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Mechanism of Nitrosylmyoglobin Autoxidation: Temperature and Oxygen

Pressure Effects on the Two Consecutive Reactions

Jens K. S. Moller and Leif H. Skibsted?!

Abstract: As shown by singular value
decomposition and global analysis of
the absorption spectra, oxidation of ni-
trosylmyoglobin, MbFe"NO, by oxygen
occurs in two consecutive (pseudo)
first-order reactions in aqueous air-
saturated solutions at physiological
conditions (pH 7.0, I=0.16m (NaCl)).
Both reaction steps have a large tem-
perature dependence with the follow-
ing activation parameters: AH; =121+
7 and AS;=23+29; and AH;S =88+

rate-determining. The rate of the first
reaction is linearly dependent on
oxygen pressure at lower pressures,
while for oxygen pressures above at-
mospheric, the rate exhibits saturation
behaviour. The second reaction is inde-
pendent of oxygen pressure. The rate
of the second reaction increases when
oxymyoglobin is added. In contrast, the
rate of the first reaction is independent
of the presence of oxymyoglobin. The
observed kinetics are in agreement

with a reaction mechanism in which
the nitric oxide that is initially bound
to the Fe' centre of myoglobin is dis-
placed by oxygen in a reversible
ligand-exchange reaction prior to an ir-
reversible electron transfer. The ligand-
exchange process is dissociative in
nature and depends bond breaking,
and nitric oxide is suggested to be trap-
ped in a protein cavity. The absorption
spectrum of the intermediate, as re-
solved from the global analysis, is in

14 kJ mol ™ and AS;=-63+
51J7'K'mol™! at 25°C for the first
and second step, respectively. At phys-
iological temperature, the initial reac-
tion is faster, while at lower tempera-
tures, the first reaction is slower and

exchange

Introduction

Mice without myoglobin, which are obtained by gene-
knockout, have been found to be viable and even fertile, al-
though their heart and skeletal muscles completely lack pig-
mentation."? This intriguing finding may shed doubt on the
physiological role of the monomeric heme protein, myoglo-
bin, as being solely an oxygen carrier and storage protein in
mammalian tissue. Moreover, later studies have identified
multiple compensatory mechanisms in specific heart and
blood circulation parameters in transgenic mice devoid of
myoglobin.

Various forms of myoglobin readily react with nitric oxide
(NO) at the iron centre of the protein. The efficient scav-
enging of free NO by oxymyoglobin (MbFe"O,) has, within
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agreement with a peroxynitrite com-
plex, and the initial process must in-

ligand volve partial electron transfer.

the last few years, received increased attention because of
the possible effect that this may have in protecting mito-
chondrial cytochromes in the respiratory system.’” The
rate constant for binding NO to Fe" in cytochrome aj, is re-
ported to be 0.4-1.0x10°m's2.®¥ This is close to diffusion
control, and even nanomolar levels of NO may result in in-
stantaneously reversible inhibition of the respiratory system,
while higher levels of NO result in irreversible inhibition."
MbFe" binds NO with a comparable rate constant of 1.7 x
10’M's™, and since MbFe'' is present in relatively high con-
centrations (0.11-0.34 um), the rate becomes competitive.['")
The fact that Fe" in the heme protein has a high affinity to
form very stable complexes, and that NO is oxidised very
quickly by oxymyoglobin (MbFe""O,)(second-order rate con-
stant of 3.4x10’M 's™!), may be important for the scaveng-
ing of NO when this small messenger molecule is produced
in excess.""! Accordingly, regulation of the free NO levels in
cardiac, skeletal, or smooth-muscle tissue may depend
strongly on myoglobin."?

Besides the protective role that myoglobin plays in pre-
venting NO toxicity, as well as regulating the level of free
NO, the nitrosylated form of Fe" myoglobin (MbFe"NO)
may also be an effective antioxidant that prevents lipid per-
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oxidation. The complex MbFe"NO was first identified as the
primary pigment in cured meat products, in which it is
formed by the concerted reaction of nitrite ion and
MbFe'O, with endogenous or added reductants.™™ Although
NO may prevent the pro-oxidative activity of certain forms
of myoglobin, the formation of MbFe"NO in vivo has re-
ceived little attention."" Nitric oxide seems to act both as a
pro-oxidant and an antioxidant in biological systems, where-
as MbFe"NO effectively prevents lipid peroxidation through
radical scavenging both in
cured meat products and in
model systems.>1%

Arnold and Bohle have stud-
ied the oxygenation reaction of
MbFe"™NO both at 37°C and in
an atmosphere saturated with
pure oxygen."! The reaction
between MbFe"NO and oxygen
is best described by two consec-
utive reactions that correspond
to a bi-exponential expression,
and the calculated spectrum of
the reaction intermediate indi-
cates that k; <k,, in agreement
with the spectrum obtained for
the intermediate, which resem-
bles a spectrum obtained for an
Fe™ form of myoglobin, and
the authors proposed that the
intermediate was a peroxyni-
trite complex with an N-bound
peroxynitrite ligand.

Under physiological condi-

>

MbFe"NO + O, — MbFe" + NO; (1)

In the present study, the reaction was monitored spectro-
photometrically under various conditions relevant for bio-
logical systems, and the heme oxidation product was con-
firmed to be MbFe™ (cf. Figure 1 and Figure 3). The ob-
served spectral changes at 20°C and atmospheric air satura-
tion for wavelengths recorded at appropriate intervals pro-
duced the “landscape” illustrated in Figure 1. However, the

tions, the reaction of NO with
MbFe"O, and the reaction of
O, with MbFe™NO yields, as
common products, MbFe™
nitrate ions. However, the reac-
tion rate is different by several
orders of magnitude.'®1 Al-
though both reactions are of
key interest to gain an under-
standing of the bioregulatory role of NO and myoglobin,
the MbFe"™NO and O, reaction mechanism, in particular, is
poorly understood. This has warranted the present kinetic
investigation, in which it has been confirmed that autoxida-
tion is a stepwise reaction. In particular, we set out to identi-
fy the nature of each of the rate-determining steps in the
complex reaction sequence based on the activation parame-
ters derived from the temperature dependence of the reac-
tion rates and on the oxygen pressure dependence.

