ), fit to the
experimental spectrum of a linear combination of the spectra
of Hb and HbNO. [HbNO],,. =42 uM, [Hb],,. = 157 uM.
Similar spectra were obtained in the simulation experiments
reported in Fig. 6, in which the Hb /HbNO mixture containing
hydrosulfite was exposed to O,, O, and H,O,.

2.4. Kinetic simulations

Simulations of the binding kinetics of NO and
O, to Hb were carried out assuming four sequen-
tial reactions for the association and dissociation
of the two ligands acting independently (Fig. 3).
This basic scheme was then modified to introduce
additional reactions, such as the reaction of NO
with HbO,. A system of rate equations was devel-
oped according to this scheme, which was solved
numerically using Matlab 4.0 programs and pub-
lished values of the rate constants.

2.5. Validation of the procedure

Quenching of the auto-oxidation reaction re-
quires that all NO not reacted with O, be trapped
quantitatively as HbNO upon mixing the reac-
tants with the solution of Hb/hydrosulfite in M2
(Fig. 1). The relevant reactions are:

NO + Hb & HbNO (7
0, + Hb © HbO, (8)
0, + 5,07 - (products: O; , H,0,) 9)

NO binding —

i

—

H < #Hb(NO), &
i i
kb T, kv T
3 i
Hb(0:)y < HbNO)(O:)y <
=11} i i
E
= k4T kT,
B ) .
N L LY
O Hb(Oz)z -« Hb(NO)l(OZ)Z -
J, is J_a
kb Tk kb Tk
3
Hb(0,); “ Hb(NO)(0,)s
J 4
kel Tk
Hb(0:)s

Hb(NO), }—’ Hb(NO); 3:' Hb(NO),
s Ja
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iy
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Hb(NO)(0y):

Fig. 3. Scheme of sequential independent binding of NO and O, to Hb used for the development of the system of rate equations

for binding.
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The quantitative determination of HbNO can
be impaired by the occurrence of other reactions
involving NO and O,, which are listed in the
following:

NO +S,0}~ — (products) (10)
HbO, + NO < Hb*+ NOj (11)
HbNO + 1,20, - Hb* + NO; (12)
2NO,; +S,07~ — 2NO + 25032~ (13)

Specific controls or theoretical and, whenever
possible, experimental simulations of the NO
quenching procedure, described in the following,
were carried out to check the effects of Reactions
(10)-(13) on NO recovery as HbNO, which is
crucial for the correct estimation of the rate of
the auto-oxidation reaction.

2.5.1. Reaction (7)

The rate constant for the NO association to Hb
is 24 x10° M~'s™! [18]. The NO dissociation
reaction from nitrosylhemoglobin is 1.4 x 107*
s~! and approximately 100 times faster from the
NO ligation intermediates [18,19]. A simulation of
NO binding to Hb using these rate constant val-
ues (Fig. 4) indicated that under the conditions of
the quenching experiments NO binds quantita-
tively to Hb within 3 ms and no appreciable NO
dissociation occurs during the time (approx. 30 s
from mixing in M2) required to record the hemo-
globin spectra.

80

2.5.2. Reaction (8)

The rate constant for the O, association reac-
tion of hemoglobin is in the 10°-107 M~ s7!
range, similar to that of NO [15]. The rate con-
stant for the dissociation reaction is strongly de-
pendent on the state of ligation of hemoglobin
and is in the range 20—-2000 s~ ! [15]. A simulation
of the NO binding kinetics in the presence of O,
indicated that O, does not interfere with NO
binding to Hb if the protein concentration pro-
vides enough vacant sites for the binding of both
ligands, as also shown in Fig. 3. The simulation
was carried out ignoring the effects of Reaction

1.

2.5.3. Reaction (9)

It is estimated that the rate of O, consumption
is 3-5 s~ X [S,07 ] at 20°C and neutral pH [15].
The rate of removal of O,, which was not con-
sumed by the auto-oxidation reaction of NO and
was present in the quenched solution as free and
hemoglobin-bound oxygen, depends on the hydro-
sulfite concentration because the dissociation of
O, from oxyhemoglobin is too fast to be rate
limiting. As the amount of NO trapped by Hb was
calculated from the spectrum of a mixture of
nitrosyl- and deoxyhemoglobin observed in the
flow cell after stopping the flow, the oxygen re-
moval had to be completed within the time
(400-800 ms) elapsed after mixing in M2 and the
flow cell. The concentration of hydrosulfite re-
quired for the complete removal of the various
concentrations of O, used for the kinetic experi-
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Fig. 4. Kinetic simulation of the binding of NO to Hb in the absence (- - - -) and in the presence ¢

