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Reactions of nitric oxide with mitochondrial cytochrome c¢: a novel
mechanism for the formation of nitroxyl anion and peroxynitrite
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The aerobic reactions of nitric oxide with cytochrome ¢ were
analysed. Nitric oxide (NO) reacts with ferrocytochrome ¢ at a
rate of 200 M~ s7! to form ferricytochrome ¢ and nitroxyl anion
(NO"). Ferricytochrome ¢ was detected by optical spectroscopy;
NO~ was detected by trapping with metmyoglobin (Mb?®*) to
form the EPR-detectable Mb-nitrosyl complex, and by the
formation of dimers in yeast ferrocytochrome ¢ via cross-linking
of the free cysteine residue. The NO~ formed subsequently
reacted with oxygen to form peroxynitrite, as measured by the
oxidation of dihydrorhodamine 123. NO binds to ferricyto-
chrome c to form the ferricytochrome ¢—NO complex. The on-
rate for this reactionis 1.34+0.4 x 10> M~'.s7!, and the off-rate is

0.087+0.054 s*. The dissociation constant (K,) of the complex
is 22+ 7 uM. These reactions of NO with cytochrome c are likely
to be relevant to mitochondrial metabolism of NO. Ferricyto-
chrome ¢ can act as a reversible sink for excess NO in the
mitochondria. The reduction of NO to NO™ by ferrocytochrome
¢ may play a role in the irreversible inhibition of mitochondrial
oxygen consumption by peroxynitrite. It is generally assumed
that peroxynitrite would be formed in mitochondria via the
reaction of NO with superoxide. The finding that NO~ is formed
from the reaction of NO and ferrocytochrome ¢ provides a
means of producing peroxynitrite in the absence of superoxide,
via the reaction of NO~ with oxygen.

INTRODUCTION

Nitric oxide (NO) is a biologically important signalling molecule
[1,2]. The half-life (#3) of NO in vivo varies, from a few minutes
to a few hundred milliseconds, in tissues and is pO,-dependent
[3,4]. An increase in the intracellular NO concentration is
implicated in tissue damage following an hypoxic/ischaemic
event [5,6]. Irreversible tissue damage in various disease states,
including stroke, heart disease and lung injury [7-10], has been
suggested to require not only NO, but also the production of
peroxynitrite (ONOO") from the reaction of superoxide (O, ")
and NO. ONOO" is a strong oxidant capable of producing
hydroxide and other cytotoxic radicals [11]. These radicals are
capable of a number of adverse chemical reactions, including
lipid peroxidation, thiol oxidation, tyrosine nitration, DNA
hydroxylation and the oxidation of iron—sulphur centres. It has
been suggested that ONOO™ can also be formed by the reaction
of nitroxyl anion (NO~) with O, [12], although this reaction
proceeds at a slower rate than that of NO and O,
(5.7x10" M t.s7tand 6.7 x 10 M~*-s7! respectively [13]). How-
ever, O, concentrations in vivo are many orders of magnitude
higher than those of O,  (between 5-200 uM and < 66 pM
respectively [14]). Therefore the formation of NO™ in vivo could
have important consequences for the production of ONOO™.

NO is a potent reversible inhibitor of mitochondrial cyto-
chrome ¢ oxidase, in the steady state [15-19]. It has been
hypothesized that the intracellular NO concentration may control
mitochondrial electron flux in vivo [20]. Mitochondria have been
implicated as a potential source of NO metabolism [21]. Isolated
cytochrome ¢ oxidase metabolizes NO to N,O at low oxygen
tensions, and to NO, at higher oxygen tensions [22,23]. However,
this is unlikely to be a major pathway of NO metabolism in vivo,
as the major product is NO,~ [4,24].

We therefore examined the decay of NO in the presence of
purified cytochrome ¢ and cytochrome ¢ oxidase, under steady-

state conditions. We report that NO is rapidly metabolized by
the substrate of cytochrome ¢ oxidase, cytochrome ¢. Cytochrome
¢ catalyses the reduction of NO to NO™. The production of NO~
by cytochrome ¢ may, in part, explain the potency of NO
inhibition of cytochrome ¢ oxidase in vivo. Additionally, the
reaction of NO~ and O, to produce ONOO™ may be important
in some disease states.

EXPERIMENTAL

NO solutions were prepared by the addition of 2 M H,SO, to
solid NaNO, in a Kipps apparatus. The NO gas was passed
through four NaOH (209,) traps (to remove NO,), and then
through a solid CO, trap. The gas was collected in a buffer
solution that had undergone four vacuum/N, deoxygenation
cycles. The concentration of the NO solution varied from
1.2-2mM. The NO,  concentration was generally approx.
300 xM. Cytochrome c [horse heart cytochrome ¢ , purchased
from Sigma (type C-7752)] was dissolved in 1.5 ml of 100 mM
K*-Hepes/20 uM diethylenetriamine penta-acetic acid (DEPA),
pH 7.0. Then either 50 mM dithionite (for ferrocytochrome c) or
10 mM ferricyanide (for ferricytochrome ¢) was added, and the
solutions were incubated for 30 min. The solutions were then
passed down a Sephadex G-25 column equilibrated with 100 mM
K*-Hepes/20 uM DEPA, pH 7.0. Bovine cytochrome ¢ oxidase
was purified according to the method of Kuboyama et al. [25],
with Tween 80 substituting for Emasol [25].