Results

Nitrosylmyoglobin is slowly oxidised by oxygen in air-satu-
rated aqueous solutions. Moreover, as shown by spectrosco-
py and electrochemical methods, the oxidation products are
metmyoglobin and nitrate ions [Eq. (1) ].I""
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and  Figure 1. Observed changes in spectral data during autoxidation of nitrosylmyoglobin in air-saturated aqueous
solutions (pH 7.0, I=0.16 M) at 20°C. Initial concentration of nitrosylmyoglobin was approximately 20 um. The
whole spectral landscape was scaled to accommodate the intense Soret band, while the inset diagram shows
spectral changes at the 3- and a-bands between 470 <1 <650 nm in detail. A =absorbance.

kinetics of the autoxidation reaction were not accommodat-
ed within the scheme of a single first-order process, as was
previously suggested.*? As is evident from Figure 2, which
shows the basic spectra and time profiles obtained from U
and V matrices, respectively, singular value decomposition
(SVD) of spectral changes in the 390-650 nm range (in-
cludes the Soret band and the so-called - and a-band in the
visible region) confirmed that in all cases decomposition
gives rise to three components. The initial four components
clearly illustrate that the fourth component holds no rele-
vant information with respect to both the spectral and time
course, while the three preceding components resemble
either the Soret or visible bands in which, as seen from the
time courses of the second and third component V vectors,
changes occur. Accordingly, autoxidation of MbFe™NO was
analysed by a general model that includes two consecutive

steps [Eq. (2)].
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now available was utilised. It
confirmed that description of
the autoxidation process as two
(pseudo) first-order reactions
[Eq. (2)] was valid over this
temperature interval. However,
because the two reaction rate
constants approach each other
in value as the temperature is
increased, the numerical calcu-
lation became unreliable at
higher temperature. Further-
more, both reaction steps may
involve a certain degree of re-
versibility. However, such rever-
sibility, which is most likely to
occur in the first reaction step,
will not cause any deviation
from the (pseudo) first-order
kinetics.

The SVD and global analysis
of spectral changes during

MbFe"™NO autoxidation indicat-
ed the presence of a reaction
intermediate. Moreover, the es-
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timated absorbance spectrum of
this  reaction  intermediate
helped to assign the order of
the two rate constants. The only
reasonable absorption spec-
trum, which did not have any
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negative absorption regions,
was obtained for k; <k,.?!! The
estimated absorption spectrum
of the reactant MbFe'NO, the
product MbFe™, and the inter-
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mediate are given in Figure 3.
The absorption spectrum of the
intermediate exhibits a higher
&max Value than the MbFe™
spectrum in the Soret band, but
has a similar A,,, value to that
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Figure 2. Results from singular value decomposition of spectral data obtained from autoxidation of nitrosyl-
myoglobin at 15°C in atmospheric air: a) singular values [with the first three values indicated (i)-(iii)] for
SVD components 1-9; b) U vectors (basic spectra) for components 1-4; and c) V vectors (time course) for

components 1-4.

MbFe'NO + O,——intermediate*=MbFe'! + NO; (2)
k_y

The use of a greater number of wavelengths to estimate
the rate constants invariably showed that the reaction could
not be described by a single exponential decay, but rather
that it consisted of two consecutive reactions; this confirmed
the findings made by Arnold and Bohle at 37°C.""! The
present study was extended over the temperature interval
15-30°C, and the more powerful numerical method that is

Chem. Eur. J. 2004, 10, 2291 -2300 www.chemeurj.org
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obtained for MbFe!"; this is in-
t/s dicative of a ferric heme com-
plex. In the B- and o-band
region, four distinct bands can
be observed for the intermedi-
ate, two of which have high de-
grees of resemblance to MbFe™
(Amax: 505 and 630 nm). The
others consist of a shoulder at approximately A=548 nm
and a low intensity band at A=580 nm. The reaction inter-
mediate has a similar spectral pattern to transient spectra
obtained for a peroxynitrite complex of ferric heme proteins
involved in NO-induced oxidation of oxygenated hemoglo-
bin and MbFe"0,.”>%! In comparison to the spectrum of the
intermediate reported by Arnold and Bohle,l'” the spectral
pattern in the visible region (B- and a-bands) is in good
agreement with the intermediate spectrum found in the
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1 | ) Table 1. Observed (pseudo) first-order rate constants k; and k, for the
160000 - ntermediate ; ; - & 0 "
two consecutive reaction steps in the autoxidation of MbFe"NO (approx-
imately 2.0 um) at various temperatures in air-saturated aqueous solutions
140000 A at pH 7.0 and 0.16m (NaCl) ionic strength (cf. Figure 1). Activation pa-
120000 4 rameters were calculated by using transition-state theory and Arrhenius
I parameters (Figure 4).
100000 “/‘v' Variable ki [s7] ky [s7]
80000 __  temperature:
] 15°C (n=6) (0.734£031)x10*  (1.73£0.16)x10~*
60000 - 20°C (n=4) (1.31+0.17)x10™*  (2.594+0.21)x10°*
1 25°C (n=6) (2.46+0.11)x10™*  (3.964+0.22)x10~*
40000 - 30°C (n=4) (6.23+0.22)x107  (9.3540.78) x 10~*2
activation parameters:’)
20000 - AH* [kJmol™'] 120.5+6.8 88.1+14.2
0 1 AS* [I7'K 'mol ™ 24+29 —64£51

Figure 3. Absorption spectra of MbFe"NO (reactant), MbFe™ (product),
and an intermediate species during MbFe"NO autoxidation in air-saturat-
ed aqueous solutions (pH 7.0, /=0.16 M) at 15°C. The intermediate spe-
cies exhibits several spectral features similar to a peroxynitrite complex
of MbFe" previously described by Herold and Rehmann.?

present study. Furthermore, the position of 4,,,, in the Soret
band is also in agreement, although the intensity of the
Soret bands differ somewhat.