) of O,. The simulation was

carried out assuming independent binding of the two ligands as shown in the scheme in Fig. 2 and ignoring the reaction between
NO and HbO,, which yields Hb" and nitrate. Other conditions: [NO] = 66 uM; [O,]=72 uM; [Hb] =160 uM.
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ments was determined as follows. Solutions of O,
of varying titer contained in syringe 1 (Fig. 1)
were mixed in M1 with the deoxygenated buffer
contained in syringe 2 and then in M2 with
quenching solutions of Hb containing varying
concentrations of hydrosulfite. The formation of
deoxyhemoglobin was monitored under condi-
tions of continuous flow by measuring the absor-
bance change at 560 nm. The proportion of HbO,
not reduced under the various conditions of hy-
drosulfite concentration and time of reaction was
then calculated from the spectrum of the
Hb/HbO, mixture in the 450-650-nm range
recorded under continuous flow conditions. It was
found that a 550-uM concentration of hydrosul-
fite was enough to completely reduce oxygen be-
fore the solution reached the flow cell under all
experimental conditions.

2.5.4. Reaction (10)

The rate constant of the reaction of NO with
hydrosulfite, Reaction (10), is 1.4 X 10> M~! 57!
[18], approximately four orders of magnitude less
than the rate constant of Reaction (7). To check
that NO was quantitatively trapped by Hb in spite
of the presence of a high concentration of hydro-
sulfite in the quenching solution, a stock solution
of NO in 50 mM phosphate buffer, pH 7 and
20°C, was mixed in M1 with buffer, deoxygenated
by nitrogen tonometry, and in M2 with solutions
of Hb containing increasing amounts of hydrosul-
fite. The NO concentration values of the stock
solution as measured in these control experi-
ments are listed in Table 1.

Table 1

Concentration of a stock solution of NO as measured by the
quenching technique. The NO solution was first mixed with a
deoxygenated buffer solution and then with solutions of Hb
containing various concentrations of sodium hydrosulfite. All
concentrations are uM

[Hb] [Na,S,0,] [NO]
91.5 - 534
92.5 200 54.5
92.5 600 54.5
92.3 1200 55.0
92.2 1800 54.8

2.5.5. Reaction (11)

The fast reaction of NO with oxymyoglobin has
a rate constant value k=37 x 10° M~ s~ ! [20].
As O, removal by hydrosulfite is a slow process, a
similar reaction with oxyhemoglobin, can inter-
fere significantly with the quantitative trapping of
NO by Hb. A kinetic simulation (not shown) of
NO binding to Hb in the presence of O,, taking
into account also Reaction (11) and using the rate
constant reported for the oxymyoglobin reaction,
indicated that: (1) a significant fraction of NO
escapes detection as HbNO because of Reaction
(11); and (2) NO recovery as HbNO approaches
100% if the rate of NO association to Hb is made
faster by adequately increasing the protein con-
centration. The numerical prediction was checked
by an experimental simulation of the effect of
Reaction (11), as follows. Stock solutions of NO
and O, were mixed in M1, and after 10 ms the
reactants were mixed in M2 with Hb solutions of
increasing concentrations at a constant concen-
tration of hydrosulfite (550 uM). Reference ex-
periments were carried out by replacing the O,
solution with deoxygenated buffer. Assuming neg-
ligible NO auto-oxidation during 10-ms aging in
the reaction loop, a decrease in NO recovery with
respect to the amount measured in the reference
experiments measures the interference of Reac-
tion (11). The ratio [NO],,/[NO],, between the
observed NO concentration and that of the stock
solution, as determined in the reference experi-
ments, approaches unity when the hemoglobin
concentration is sufficiently high (Fig. 5).

2.5.6. Other reactions

Oxygen, and also other oxidants such as the
products of Reaction (9), could react with HbNO
yielding methemoglobin (Hb*) during the time
required to record the spectra. The spectra of Hb
solutions and HbNO /Hb mixtures reaching the
flow cell after the reduction of free and bound O,
by 550 uM hydrosulfite were identical within
error to the reference spectra of Hb, HbNO and
their linear combinations (Fig. 2). To check if
Reaction (12) was significant under the conditions
of the quenching experiments, the following con-



S. Caccia et al. / Biophysical Chemistry 76 (1999) 63-72 69

trols were carried out. A stock solution of NO
was mixed in M1 with a solution of Hb containing
550 uM hydrosulfite and after an aging time of
100 ms, the solution was mixed in M2 with solu-
tions of O, of varying titers. The first mixing
allowed quantitative trapping of NO by Hb. The
second mixing exposed HbNO to O, and to the
products of O, reduction by hydrosulfite. The
spectrum of the mixture of Hb and HbNO was
recorded at 30-s intervals after stopping the flow
(Fig. 6). In particular, the absorbance at 630 nm
did not indicate a significant production of
methemoglobin. The NO concentrations de-
termined under these conditions are compared in
Fig. 6 with the concentration determined in the
absence of added O,.