The NO concentration was measured using a World Precision
Instruments (WPI) ISO-200 NO electrode connected to a WPI
ISO—NO Mark II NO meter. The data was collected via a
MacLab (ADInstruments) data collection interface, into a
PowerMac 8200 computer. The NO decay curves were analysed
using the Maclab data collection and analysis package chart,
version 3.5.2. The electrode was place in a 5 ml thermostatically
jacketed reaction chamber, which also housed a Clark-type O,

Abbreviations used: DEPA, diethylenetriamine penta-acetic acid; TMPD, N,N,N’,N'-tetramethyl-p-phenylenediamine; Mb(®*), (met)myoglobin.
! To whom correspondence should be addressed (e-mail ccooper@essex.ac.uk).
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electrode (Rank Bros.). The NO electrode was calibrated by
filling the reaction chamber with KI/H,SO, (0.1 M), and titrating
with stock solutions of NO,~. The response time of the NO
electrode was determined following the addition of NO to an
anaerobic chamber; the A for the rise in NO concentration was
less than 5s. The initial rise in NO concentration over the first
40 s (see Figures 1, 2 and 9) therefore represents this electrode-
response time, but the rate of NO decay is too slow to be affected
by the electrode response. At the relatively high constant oxygen
concentrations and low NO concentrations used in Figures 1, 2
and 9, we found the decay of NO to be a mono-exponential
process [3], allowing simple half-lives and exponential-decay
rates to be calculated.

Nitrite was assayed using the Griess reaction. 100 xl samples
or standards were added to 500 ul of 19, (w/v) sulphanilamide in

% (v/v) phosphoric acid and 500 xl 0.15 napthylenediamine
hydrochloride. The absorbance was recorded at 540 nm, and the
assay was calibrated using nitrite standards. Optical spectra were
recorded using a Hewlett—Packard HP8453 diode-array spectro-
photometer. EPR spectroscopy was performed using a Varian E-
line Century Series EPR spectrometer. The samples were
measured at 77 K using a quartz-finger Dewar. In the wide-
sweep spectra (see Figure 5) the centre field was 2331 G, sweep
width 4000 G, microwave frequency 9.26 GHz and microwave
power 45mW. The myoglobin (Mb)-nitrosyl (Mb*"*—NO)
narrow-sweep spectrum (see Figure 6) was recorded with a centre
field of 3214 G, sweep width 400 G, microwave frequency
9.26 GHz and microwave power 45 mW.

Direct reduction of metmyoglobin (Mb?*) by ferrocytochrome
¢ would compromise the use of the Mb?* conversion into nitrosyl
Mb as a unique measure of NO~ formation. The rate constant for
this reduction was therefore calculated as follows: 60 uM Mb**
(in 100 mM K*-Hepes, pH 7.0) was degasssed three times and
flushed with nitrogen gas. This solution was carefully titrated,
initially with 10 xM aliquots of dithionite, to produce deoxyMb
with no excess of dithionite. 50 uM ferricytochrome ¢ was then
added. The spectral changes were recorded continuously in the
diode-array spectrophotometer for 2 min, after which 150 uM
ferricyanide and 1mM dithionite were added successively to
generate the spectra of the fully oxidized and fully reduced
species respectively. Changes in the Mb redox state were
monitored at 503—527 nm and changes in the cytochrome ¢ redox
state at 519-615 nm. The data were fitted as a second-order
process, yielding a bimolecular rate constant of 458 M~'.s™! for
the forward reaction. The equilibrium constant for the deoxyMb-
catalysed oxidation of ferricytochrome ¢ was calculated from the
respective redox potentials (cytochrome ¢, +270 mV; Mb,
+50 mV) to be 4640. Therefore the reverse reaction, i.e. Mb**
reduction by ferrocytochrome ¢, has a rate constant of approx.
0.1 M~1.s7%. Under the conditions of the EPR-trapping exper-
iment (see Figure 6), this means that the reduction of 10 9, of the
Mb?* present would have taken approx. 4 h, whereas the sample
was frozen within 10 min.

It was found that approx. 109, of Saccharomyces cerevisiae
cytochrome ¢ from Sigma (type C-2436) was present as a
dimeric form in the bottle. In order to determine whether NO
could dimerize yeast ferrocytochrome c, it was first necessary to
remove any preformed dimers in the purified protein. Therefore
10 mM yeast cytochrome ¢ was incubated with 100 mM ascorbate
and 200 mM dithiothreitol (in 100 mM Hepes/20xM DEPA,
pH 7.0) at room temperature for 30 min to reduce and mono-
merize the cytochrome ¢. The monomeric ferrocytochrome ¢ was
then separated from the reductants using a Sepharose-2B column.
100 gl of 1.5 mM yeast or horse heart ferrocytochrome ¢ was
then placed in Eppendorf tubes sealed with Suba Seals, and

100 z1 of 2 mM NO or buffer added. 10 ul of the assay mixture
was then assayed by SDS/PAGE (109, gels). The gels were
stained with Coomassie Blue.