The rate constants for the two consecutive reaction steps
in air-saturated aqueous solutions at each of the four tem-
peratures are given in Table 1. As shown in Figure 4, the
temperature dependence of the two reactions was analysed
according to the Arrhenius equation and non-linear regres-
sion. The Arrhenius parameters and transition-state theory
also allowed the activation parameters to be calculated
(Table 1). The marked difference in the enthalpy of activa-
tion for the two reaction steps, which indicates that the first
reaction is more sensitive to temperature, makes the concen-
tration profile for the intermediate also strongly dependent
on temperature. In particular, maximum concentrations of
the intermediate occur at low temperatures. The time pro-
files for the reactant, the intermediate, and the final product
are shown in Figure 5 for the four temperatures studied. At
15°C as much as 50% of the total heme protein is present
as the intermediate at its concentration peak, while at 30°C,
the maximum intermediate concentration is 20 %. Measure-
ments for the rate of MbFe"NO autoxidation were also per-
formed at 35°C, but the rate constants were not included in
the calculation based on the Arrhenius equation as values
for k; and k, could not be unequivocally assigned in the
global analysis of the spectral changes during the reaction.
However, in two experiments performed at 35°C (308.2 K),
k, and k, were found to have average values of (2.93+
0.20)x107%s™' and (2.86+0.66)x107%s™!, respectively.
Based on the activation parameters contained in Table 1 or
the Arrhenius plots in Figure 4, k; and k, would be expected
to be identical and have a value of 1.4x10%s™ at 35°C.
The coalescence of the two rate constants at this particular
temperature makes the estimates obtained from the kinetic
experiments numerically unreliable, and thus, they were not
included in the present calculation of the activation parame-
ters. Moreover, the data obtained at 35°C could be descri-
bed by a single exponential expression that nearly had as
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[a] Experimental conditions were identical to those used for measure-
ments of oxygen pressure dependence for pO,=21%. The rate constants
(k, and k,) were not significantly different from those in Table 2 (P>
0.05), as shown by one-way ANOVA. [b] Standard deviation from the ob-
served rate constants was incorporated as weights in the non-linear re-
gression used to determine the activation parameters.

good a fit as the model, which involved two consecutive re-
action steps.

The autoxidation reaction rate was found to decrease as
oxygen pressure decreased. However, as may be seen from
the rate constants presented in Table 2, k, is independent of
oxygen pressure, and only k; decreases with decreasing
oxygen pressure. Notably, neither k; nor k, are affected
when oxygen pressure is increased from ambient to one at-
mosphere. The characteristic saturation kinetics observed
for the initial step of the reaction sequence may be assigned
to the dissociation of nitric oxide in a rate-determining step
prior to oxygen being bound at the iron centre. However, as
has previously been discussed, the same oxygen dependence
would be observed for an associative mechanism, in which
oxygen is bound prior to oxidation."” The observed value
for k, in relationship to pO,, for both mechanisms, is in
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Figure 4. Non-linear regression fit to the Arrhenius equation of the ob-
served (pseudo) first-order rate constants k, (@) and k, (o) for the two
consecutive reactions of MbFe"NO autoxidation in air-saturated ([O,]
varies between 0.32 and 0.24mwm) aqueous solutions (pH 7.0, I=0.16Mm).
The rate constants for each temperature investigated were obtained by
global analysis using singular value decomposition of the spectral data, as
shown in Figure 1 for 20°C.
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ki + k

K 5

exchange (5 )

The numerical value obtained
for Keychanges» Which was calculat-
ed by non-linear regression
analysis of k; at 30°C (Figure 6)
according to Equation (3), was

found to be (3.0+0.9)x107
(Table 2). The limiting k,; value

2 ; at high oxygen concentrations is
25°C 30°C (6.20£0.04)x10*s7!;  this is
801 very similar to the value found
for k, [(6.19+£0.44)x107*s7'] at
1:0 60 4 — MbFe'NO 30°C and pO, of one atmos-
S i phere.
s | N/ Y e Intermediate C .
£ 40/ In the limiting mechanism de-
2 —— MbFe" scribed in Equation (4), NO
§ and MbFe"O, are considered to
be formed as reaction inter-
0 ‘ ‘ ‘ : : : : ‘ mediates. To test this hypothe-
6 8 10 4 6 8 10 12

t/h —

Figure 5. Time profiles for the three species during autoxidation of MbFe"NO to give MbFe'" and nitrate ions

in air-saturated aqueous solutions (pH 7.0, /=0.16m) at 15, 20, 25 and 30°C.

Table 2. Observed (pseudo) first-order rate constants for the two consec-
utive reaction steps in MbFe!'NO autoxidation (approximately 2.0 um) at
various oxygen pressures in aqueous solutions at pH7.0 and 0.16m
(NaCl) ionic strength. The limiting value and equilibrium constant for
ligand exchange was calculated from Equation (3) using non-linear re-
gression analysis.