It should also be mentioned that NO reacts
with the thiol groups of hemoglobin in the pres-
ence of O, [21]. However, the rate of this reaction
is too slow to interfere with the NO determina-
tion under the conditions of our experiments.

3. Results

Fig. 7 is a typical progress curve for the auto-
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Fig. 5. Ratio [NO],,/[NO], vs. the ratio [free hemes]/[NO],.
[NO],,, was the NO concentration measured by mixing a
solution of initial concentration [NO], with a solution of O,
of known titer in M1 and, after negligible auto-oxidation of
NO in the reaction loop (10 ms), with Hb /hydrosulfite mix-
tures of varying Hb concentration, in M2. The concentration
[free hemes] refers to the hemoglobin sites remaining vacant
after binding all NO of the stock solution [NO],,, and remov-
ing all O, by hydrosulfite.
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Fig. 6. (m), Concentration of nitrosylated hemes [HbNO],. ...
measured by mixing a stock solution of NO [NO], = 47 uM,
with a 150-uM solution of Hb, containing 550 uM hydrosul-
fite, in M1 (Fig. 1) and, after 100 ms, with solutions of varying
concentrations of O, in M2. The time for complete O,
reduction by hydrosulfite was 580 ms. The value [NO],, of the
concentration of the stock solution was determined by replac-
ing the oxygen solution with buffer deoxygenated by nitrogen
tonometry.

oxidation reaction of NO at 20°C in 50 mM
phosphate buffer, pH 7. In such experiments the
hydrosulfite concentration was kept constant at
550 wM and the ratio of hemoglobin to the sum
of the NO plus O, concentrations was optimized
as shown in Fig. 5.

Fig. 8 is a logarithmic plot of the initial veloci-
ties as obtained from the progress curves at a
constant initial value of NO concentration (60
uM) and varying values of O, concentration, in
the range 8-60 wM. Fig. 9 is a similar plot
obtained at a constant initial value of O, concen-
tration (60 wM) and varying values of NO con-
centration, in the range 12-100 uM. Each data
point was the average value from five experi-
ments. The slope value in Fig. 8, 0.98 +0.01,
indicates a first order rate law with respect to
oxygen. The slope value in Fig. 9, 2.099 + 0.001,
indicates a second order rate law with respect to
NO. Thus the rate equation [22]:

v= —d[NO]/df = — 4k, [NOT’[0,]

= k[NOJ’[0,] (14)
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Fig. 7. Time course of decrease in NO concentration in the
auto-oxidation reaction at 20°C in 50 mM phosphate, pH 7.
The initial values of the reactant concentrations were: [NOJ,
=70.4 +0.82 uM and [O,];, = 60.0 + 2.0 uM. The bars indi-
cate the error as calculated by averaging the data from five
measurements. The line was fitted assuming a third order rate
constant, k,q = 2.23(+0.26) X 10° M2 s~ for the auto-
oxidation reaction. Data at longer reaction times, up to 5 min,
were fitted similarly using the same value of k.

was fitted to progress curves to obtain a weighted
average value for the third order rate constant
ko, =223(+£0.26)x 10° M~* s~' at pH 7 and
20°C. Such a value, obtained from kinetic data in
the time range 10 ms—50 s, did not change sig-
nificantly when the data were collected over a
longer time range, up to several minutes. Mea-
surements carried out at 20°C in 50-mm borate
buffer, pH 9, yielded a value k,, = 2.57(£0.11) X
10° M~2 s71.

4. Discussion
4.1. Validation of the method

Side reactions can occur in the quenching of
the NO /O, mixture by the Hb /hydrosulfite mix-
ture. Specific controls or theoretical and experi-
mental simulations were carried out to check
their effects on the correct estimation of NO not
consumed in the auto-oxidation reaction.

-12

slope=0.98 +0.02

In(v )

-12 -1 -10
([0, )

Fig. 8. Logarithmic plot of the initial velocity of the auto-
oxidation reaction vs. the initial O, concentration, at 20°C, in
50 mM phosphate, pH 7. The bars indicate the error as
calculated by averaging the data from five measurements.