Dihydrorhodamine 123 (Molecular Probes) oxidation was
measured by the fluorescence increase upon rhodamine 123
formation using a Perkin—Elmer LS50B spectrofluorimeter, with
Aexeitation 203 nm, and A, . 526 nm. The latter is isosbestic for
the oxidation of ferrocytochrome c; separate studies on the effect
of ferricytochrome ¢ oxidation upon the fluorescence of rho-
damine 123 under these conditions revealed that the changes
were much smaller than those observed following the addition of
NO to ferrocytochrome ¢ (see Figure 8).

The kinetic and dissociation constants for NO binding to
ferricytochrome ¢ were calculated as follows: the amount of free
NO was measured using the NO electrode following addition of
5#M NO to differing concentrations of excess ferricytochrome c.
As the rate of NO binding to ferricytochrome ¢ was significantly
faster than the non-enzymic NO metabolism by oxygen, the
effects of the latter were ignored. As a single molecule of NO is
known to bind to ferricytochrome ¢, the amount of bound NO
was assumed to equal the amount of bound ferricytochrome ¢. A
corrected free ferricytochrome ¢ concentration was then plotted
against the [NO] bound (in fact this correction only makes a
small difference, as the cytochrome c is in excess and therefore
the bound concentration is a small fraction of the free con-
centration). The data provided a good fit to a simple rectangular
hyperbola; the K, was calculated (+the 959, confidence
intervals) following non-linear regression analysis using a
Marquardt algorithm. This value was checked by measuring the
binding spectrophotometrically. In this case, the ¢**—NO-
induced spectral change at 560-540 nm was used to determine
the amount of NO bound following the addition of different
concentrations of excess NO to 10 uM ferricytochrome c. A
similar correction as before was used to calculate the amount of
free NO present and this was plotted against A4, ,,, (pro-
portional to the bound complex). The K, calculated from the
resulting plot was identical with that measured when the cyto-
chrome ¢ was in excess. The on- and off-rates for cytochrome
¢ binding to NO were calculated following the addition of varying
concentrations of NO to 10 uM ferricytochrome c. At least a
tenfold excess of NO over ferricytochrome ¢ was used to ensure
pseudo-first-order conditions. The rate of complex formation
(using the 560-540 nm wave pair) fitted a single exponential time
course. This rate was then plotted against the NO concentration.
The slope of this graph yielded the on-rate, and the intercept on
the y-axis gave the off-rate. Dividing the off-rate by the on-rate
yielded a K, not significantly different from that determined by
the equilibrium measurements.

The deconvolution of the chromophore concentration changes
that occurred when NO was added to ferrocytochrome ¢ was
performed by linear additions of varying amounts of the purified
spectra of ferrocytochrome ¢, ferricytochrome ¢ and the ¢**-NO
complex. The sum of the least-squares difference between the
model and the experimental data was minimized using the quasi-
Newton iterative procedure in the Solver function in Microsoft
Excel 5.0. Initial guesses were obtained manually, and the iterative
fit was then performed using forward differencing for the
estimations of the partial derivatives. The residuals of this fit did
not correspond to any obvious spectral feature. Singular Value
Decomposition (PC-Pro K, Applied Photophysics) analysis con-
firmed that there were only three major spectral components that
varied in the data set, but global analysis could not converge on
a fit using the simple model described in the text. A kinetic
simulation of the interaction of ferrocytochrome ¢ with NO was
performed using PC-Pro K to perform numerical integrations of
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the differential equations described in the text, using the rate
constants in the legend to Figure 12.

Unless otherwise indicated, all experiments were performed at
30 °C in aerobic (air-saturated) solutions of 100 mM K*-Hepes,
pH 7.0, in the presence of the metal chelator DEPA (20 xM).

RESULTS

The effect of actively respiring cytochrome ¢ oxidase on the
decay of NO was studied in air-saturated buffer solution.
Cytochrome oxidase is normally assayed in the presence of the
electron donors ascorbate, N,N,N’,N’-tetramethyl-p-phenylene-
diamine (TMPD) and cytochrome ¢. Figure 1 shows the effect
of these donors, in the presence and absence of cytochrome
oxidase, on the decay of 5 uM NO. In the control, NO decays
slowly (t% approx. 200 s); this is much slower than the in vivo rate,
and is similar to the rate seen in aerobic buffer solutions [3,4].
The decay is much more rapid in the presence of ascorbate,
TMPD and cytochrome ¢ (¢, approx. 35s). The presence of
cytochrome ¢ oxidase does not increase the rate of NO decay;
indeed, the addition of cytochrome oxidase makes the mixture of
ascorbate, TMPD and cytochrome c less reactive to the NO (7,
approx. 50s). Under these conditions, O, consumption by
cytochrome oxidase was completely inhibited. These results
suggest that aerobic NO metabolism by purified cytochrome
oxidase is predominantly due to the electron donors to the
enzyme, rather than the enzyme itself.