Variable ki [s7] ky [s7']

2O, 1% (n—4) (1.63£055)x10 ¢ (8.06+0.75)x 10 *
10% (n=3)  (43040.78)x10* (7.13+0.61)x10*
20% (n=4)  (5.90+0.86)x 10 4 (7.26+0.76)x 10 *I

100% (n=5)
saturation kinetics for step 1
maximal rate, Ky [ 7]
equilibrium constant for
ligand
exchange, Kxchange

(5.894£0.74)x 10 (6.19+£0.44)x 10~

(6.2040.04)x 10~
(3.0040.9)x 1072

[a] Experimental conditions were identical to those used for measure-
ments of temperature dependence for k; and k, at 30°C. The rate con-
stants (k; and k,) were not significantly different from those in Table 1
(P>0.05), as shown by one-way ANOVA.

accord with a two-parameter expression similar to the Mi-
chaelis-Menten equation [Eq. (3)].

ax pOZ _ kl(max) X chchangc X pOZ

k, = =
! 1 + (b XPOZ) 1 + (chchangc XpOZ)

(3)

In Equation (3), the empirical parameters a and b have
been further related to the equilibrium constant for the ex-
change of NO with O, (K.ychanee) [Eq. (4)], and with the rate
constant for NO dissociation, which corresponds to a limit-
ing dissociative mechanism for the initial reaction of the se-
quence [Eq. (5)].

Kexchange

MbFe™NO + O,
4)

Chem. Eur. J. 2004, 10, 2291 -2300 www.chemeurj.org

MbFe'O, + NO-.MbFe + NO;
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sis, three types of experiments
were conducted.

In the first type of experi-
ment, because the second-order
reaction between MbFe""O, and
NO in Equation (4) is known to
be dependent on pH and the value of k, increases as pH is
increased,*! it was considered that an increase in pH
from 7.0 to 9.5 should result in an increase in the value of
k, by a factor of two for the reaction depicted in Equa-
tion (6).

t/h —

MbFe'O, + NO-MbFe 4 NOj

|

(6)

*®
o
.

6.0 A

4.0 1

Rate constant/s 'x10* —

2.0 A

0.0 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

pO,/atm ——

Figure 6. Observed (pseudo) first-order rate constants k, (@) and k, (0)
for the two consecutive reactions of MbFe"NO autoxidation in aqueous
solutions (pH 7.0, /=0.16Mm) at 30°C for varying oxygen pressures (11-
1130 um [O,]). Curves were obtained from fitting the parameters of the
first-order rate constant (k) for the first reaction step using Equation (3)
and non-linear regression. In this manner, the limiting value for k, was
calculated to be kjma=(6.2£0.4) x10™*s™", and the equilibrium constant
for O,/NO exchange by MbFe''NO was determined to be Keychange=
0.030+£0.009. The first-order rate constant (k,) for the second reaction
step was found to be independent of pO, (P >0.05).
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Such an effect was clearly not observed, as in a borax
buffer of pH9.5 at 20°C, k; and k, were found to have
values of (9.6+1.5)x107° and (1.53+0.32)x10~*s7!, respec-
tively. Indeed, the k, value was very similar to the value ob-
tained in a phosphate buffer at pH7.0 [(1.31£0.14)x
10*s™!, Table 1], while the k, value determined at pH 9.5
was even smaller than that found at pH 7.0 [(2.59+0.21) x
10~*s™!, Table 1]. Protein conformation effect, and the fact
that the oxidation product is a hydroxide complex of
MbFe™, which has spectral characteristics in the visible
region that are similar to both MbFe"™NO and MbFe"O,,
may have complicated the numerical resolution of k; and
k,.?*) However, it is clear that k, does not relate to a bimo-
lecular reaction between NO and MbFe"O,, since an in-
crease in k, would have been observed upon changing the
pH from 7.0 to 9.5.

For the second type of experiment, any unbound NO
should in aqueous solution and in the presence of O, under-
go a third-order reaction according to Equation (7) with k=
8.0x10°m 25! to yield nitrite ions.”!

4NO + O, + 2H,0 =4NO; + 4H* (7)

Although a sensitive colorimetric method was used (re-
sults not shown), nitrite ions were not detected during
MbFe™NO autoxidation at either low (0.01 atm) or high
oxygen pressures (1 atm).

For the third type of experiment, MbFe"NO was allowed
to undergo autoxidation at 30°C in the presence of an equi-
molar amount of MbFe" O, in order to identify the role that
MbFe"O, plays in the oxidation of NO. Spectral analysis of
the reaction mixture during autoxidation of equimolar
amounts of MbFe"NO and MbFe"O, showed a complicated
kinetic pattern. As a result, the spectra of pure MbFe'NO
and MbFe"O, were introduced into the SVD global analysis
in order to avoid rank deficit and to obtain reliable k&, and
k, estimates. Under these conditions the value of k, was de-
termined to be (4.57+£0.20)x10*s™! (n=4); this is compa-
rable to (6.23+0.22)x107*s™! (n=4, Table 1), which was de-
termined when only MbFe"NO was present in the reaction
mixture. Therefore, the rate constant (k;) for the initial reac-
tion is not significantly altered. In contrast, k, was estimated
to be 0.134+0.02s™" (n=4), which is more than 100-times
greater than the k, value determined in the absence of
MbFe"O, [(9.354+0.78)x107*s™!, n=4, Table 1]. Although
the global analysis failed to estimate time profiles for the
three species without the spectral restriction described, the
rate constants found for mixtures of MbFe"NO and
MbFeO, are indicative of a mechanism in which an initial
NO/O, ligand exchange is followed by NO-induced oxida-
tion of MbFe"O,. Therefore, an excess of MbFe"O, will
effect the rate of the second reaction step, as the concentra-
tion of substrate available for NO-induced oxidation is ele-
vated. The rate constant (k) for autoxidation of MbFe"O,
in air-saturated aqueous solutions (pH 7.0 and /=0.16M) at
30°C has a value of 107° s.* From this value it can be cal-
culated that within the time span the reaction is monitored
in the present experiment, a maximum 2% of the conver-
sion of MbFe""O, to MbFe™ occurs as a result of autoxida-

2296 ——
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tion. Accordingly, the observed increase in rate is the result
of MbFe"O, reacting with NO to yield MbFe™ and NO;~,
or more specifically relates to the second reaction step.