The NO concentration of a stock solution in 50
mM phosphate, reported in Table 1, was repro-
ducible within 2% of the value and independent
of the concentration of hydrosulfite added to the
quenching solution of Hb up to 1800 uM. The
NO concentration value was within 10% of the
value calculated using the NO solubility coeffi-
cient in water [23]. These tests indicate that, in
the absence of the auto-oxidation reaction, NO
dissolved in buffer was correctly estimated as
HbNO in HbNO /Hb mixtures. As the O, reduc-
tion by hydrosulfite is a slow process, which leads
to aggressive products, superoxide anion and hy-
drogen peroxide, the experiments in Fig. 6 were
designed to check the effects of O,, O, and
H,0, on the absorption spectra of the
Hb /HbNO mixture and on the determination of
the HbNO concentration of a stock solution. The
spectra were fitted by a linear combination of the
spectra of Hb and HbNO with the same precision
as in the absence of added O, (Fig. 2), suggesting
that the peroxides did not influence the spectra of

B dope=2.120.01
14

-15

In(vo)

i ]
-12 -11 -10 9
In( [NOJ,)

Fig. 9. Logarithmic plot of the initial velocity of the auto-
oxidation reaction vs. the initial NO concentration, at 20°C, in
50 mM phosphate, pH 7. Bars as in Fig. 8.
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the hemoglobin components significantly. A third
component, such as Hb™, produced by the reac-
tion of O, and the peroxides with HbNO, may
not be detected in the spectra observed 30 s after
quenching due to Hb* reduction to Hb by hydro-
sulfite. However, the oxidation of HbNO, yielding
Hb* and nitrite through Reaction (12), would
bring about an apparent decrease in the NO
concentration determined as HbNO. The data in
Fig. 6 indicate that the determination of the NO
concentration of the stock solution was the same
in the presence as in the absence of O,.

The crucial aspect of the procedure was that a
significant fraction of NO not consumed in the
auto-oxidation reaction could escape detection
via Reaction (11), which oxidizes NO to nitrate.
Kinetic simulations indicated that the problem
could be circumvented by increasing the concen-
tration of Hb to make NO binding to Hb, Reac-
tion (7), faster than Reactions (9) and (11). The
indications of the theoretical simulations were
confirmed by experimental simulations, such as
that shown in Fig. 5. The effect of the Hb concen-
tration on Reactions (7), (8) and (11) was mea-
sured experimentally to obtain the Hb concentra-
tion value adequate for a full recovery of NO as
HbNO. These experimental simulations, carried
out over the range of O, concentrations used for
the study of the kinetics of the auto-oxidation
reaction, were a solid validation of the procedure.

4.2. Mechanism of NO auto-oxidation in aqueous
medium

Methods for the direct electrochemical mea-
surement of NO concentrations have been de-
scribed and commercial NO sensors are available
[14]. However, the technology is not yet satisfac-
tory and the finding that the kinetics of NO
auto-oxidation is zero order with respect to NO
concentration through the use of a porphyrinic
NO sensor is likely due to methodological prob-
lems related to the performance of the sensor.
The method described in this work was based on
the monitoring of the concentration of NO by a
chemical quenching procedure using Hb as a
quencher. Most of the known reactions that could
interfere with such a quenching were considered

in designing the kinetic experiments. The results
support the mechanism indicated by other studies
based on the measurement of the rate of forma-
tion of the final products of NO auto-oxidation in
aqueous medium, i.e. H* and NOj. Our study
confirms that the reaction is first and second
order with respect to O, and NO and that Reac-
tions (1) and (2) are rate limiting with respect to
Reaction (5). The value of the third order rate
constant for the overall reaction, k =4 Xk, =4
X 2.23(+0.26) X 10° M2 s~ ! is in line with val-
ues obtained by those studies: k = 6(+1.5) X 10°
M2 s7!', in 0.1 M phosphate, pH 7.4 and 22°C
[9]; £ =6.3(+0.4) X 10° M~ 2 s™!, in 2 mM phos-
phate, pH 7.7 and 20°C [10]; k£ = 8.8(+0.4) X 10°
M2 s~ 1 at 15-30°C [12]; and k =4 X kyq=4X
2.1(£0.5)x 10° M™% s~! in 60 mM HCI, pH 1
and 25°C [13].

In conclusion, the method described in this
work measures the rate of NO decrease accu-
rately even in a difficult case such as the auto-
oxidation reaction. It can find useful applications,
possibly in combination with other methods, in
the study of the mechanisms of various reactions
of NO, e.g. the reactions involving peptides and
proteins, for which the measurement of the rate
of product formation is not straightforward.
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