Of the three electron donors described in Figure 1, only
ferrocytochrome ¢ is physiologically present in mitochondria.

Control

Oxidase

Ascorbate, TMPD, *
Cytochrome ¢

Ascorbate, TMPD,
Cytochrome c ,
Oxidase

.
b

5 uM NO 10 Minutes

Figure 1 Decay of NO in aerobic buffer in the presence of cytochrome ¢
and cytochrome ¢ oxidase

5ml of 100 mM K*-Hepes, pH 7.0 at 30 °C was placed in a thermally jacketed, stirred
incubation chamber. 5 M NO was added in the presence of the indicated reagents: buffer
control; 4 oxidized cytochrome oxidase (200 nM); -+ ascorbate (20 mM), TMPD (300 zM)
and cytochrome ¢ (45 xM); +ascorbate (20 mM), TMPD (300 M), cytochrome ¢ (45 xM)
and cytochrome oxidase (200 nM).

We therefore examined the effect of increasing concentrations of
ferrocytochrome ¢ on the decay of 5 yuM NO (Figure 2a, and
plotted logarithmically in Figure 2b). Although the autoxi-
dation of NO by O, is a third-order process, under these
conditions (low NO concentrations and fixed high O, concen-
trations) the rate approximates to a first-order process [3]. After
the initial equilibration period, caused by the response time of the
NO electrode, the slow decay of NO can be fitted to a first-order
process. In the presence of increasing concentrations of ferro-
cytochrome ¢, the rate of NO decay increases (Figure 2c).
Assuming that pseudo-first-order conditions apply at the higher
ferrocytochrome ¢ concentrations, the slope of this graph yields
a rate constant for the reaction of NO with ferrocytochrome ¢ of
approx. 200 M'-s™'. Extrapolating the linear portion of the
logarithmic plot to zero time reveals that a fraction of the NO is
removed very rapidly by ferrocytochrome ¢ under these con-
ditions. This fraction is proportional to the ferrocytochrome ¢
concentration, and represents about 3 9, of the amount added
(Figure 2d). Monomeric ferrocytochrome ¢ binds NO reversibly
[26,27], but this process occurs very slowly (over many hours) at
this pH [28]. However, a small fraction of cytochrome ¢ polymers
are present in this kind of preparation; as these can bind CO
rapidly [29] it is likely that they can also bind NO, and are
therefore responsible for the observed small fraction of NO
binding.

In order to determine the reaction products, we measured the
effect of NO on the optical spectrum of ferrocytochrome ¢
(Figure 3). The predominant transition observed is the formation
of oxidized cytochrome ¢ with isosbestic points at 541 and
556 nm. Increasing the NO concentration increases the amount
of cytochrome ¢ oxidation (Figure 4), although the ferro-
cytochrome c¢ is never fully oxidized. Following the initial
oxidation, there is a slow re-reduction of the cytochrome c¢. Re-
reduction occurs at a faster rate at higher NO concentrations
(results not shown). As expected at this pH [27], there is no
evidence in the optical spectra for the formation of the
ferrous—NO complex. However, we do detect a small fraction of
a species absorbing at 562 nm (inset to Figure 3), consistently
with some formation of the ferric— NO complex of cytochrome
¢ [27].

What is the mechanism for the oxidation of ferrocytochrome
¢ by NO? The most likely reaction of ferrocytochrome with NO
is the reduction of NO to NO~. This reaction has been shown to
be catalysed by superoxide dismutase [30] (midpoint potential
420 mV), and by ferrous ion in acidic solution [31]. The reverse
reaction (nitroxyl anion reduction of ferrocytochrome c) has also
been demonstrated [32]. The midpoint potential of the ¢**/c**
couple is approx. 270 mV; the potential of the NO/NO™ couple
is not well-characterized, but indirect measurements suggest a
value of 250 mV under these conditions [30,33]; thus the pro-
duction of NO~ from NO and ferrocytochrome c¢ is thermo-
dynamically feasible.

We tested this hypothesis directly by using Mb*" as a NO~
trap [30]. NO reacts with Mb*" to produce the EPR-silent
Mb3*—NO complex. However, NO~ reacts with Mb*" to
produce Mb**—NO (the Mb-nitrosyl species), which gives an
EPR signal centred around g = 2. We therefore examined the
EPR spectrum of Mb?* in the presence of ferrocytochrome ¢ and
NO (Figure 5). Ferrocytochrome ¢ does not cause significant
reduction of Mb**, as there is no loss of the high-spin g =6
signal of Mb?* in the presence of ferrocytochrome c. The addition
of NO to Mb?* causes a slight drop in the g = 6 signal [indicating
formation of the EPR-silent Mb*"—NO complex (approx.
10 9;)]. In the presence of NO, ferrocytochrome ¢ and Mb?**, we
see a drop in the g = 6 signal, and the appearance of a signal near
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Figure 2 Rate of NO reaction with ferrocytochrome ¢