From experimental observations, it can be concluded that
autoxidation of MbFe"NO occurs in two steps. The first re-
action step involves NO dissociation (NO possibly escapes
to internal globin cavities) and subsequent O, association to
Fe'. This initial, rate-determining step may also include
some degree of electron transfer from Fe' in agreement
with the Fe'™ spectrum of the intermediate, while the second
step is a reaction in which an O-bound peroxynitrite com-
plex rearranges and dissociates.

Discussion

Studies on recombinant mutant myoglobins, in which specif-
ic amino acid residues have been altered to change the envi-
ronment of the heme pocket, and as a result the ligand ac-
cessibility, have shown that NO-induced oxidation of
MbFe"O, depends mainly on the rate of NO entry into the
heme pocket.'"” The NO-induced oxidation of MbFe"O, is
fast compared to the oxidation of MbFe"NO by O,. Howev-
er, the observation that the mobility of NO in the heme pro-
tein cavity is important for subsequent electron-transfer re-
actions is relevant also for the “reverse” reaction, in which
electron transfer occurs when O, enters the MbFe'NO
heme protein. As was recently discussed in a review that
covered NO and myoglobin interactions, a common reaction
intermediate for the two reactions in which NO and O, are
positioned for electron transfer should be considered.?”

As outlined in Scheme 1, MbFe""™NO autoxidation has pre-
viously been described by different reaction mechanisms.
The four mechanisms are ordered in relation to their degree
of associative (top) or dissociative nature (bottom), and can
be described as follows: 1) a reaction with two consecutive
reaction steps that has the rates k, and k,, respectively, and
in which an intermediate is formed upon attack on the nitro-
gen atom in Fe"-N—O by 0,;** 2) an initial fast (not ob-
servable) association of O, to the NO ligand followed by a
rate-determining step that involves electron transfer and dis-

1 /O—O_
MbFe'"—N\\
' O v
k, 5 k,
fast MbFe'NO- - 02 kobs
MbFe'NO + O, MbFell + NO4~
N b7
[MbFe'O,, NOJ —
kdiss
fast
4
MbFe'O, + NO
Scheme 1.
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sociation from myoglobin (k)" 3) a reaction that corre-
sponds to the mechanism proposed on the basis of the new
experiments reported in the present paper and described
below; and 4) a reaction that has a limiting dissociative
mechanism, and which involves an initial ligand exchange
between bound NO and O, present in solution. Nitric oxide
dissociation is then followed by rapid NO-induced oxidation
of MbFe"O, in a bimolecular reaction, and the observed
rate constant (kg,,) corresponds to the rate constant for dis-
sociation of NO from MbFe"NO.* Dissociation of NO
from MbFe"NO, which is suggested to be rate-determining
in the latter mechanism, is a relatively slow process. Indeed,
NO trapping techniques at neutral pH and 20°C have
shown the rate of this step to be 1.2x10™*s™.? In a more
recent study, a comparable value of 9.0x107°s™' was ob-
tained under similar conditions.®

The NO-induced oxidation of oxygenated heme proteins
is fast, and has been the subject of a number of studies
during the past few decades.”>*! In two of the more recent
studies, the second-order rate constant for the reaction be-
tween MbFe"O, and NO at neutral pH and 20°C was esti-
mated to be 3.4x10’mMm 's™! and 4.4x10"M 's™!, respective-
ly'[18‘23]

One of the conclusions drawn from the present study is
that kinetically, the rather slow reaction between MbFe'NO
and O, at low temperatures appears to be the result of a
two-reaction sequence. At temperatures around 35°C, the
values of the two rate constants approach each other, and in
a certain temperature range, the process will appear kineti-
cally as a single reaction. This apparent change from two re-
actions to one as the temperature is increased may explain
the somewhat conflicting kinetics reported for the autoxida-
tion.[17:19.20.26]

The first reaction is characterised by a (pseudo) first-
order rate constant that is linearly dependent on oxygen
concentration at low concentrations, but which is oxygen in-
dependent at higher oxygen concentrations. The second re-
action step has a first-order rate constant that is independ-
ent of oxygen pressure; this suggests that the first reaction
involves some degree of binding of O, to MbFe""NO, while
the second reaction is an intramolecular rearrangement. The
generalised reaction shown in Equation (2) accommodates
both of the two limiting mechanisms, that is, attack on coor-
dinated NO by O, (Scheme 1, 1), as well as complete ex-
change prior to reaction following an initial NO dissociation
(Scheme 1, 4).

The MbFe""NO autoxidation rate has been found to de-
crease with increasing hydrostatic pressure, corresponding
to a positive volume of activation of AV =48 mL mol ',
and indicating that the coordination sphere undergoes ex-
pansion in the reaction of MbFe"NO with O,. Such a
volume increase is normally related to a dissociative reac-
tion mechanism. In particular, it would correspond to disso-
ciation of NO from MbFe"NO prior to reaction with O,
(Scheme 1, 4). However, the mechanism suggested by
Arnold and Bohle, which involves an intermediate peroxyni-
trite complex, could also result in an expansion of the coor-
dination sphere (Scheme 1, 1). Moreover, this mechanism
also consists of two consecutive reaction steps, and is similar
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to the mechanism proposed for the NO-induced oxidation
of MbFe"O,. The latter reaction proceeds through the inter-
mediate depicted in Equation (8), in which NO is bound to
the heme cavity oxygen.’!! Notably, this intermediate is sta-
bilised under alkaline conditions, that is, when the pH is in-
creased from 7.0 to 9.5.

O\ & 7Nk
MbFell—( ‘>—> MbEell—0 O —= MbFel + NO;  (8)

NO-

A similar intermediate to the peroxynitrite complex of
MbFe™ observed in the reaction of NO with MbFe"O, also
seems to be in agreement with the kinetics observed for the
autoxidation. However, the intermediate in the autoxidation
is not stabilised by hydroxide and at least the coordination
environment may differ. Strong evidence that the rate-deter-
mining step in the first reaction is an initial ligand exchange
between NO and O, has been presented by Eich, who
showed that a high correlation (#*=0.95) exists between the
rate constant for NO dissociation and the rate constant for
autoxidation of NO complexes of 18 myoglobin mutants,
each of which is described as a single first-order reaction.”!
It has also been concluded that ligand exchange is the initial
step of MbFe"NO autoxidation, and that NO dissociation is
rate-determining.

However, isotopic labelling studies found that exchange
of bound NO with free NO was faster than NO dissociation
from MbFe"NO  (Kuyepange > 1072M 's 7). Thus, NO ex-
change and MbFe""NO autoxidation cannot have a common
pentacoordinate Fe" intermediate and be purely dissociative
in nature. The entering NO molecule in the exchange reac-
tion or the entering O, molecule in the autoxidation reac-
tion is more likely to form a transition state or intermediate
in which there is some degree of association with the leaving
NO. The exchange activation enthalpy for NO in MbFe"NO
was found to be 47 kJmol ;¥ this is substantially smaller
than the activation barrier found for the autoxidation of
MbFe'NO!” (cf. Table 1). Together, these observations sug-
gest that although ligand dissociation is rate-determining for
the first reaction step, both ligands are in proximity to the
Fe™ centre prior to the second reaction step taking place
(Scheme 1, 3).

An autoxidation mechanism in which NO initially under-
goes dissociation is supported by the fact that the value
found for k; [(1.3140.17)x10~*s~! at 20°C, Table 1] is com-
parable to the rate constant for NO dissociation from
MbFe"™NO (1.2x107*s7'?7), The somewhat higher value ob-
served for k, possibly arises because of a contribution from
the rebinding of NO to MbFe" in the heme cavity. In this
case, the observed k; value will be equal to kg, + k_;. The
high second-order rate constant observed for NO-induced
oxidation of MbFe'O, (3.4x10"m's! at 20°C™)) is in
marked contrast to the value obtained for the first-order
rate constant of the second step [(2.59+£0.24)x107*s™! at
20°C]. However, the effective concentration of uncoordinat-
ed NO will be extremely low during the autoxidation of
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MbFe"™NO even for a mechanism in which there is initial
ligand exchange. Moreover, NO that has become dissociated
and replaced by O, may still be present within the protein
and will attempt to rebind. In the present study, and in con-
trast to what was found for the NO-induced oxidation of
MbFe"0,, NO present in protein cavities clearly behaves
differently to NO present in solution because the reaction
intermediate is not significantly stabilised by an increase in
pH.

The relatively large activation barrier for step 1 (AH; =
121 kJmol ™!, Table 1) is in agreement with a dissociative
mechanism, in which the rate-determining step involves the
breaking of the strong NO—Fe" bond. This is followed by a
non-activated NO escape into the heme cavity and then fur-
ther relocation into protein cavities.’” The second step has
an activation barrier of AH; =88 kJmol ™', which most likely
indicates that electron transfer rather than bond breaking is
rate-determining. This is further supported by the negative
value obtained for the entropy of activation.

The entropy of activation for the transition state in step 1
is close to zero (AS{=24+29J 'K 'mol™), and is thereby
in agreement with a dissociative mechanism in which the
dissociated NO molecule remains in the heme cleft. The Fe®
coordination sphere with NO unbound, but still in close
proximity, only gives rise to minor changes in the organisa-
tion of the heme pocket. Finally, an electrostatic interaction
between the unbound NO and the distal residue His64 may
counteract a positive contribution to the entropy of activa-
tion for ligand dissociation from MbFe"NO. In contrast, the
entropy of activation for the second step is negative (AS] =
—64+51J 'K 'mol!). This suggests that an inner-sphere
electron transfer takes place between the coordinated O,
and the NO trapped in the protein cavity to give a peroxyni-
trite intermediate like the one seen in Equation (8).) How-
ever, based on the calculated spectrum character alone, it
cannot be ruled out that the reaction intermediate is a ferric
heme complex of other nitrogen oxides, for example NO,~
or NO;™, as these have a similar spectral pattern.

The observation of kinetic saturation [Eq. (3)] with re-
spect to oxygen concentration for the first reaction step al-
lowed a value to be calculated for the exchange equilibrium
constant K.unee [EqQ. (5)]. However, because K. change 18
also dependent on the rate of further reactions, for example
k,, it resembles the Michaelis—-Menten constant and is not a
“true” thermodynamic constant. Notably, the rate of NO
dissociation from nitrosylated heme complexes was found to
exhibit saturation behaviour in the presence of imidazole as
the concentration of imidazole was increased.*!