The effect of increasing concentrations of ferrocytochrome ¢ on the decay of 5 x«M NO is shown (a). Other conditions are as found in Figure 1. (b) illustrates the y-axis on a logarithmic scale.
The rate of NO decay as a function of the initial ferrocytochrome ¢ concentration is plotted in (¢). The intercept of the linear portion of the logarithmic plot with the time-zero point was used to
calculate the amount of NO rapidly removed from solution, and this is plotted as a function of the ferrocytochrome ¢ concentration in (d).
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Figure 3 Effect of NO on the optical spectrum of ferrocytochrome ¢
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The change in absorption spectra of 10 M ferrocytochrome ¢ following the addition of 100 M NO. The spectrophotometer was blanked on 10 xM ferrocytochrome c¢ dissolved in 100 mM K*-
Hepes, pH 7.0 at 30 °C. The inset shows optical changes consistent with the presence of the ¢>*—NO complex 12 min after NO addition. The spectrum was obtained by subtracting appprox.
95% of the spectrum taken at 45 min (when there is NO present) from the spectrum taken at 12 min.
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Figure 4 Rate of oxidation of ferrocytochrome ¢ by NO

The effect of increasing concentrations of NO on the oxidation of 10 zM ferrocytochrome ¢. The
redox state of cytochrome ¢ was calculated using the 550—-540 nm wave-pair. To enable the
% reduction to be calculated during the time course, 100% ferricytochrome ¢ was generated
by the addition of ferricyanide (10 «M) at the end of each experiment.

g = 2. Both the position and line shape of the latter signal are the
same as that of the Mb?*"—NO species generated by mixing
Mb?**, dithionite and NO (Figure 6). Comparison of the two
spectra reveal that 9 uM Mb*"—NO is formed from NO-
trapping. This represents 109, of the total Mb?" added to the
ferrocytochrome ¢(—NO mixture. Although the ferrocytochrome—
nitrosyl complex is also EPR-detectable in the g =2 region
[34], it has a line shape distinct from that observed in Figure 6.
However, we cannot rule out the possibility that a small fraction
of this complex underlies the majority Mb?* — NO signal detected.

A possible criticism of our method of trapping NO~ is that it
may be possible that ferrocytochrome ¢ reduces Mb** directly.
Even if it is thermodynamically unfavourable, the presence of
NO could make this reaction significant by kinetically trapping
the small fraction of Mb?** formed as the Mb**—NO species.
Clearly this would invalidate the use of Mb?* as a nitroxyl-anion
trap under these circumstances. We independently measured the
rate of reduction of Mb?*" by ferrocytochrome ¢ (see the Ex-
perimental section). The value calculated (0.1 M~*-s™') is too
slow for any appreciable formation of Mb* —NO by this
mechanism in the time frame of this experiment. Furthermore,
even if this reaction were significantly faster, ferrocytochrome ¢
oxidation of Mb** would be an unlikely method of Mb?** —NO
production in the aerobic solutions used, because oxygen binding
to Mb?*" would tend to out-compete NO binding. Thus the fact
that we see Mb**—NO at all in this study has mechanistic
implications for the interaction of NO~ with Mb?*. It suggests
that the initial step must be a binding reaction, rather than
electron transfer, as the formation of NO and Mb?" in an aerobic
solution would not be expected to lead to the nitrosyl complex
(instead, oxyMb would be formed, and this would react with the
NO to form Mb?** with consequent nitrite production).
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Figure 5 EPR detection of the products of the reaction of NO with ferrocytochrome ¢

The samples contained 100 mM K*-Hepes (pH 7.0), Mb®* (90 M) and, where indicated, ferrocytochrome ¢ (C2*; 100 M), and/or NO (150 M), or NO and dithionite (1 mM). The deoxyMb
spectrum, Mb?*, was generated by the addition of 1 mM dithionite (Dith) to 90 M Mb®*. Samples were prepared aerobically and frozen in liquid nitrogen after 10 min.

3214 G

Mb Il NO

Mblil + NO + Dith

Mblll + C** + NO

Figure 6 EPR spectra indicating NO~ trapping by Mb3*

EPR spectra of nitrosyl-Mb generated from NO~ and Mb®*. The upper spectrum shows 90 M
pure nitrosyl-Mb complex (generated by the addition of NO and dithionite to Mb®*). The lower
spectrum shows the spectrum of Mb®* incubated with NO and ferrocytochrome ¢ (C%*). All
reaction conditions were as in Figure 5. The lower spectrum was recorded at a 10 x expanded
gain.

Unlike NO, NO™~ can react with thiols to form disulphide
bridges and hydroxylamine [32]. We used this reaction as
additional confirmation that ferrocytochrome ¢ can oxidize NO
to NO~ by making use of the free cysteine group present in yeast
cytochrome ¢. The addition of NO to yeast ferrocytochrome ¢
resulted in the formation of covalent cross-linked dimers (Figure
7). These were observed neither in the case of horse heart
cytochrome c¢ (lacking the free cysteine residue), nor if excess
cysteine was present in the solution.

25.2 kDa— | S } E,-

Figure 7 Cross-linking of yeast ferrocytochrome ¢ by NO

Tracks present on SDS/polyacrylamide gel: (A) 750 xM horse heart ferrocytochrome ¢
(M. 12384)4+1 mM NO; (B) 750 M yeast ferrocytochrome ¢ (M, 12588)+1 mM NO and
20 mM cysteine; (G) 750 uM yeast ferrocytochrome ¢+1 mM NO; (D) 750 uM yeast
ferrocytochrome ¢+ buffer; (E) 750 1M yeast ferrocytochrome ¢+1 mM NO at low oxygen
tension (1-5 «M). Note that under the denaturing conditions of this gel, the small fraction of
non-covalent CO-binding polymers present in horse heart cytochrome ¢ run as monomers.

Reducing the oxygen concentration resulted in a slight increase
in the amount of dimers formed from NO and yeast ferro-
cytochrome c¢. This suggested that a reaction with oxygen might
be competing with the cysteine residues for the NO~ produced.
One possible candidate reaction is the direct production of
peroxynitrite from NO™ and oxygen. We measured peroxynitrite
formation in this system by following the oxidation of dihydro-
rhodamine 123 to the fluorescent rhodamine 123 product [35].
Figure 8 demonstrates that this reaction occurs on a similar time
scale to the oxidation of ferrocytochrome ¢ by NO. Furthermore,
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Figure 8 Dihydrorhodamine 123 oxidation by ferrocytochrome ¢ and NO

Ferrocytochrome ¢ was incubated in 3 ml 100 mM K*-Hepes/20 .M DEPA in a sealed fluorescence cuvette. Dihydrorhodamine 123 was added to this mixture. At the indicated time point, 0.5 ml
of a 2 mM NO solution was added. The final concentrations following the NO addition were 100 M ferrocytochrome ¢, 3 M dihydrorhodamine 123 and 300 .M NO. In a control sample, buffer
was added instead of NO. One sample (hypoxic) was degassed three times, and nitrogen flushed to reduce the oxygen concentration to approx. =5 #M. Where indicated, this cuvette was flushed
and mixed with a stream of 0, gas. At the end of each experimental run, 100 .M peroxynitrite was added to completely oxidize the dihydrorhodamine 123 for calibration purposes. The rate of
production of ferricytochrome ¢ in the aerobic study is illustrated from a parallel optical experiment under identical conditions.
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Figure 9 Removal of NO from aerobic solution by ferricytochrome ¢

(@) The effect of increasing concentrations of ferricytochrome ¢ (C**) on the decay of 5 M NO is shown. Other conditions are as found in Figure 1. (b) The y-axis is shown plotted as a logarithmic

transformation.
the reaction rate is reduced by lowering the oxygen tension in the cytochrome ¢ is also the product of the reaction of NO with
cuvette; this reduced rate can be accelerated by the subsequent ferrocytochrome ¢. Therefore we studied the effect of ferricyto-

reintroduction of oxygen.

chrome ¢ on the decay of NO concentration in aerobic solution.

Cytochrome ¢ in vivo is more oxidized than reduced. Ferri- Figure 9(a) shows the effect of adding 5 M NO to aerobic
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Figure 10 Optical detection of NO binding to ferricytochrome ¢

Spectra of ferricytochrome ¢ following the addition of 100 z«M NO. The spectra show the formation and decay of the ferricytochrome ¢—NO complex, centred at 562 nm. Conditions are as found

in Figure 4, with the substitution of 10 £M ferricytochrome ¢ for 10 M ferrocytochrome c.

solutions of increasing concentrations of ferricytochrome ¢. The
logarithmic plots (Figure 9b) show a decrease in the initial
concentration of free NO as the ferricytochrome ¢ concentration
is increased. The presence of ferricytochrome c¢ apparently
decreases the subsequent rate of NO removal from the solution
compared with the control. However, this effect is independent
of the added ferricytochrome ¢ concentration, and may be due
to binding of trace elements in the buffer that enhance the rate of
NO decay in the control.

The lack of any increase in the rate of NO decay in these
circumstances suggests that, unlike ferrocytochrome ¢, the pre-
dominant initial reaction of ferricytochrome ¢ with NO may be
binding, rather than metabolism. This is indeed the case, as
shown by optical spectroscopy (Figure 10). The initial spectrum
of the ferricytochrome-c-containing solution following the ad-
dition of NO shows the appearance of a peak at 562 nm,
characteristic of the ¢**—NO complex [27]. This peak decays as
NO is removed from the solution via reaction with oxygen. We
examined the NO-derived products of the reaction between
ferricytochrome ¢ and NO, and found that the NO was essentially
converted quantitatively into nitrite. Thus the most likely path-
way for the decay of the optical spectrum of the ferric—NO
complex is that NO is removed from the solution owing to
reaction with oxygen, with a resulting shift in the equilibrium in
favour of NO dissociation. The amount of the ¢** —NO complex
formed increased with increasing NO concentration and, as
expected, there was a simultaneous bleaching of the 695 nm
band, indicating that the methionine-Fe** band has been broken
by NO binding (results not shown).