The equilibrium constant for the exchange of NO with
oxygen (Kyoso,), Which is a true equilibrium constant, was
estimated from the equilibrium constants for NO and O,
dissociation from MbFe" (7x107*m and 7.1 x 10" M, respec-
tively)'” to be approximately 10~°. The difference between
the values obtained for Kyojo, and K,chane indicate that fac-
tors such as subsequent reactions contribute to Kychange (cf.
[Eq. (4)]), and in effect make K pange larger than Kyopo,
This difference illustrates the complexity of the mechanism
for MbFe"™NO autoxidation, which appears to have a
number of intermediates of fleeting existence.
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Reaction pathway 3 in Scheme 1 provides the most com-
plete description of the experimental observations. In this
mechanism, NO dissociates from Fe!', but remains within
the protein and is most likely trapped in a cavity, while O,
binds to Fe'. The elementary reaction whereby NO under-
goes dissociation is somewhat assisted by an entering O,.
This first reaction step has a k; very similar to the dissocia-
tion rate constant kg Dissociation is then followed by oxi-
dation of MbFe"O,, during which time NO is present within
the protein cavity, and is therefore, unavailable for reaction
in the solvent with non-coordinated O,. The rate-determin-
ing step for the second reaction seems to involve a transition
state in which NO establishes contact with the O, coordinat-
ed to Fe from within the protein cavity, and an electron is
transferred from NO to O,. This transition state may be
identical to the transition state in NO-induced oxidation of
MbFe"O,. The significant increase in k, observed for equi-
molar concentrations of MbFe"NO and MbFe"O, in relation
to MbFe"™NO alone could indicate that the dissociated NO
molecule is trapped in a cavity close to the surface of the
protein or that it may even have passed into the solvent,
whereby it can react with protein molecules other than the
myoglobin it was originally bound to. The reason that nitrite
ions are not detected as a result of O, oxidation of NO in
solution is that this particular reaction is governed by a
third-order rate law (second order in [NOJ]). Thus, in the
presence of elevated concentrations of MbFe"O,, only the
rate constant for the second step (k,) is effected.

Under conditions in which tissue fibres have a low oxygen
supply, for example ischemia, and in the presence of elevat-
ed levels of NO,** NO will bind to MbFe! rather than react
with MbFe""O,. Under such conditions MbFe"NO has been
detected in myocardial tissue.*>**! Now, apart from MbFe'-
NO preventing excess free NO from inactivating cyto-
chrome, it is possible that the NO bound to MbFe" acts as a
potential antioxidant. Indeed, MbFe"™NO has recently been
shown to reduce the rate of peroxidation in a lipid model
system,!"” while administration of an NO donor during is-
chemia reperfusion was found to protect against myocardial
injury.’”! Alternative roles of Mb have been suggested in
cardiovascular biology, including the regulation of NO avail-
ability by scavenging and also transportation of the small
messenger molecule together with the activity of Mb as a
peroxidase. Thus, MbFe"NO may have a function in scav-
enging reactive oxygen species, as well as other radical spe-
cies formed during ischemia and oxidative stress. Notably,
the mechanism of MbFe""NO autoxidation appears to ensure
that NO is not released from MbFe"NO by a ligand-ex-
change process when normal levels of oxygen have been re-
stored, as the exchanged NO will react with O, within the
same molecule of myoglobin to form MbFe™ and nitrate
ions. Although, as also indicated by the experiment with
mixtures of MbFe"™NO and MbFe"O,, it cannot be excluded
that NO molecules will leave the vicinity of the protein in
nanomolar concentrations by internal pathways. The pro-
posed concerted reactivity of myoglobin towards NO and O,
is in agreement with reports published by Fauenfelder
et al.”! These authors suggested that myoglobin was a bio-
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chemical reactor that catalyses reactions among small dia-
tomic molecules such as O,, NO and CO.

Future research into the complex reaction of MbFe'" with
NO and O, should focus on the nature of the transition
state in the second reaction step that involves MbFe"NO
and O,, in order to clarify whether this transition state is ac-
tually similar to that proposed for the reaction of NO with
MbFe"O, (Scheme 2). The spectra observed for the inter-

02
MbFe"NO ¥—> MbFe"'0, + NO

No% \

Low Oxygen Supply

MbFe' MbFe"OONO™ —> MbFe'" + NOg

OZX\ ” /
MbFe Oz NO

Normal Oxygen Supply

Scheme 2.

mediate in the present studies would indicate that this is the
case. It is possible that NO molecules may approach O,
bound to Fe" from different cavities in the protein for the
two reactions, since several myoglobin cavities in which
small molecules are kinetically trapped, have been charac-
terised using crystallographic techniques.’>"! A description
of the trajectory of NO molecules into and inside myoglobin
may provide insight into the various functions that myoglo-
bin has in regulating the concentration of small molecules in
living organisms.

In conclusion, MbFe"' seems to have a dual function in
regulating NO molecule concentrations in mammalian
muscle cells (Scheme 2). Under conditions of normal O,
supply, the oxygenated MbFe" complex in effect becomes a
nitric oxide oxidase and ensures the rapid oxidation of NO.
On the other hand, in the absence of O,, MbFe" stores NO
possibly as a bioactive reservoir until O, once again be-
comes available for the oxidation of NO. The release of NO
in these instances occurs slowly. The marked differences in
the rates of the two processes depends on the order in
which the two low molecular weight molecules are bound to
myoglobin.

Experimental Section

Chemicals: Water was filtered through a Millipore Q-plus purification
train (Millipore, MA, USA). Disodium hydrogenphosphate, sodium dihy-
drogenphosphate, vanadium(1m) chloride, sodium dithionite, sodium tetra-
borate and sodium decahydrate were purchased from Merck (Damstadt,
Germany). Sodium nitrite, potassium nitrate, sodium ascorbate, Griess
reagent (modified), and metmyoglobin (horse heart, type III) were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). All chemicals were of
analytical grade.