We can measure the dissociation constant of NO for ferri-
cytochrome c¢ using the data in Figure 10 (fixed NO, varying
ferricytochrome ¢, electrochemical detection of free NO), or
Figure 9 (fixed cytochrome ¢, varying NO, optical detection of
bound NO). Figure 11 illustrates that both these methods yield
an identical value for the K, of 22 yuM. The on- and off-
rates for NO binding to ferricytochrome ¢ can be calculated
by adding excess NO to a fixed solution of ferricytochrome

¢ (optical detection of ¢**—NO complex). The on-rate is
1.34+0.4x 10> M~'.s7! and the off-rate is 0.08740.054 s 1.

Equations 1 and 2 therefore represent the major reactions of
NO with mitochondrial cytochrome c:

NO + ¢ > NO™ + ¢ 1)
NO+¢* o ¢**—NO ?2)

However, a complete picture of these interactions may require
some additional side reactions. In particular, the slow re-
reduction of ferricytochrome ¢ shown in Figure 1 is not explained
by these processes. This may be linked to the fact that we also see
some formation of ferrocytochrome ¢ following prolonged
(30 min) incubation of ferricytochrome ¢ with NO. One possible
reaction that might explain these phenomena is the hydration of
¢**—NO" (a resonance structure of the ¢** —NO complex) to
form ferrocytochrome ¢, nitrite and protons (eqns. 3 and 4):

A —NO ¢ —NO* 3)
¢**—NO* 4+ H,0 <> ¢** + NO, +2H* @)

These reactions have been suggested previously by Orii and
Shimada [28] and Ehrenberg and Szczepkowski [36], although at
neutral pH they are significantly slower than the processes
occurring in eqns. (1) and (2). Additional complexity may ensue
owing to the formation of nitroxyl anion and peroxynitrite in this
system. For example, we have attempted to model the kinetics of
the reactions following the addition of NO to ferrocytochrome ¢
using the rate constants derived from Figures 2 and 11 and the
following simple mechanism:

kg

NO +¢** - NO™ + ¢+

%
NO + ¢** < *-NO

k_y

kig
NO 5 NO,-
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Figure 11 Measurement of kinetic and thermodynamic constants for the

binding of NO to ferricytochrome ¢

(a) A plot of the binding of NO as a function of ferricytochrome ¢ concentration is shown. The
data were taken from Figure 7. (b) The formation of the *562° compound as a function of NO
concentration is presented. 10 #M ferricytochrome ¢ was incubated in 100 mM K*-Hepes,
pH 7.0 at 30 °C, and an aliquot of NO was added. (¢) The rate of the ‘562" complex formation
under the conditions of Figure 8 as a function of a high initial NO concentration is shown. The
data are plotted as means+S.D. (n = 3). The thermodynamic and kinetic analyses were as
described in the Experimental section. Kinetic and dissociation constants are quoted as + the
95% confidence value. The K; calculated from the on- and off-rates in Figure 9(c) is
66 + 47 «M, not significantly different from those calculated in Figures 11(a) and 11(b).

where k_, represents the pseudo-first-order rate constant for the
reaction of NO with oxygen under these conditions.

Figure 12(a) demonstrates that, while the levels of NO and
ferricytochrome ¢ can be approximately modelled, there is too
much ferrocytochrome ¢ and too little ¢** — NO complex present.
This is illustrated by the fact that the ¢** —NO complex is out of
equilibrium throughout the time course (Figure 12b); the levels
of NO, ferricytochrome ¢ and the complex only approach the K,
of 20 xuM when the ferrocytochrome ¢ and NO concentrations
are significantly lowered. Clearly, additional reactions are present
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Figure 12 Simulation of NO and chromophore concentration changes
following the addition of NO to ferrocytochrome ¢

(@) 40 «M NO was added to 10xM ferrocytochrome ¢ in parallel NO electrode and optical
studies. The spectra were deconvoluted to indicate the changes in oxidized and reduced
cytochrome ¢ and the ¢*—NO complex. Kinetic constants consistent with the date from
Figures 2 and 11 were used to illustrate the problems with modelling all the parameters
adequately in this system with the simple model described in the text. k,, = 80 M~"s™"; k,,
=1300 M~"-s™"; k, = 0.033 s7'; k,; = 0.00165 s~ Experimental data ferrocytochrome
c (@), ferricytochrome ¢ (CJ), ¢** —NO complex (A) and NO (A). Simulated concentration
changes: ferrocytochrome ¢ (+ -« - - - - ), ferricytochrome ¢ (- -- - - - ), ¢ —NO complex (-) and
NO (———). (b) Using the combined optical and NO data, plots are presented showing
the apparent K of the ferricytochrome ¢—NO complex ([c**] [NO)/[¢** —NO)) as a function of
time for the data and the simulation.

that depress the formation of the complex and increase the
formation of ferrocytochrome c.