Nitrosylmyoglobin and oxymyoglobin synthesis: Aqueous solutions of
MbFe"'NO were synthesised from an aqueous solution of MbFe™ (2x
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10~°m) in 10mm phosphate buffer (pH 7.0, I=0.16m (NaCl)). They were
subsequently deoxygenated by purging with N, and allowed to react
under anaerobic conditions in the dark with sodium nitrite and sodium
ascorbate (pH 5.0) as previously described.!"”) MbFe'"NO was purified on
a chilled (5°C) PD10 (Sephadex G-25) column using phosphate (pH 7.0,
I1=0.16M) or borate buffer (pH 9.5, I=0.16Mm) as eluent. MbFe"NO was
synthesised daily for use in all types of experiments. MbFe'O, was syn-
thesised by adding 10% sodium dithionite solution to MbFe" (2x 107> m)
in 10mm aqueous phosphate buffer (pH 7.0, /=0.16 m). The reaction mix-
ture was subsequently allowed to react
with atmospheric oxygen and was pu-
rified on a chilled PD10 column as de-
scribed above.

Kinetic experiments: MbFe'NO au-
toxidation was monitored for solutions
at pH 7.0 (phosphate buffer) or pH 9.5
(borate buffer) at an ionic strength of
0.16Mm (NaCl) on either a HP8452A or
a HP8453 UV/Vis diode array spectro-
photometer (Hewlett Packard, Palo
Alto, CA, USA) equipped with both a
single and multicell thermostatted cuv-
ette holder, as well as a magnetic stir-
rer. Spectral changes during kinetic
measurements were recorded in the
wavelength range 390 <A <650 nm at
2 nm intervals. Conversion of MbFe'-
NO to MbFe"" was followed for a min-
imum of three reaction half lives at 30,
25, 20, and 15°C; this corresponds to a 90 % conversion.

Partial oxygen pressure (pO,) was controlled by flushing the reaction
mixtures with certified gas mixtures of nitrogen and oxygen (1% or 10%
oxygen) obtained from AGA Gas A/S (Copenhagen S, Denmark), atmos-
pheric air, or 100% oxygen when the MbFe""NO solutions were to be sa-
turated (approximately 20 um). After synthesis and purification, solutions
were immediately transferred to a 1-cm long-necked cuvette that could
hold 2.5mL of solution. The cuvette was subsequently sealed with a
rubber septum (Sigma Aldrich), cooled to 0°C (ice water), and a needle
was used to supply the gas mixture at a flow of 10-13 mL per min (moni-
tored by a Porter B-125-6 flow-meter, Porter Instrument Company, Hat-
field, PA, USA) for at least 30 min. Each solution was then allowed to
equilibrate at the desired reaction temperature for an appropriate time
period and the spectra were recorded at preselected time intervals while
a gentle flow of the gas mixture was kept in the headspace of the cuvette.

The effect that MbFe"'O, has on MbFe""NO autoxidation was studied by
using equimolar air-saturated solutions of MbFe"NO and MbFe"O,. Chil-
led solutions of each of the two purified species were adjusted to 1.00x
10°m heme protein concentration using the extinction coefficients
evpnosis=12800 and eypo,544=14400M 'cm . Equal volumes of each
were then mixed in a cuvette, which was equilibrated to a temperature of
30°C, and the reaction was monitored spectrophotometrically as descri-
bed above.

Determination of nitrite ions: To further elucidate the mechanism of
MbFe"NO autoxidation at low and high pO,, experiments were conduct-
ed to measure the amount of nitrite ions produced, if any, in solutions
either saturated with 1% or 100% oxygen at 30°C in air-tight test tubes.
Each test tube was purged with the respective gas mixture during sam-
pling, which was performed with a Hamilton syringe through a rubber
septum. The method applied to quantify the nitrite ions was based on a
standard colorimetric reaction of nitrite (Griess reagent) in acidified
medium with detection at 543 nm.

Data handling: Recorded spectral data for MbFe"NO autoxidation at
various temperatures and oxygen pressures were considered as a data
matrix (A,,,) that consisted of absorbance changes at m wavelengths and
at n different time intervals. SVD was used as a standard mathematical
method for reducing the dimensionality of the larger data sets because it
has previously been successfully applied as a powerful tool for the evalu-
ation of complex data sets obtained spectrophotometrically.“>*! Accord-
ing to SVD theorem, a data matrix A,,, consists of the elements shown
in Equation (9).
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In Equation (9), U is an m xn orthogonal matrix that consists of n time-
independent basic spectra, and S is an nxn diagonal matrix that contains
the positive square roots of the eigenvalues (singular values) of A, or-
dered such that the significance of each component is represented (i.e.
S11>8,,+>0). Finally, V" is an nxn orthogonal matrix, in which the
rows contain time courses for each SVD component. The SVD data anal-
ysis for each data set was performed with the SPECFIT Global Analysis
System Version 3.0.30 program (Spectrum Software Associates, Marlbor-
ough, MA, USA). The SVD results obtained from the spectral data were
applied to global fitting with predefined kinetic models. The relevant
concentration profiles and parameter estimates were obtained by the
non-linear regression application of the Levenberg-Marquardt algorithm;
this minimised the least-squares residuals and lead to refinement of the
initial parameter estimates. Spectral data were analysed for two consecu-
tive reactions using a kinetic model similar to the model applied by
Arnold and Bohle."” The numerical values for the two rate constants ob-
tained by regression analysis over the two consecutive reactions was
based on calculations of the absorption spectrum for the corresponding
intermediates. For each temperature and oxygen pressure, this analysis
revealed a clear assignment based on “reasonable” absorption spectra
without negative absorption regions. In experiments that investigated the
effect of MbFe""O, on the autoxidation rate of MbFe"NO, inclusion of
the pure prerecorded spectra for the two initial species was used in order
to avoid rank deficiency (as a result of the presence of fewer “colours”
than coloured species) in the SVD analysis, therby allowing parameter
and concentration profiles to be estimated.

The observed rate constants determined at comparable experimental
conditions were analysed by one-way ANOVA using the application An-
alyst within SAS systems statistical software release 8.02 (SAS Institute
Inc., Cary, NC, USA).
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