DISCUSSION

The reactions of NO with ferri- and ferro-cytochrome ¢ have
important implications for the inhibition of mitochondrial oxy-
gen consumption by NO and the mitochondrial metabolism of
NO. Ferrocytochrome ¢ reduces NO to NO~. NO™ is a very
reactive species capable of a number of potentially cytotoxic
reactions, the most important of which is the reaction with O, to
form ONOO™ [13,30]. NO-, derived from the decomposition of
Angeli’s salt, is readily oxidized by ferricytochrome ¢ [32]. It
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therefore seems likely that the production of NO~ in vivo is
favoured when NO concentrations are high and the cytochrome
¢ pool is reduced. These conditions exist during ischaemia, when
lack of oxygen results in an inability of cytochrome oxidase to
oxidize cytochrome ¢, and the NO levels are increased [37,38].
The same conditions would also apply following the addition of
excess NO alone to cells, even at high oxygen tensions [18,39].
This would result in inhibition of cytochrome oxidase; the
susbsequent increased reduction of the cytochrome ¢ pool and
the presence of NO would then both favour NO~ production.

The presence and importance of NO™ in vivo is controversial
[40,41]. This work demonstrates that it can be formed readily
from the reaction of NO with a normal mitochondrial protein.
What is likely to be the significance of any NO~ formed? One
possibility, as demonstrated in this paper, is that the reaction of
NO~ and oxygen could be an alternative mechanism for the
manufacture of peroxynitrite by mitochondria in the absence of
superoxide. This is important given the irreversible nature of
peroxynitrite inhibition of mitochondrial oxygen consumption,
compared with its reversible inhibition by NO. Our finding that
NO™ reacts with Mb?** via an initial binding, rather than an
electron-transfer reaction, may have important implications for
the formation in vivo of haem nitrosyl species. For example, it is
possible that in highly aerobic arterial blood, some of the nitrosyl
haemoglobin formed following increases in NO production [42]
may arise from the reaction of NO~ with methaemoglobin,
rather than solely from the reaction of NO with deoxy-
haemoglobin. NO~ itself may be a potent inhibitor of some
enzyme activities. In particular, the ability to form stable ferrous
nitrosyl complexes from ferric haem enzymes (witness the EPR-
trapping experiment) may lead to enzyme inhibition, given the
generally increased stability of NO complexes with ferrous haem
compared with those formed with ferric haem.

The recent suggestion that cytochrome c is released into the
cytoplasm during apoptosis [43,44] has increased interest in the
reactivity of cytochrome c. Given that NO can induce apoptosis
[45], it is not impossible to conceive of conditions where NO and
ferrocytochrome ¢ produce NO™ in the cytoplasm, which could
act as a distinct messenger/signal to NO by reacting with ferric,
rather than ferrous, haem.

The formation of NO~ from ferrocytochrome ¢ and NO may
also explain the high-affinity inhibition of cytochrome ¢ oxidase
by NO. NO is a better inhibitor of cytochrome ¢ oxidase in the
steady state than one would expect from the binding of NO to
isolated enzyme [46,47]. NO binds readily to reduced haem a, at
the oxygen-reduction site of cytochrome oxidase, but the reported
K; of 60 nM at 30 uM oxygen [18] is over 5 times greater than
that expected from the measured on- and off-rates for NO to
reduced haem a, [47]. However, it has been shown that NO~
binds to oxidized haem a, in cytochrome oxidase [48], generating
the same haem nitrosyl complex that is known to be the final
inhibited state of the enzyme following NO addition [46,47]. NO~
may therefore be a more potent inhibitor of cytochrome oxidase
than NO, because it binds to oxidized haem a, which is present
in far higher concentrations than reduced haem a, under normal
oxygen tensions. We are currently investigating this possibility.

NO is metabolized, and potentially detoxified, by mitochondria
[21,49]. How significant are the reactions with cytochrome ¢ to
this metabolism? Our studies suggest that measurements that
focus solely on NO decay rates may miss the formation of
intermediate species and cycles. For example, NO metabolism to
NO™ (e.g. by ferrocytochrome ¢) may be undetected if NO™ is
subsequently reoxidized to NO by another mitochondrial enzyme
or redox cofactor. This may partly explain why the NO decay
rate in the presence of ferrocytochrome ¢ is slower when

cytochrome oxidase is also present, given that NO~ can bind to
cytochrome oxidase, and the resulting ferrous haem a,—NO
complex can readily dissociate [47] to re-release more free NO
into the solution.

Recent studies have suggested that cytochrome oxidase is the
most significant metabolizer of NO in mitochondria. As illus-
trated in Figure 1, however, the presence of cytochrome oxidase
does not increase the rate of NO removal from a solution
containing a high concentration of reduced cytochrome c.
Applying this to the mitochondrial situation is complicated,
however, by the increased ratio of cytochrome c¢-to-cytochrome
oxidase used in this study, compared with that in mitochondria.
It is likely, however, that NO reactions with cytochrome ¢ could
explain some aspects of the mitochondrial NO metabolism,
especially those which are insensitive to inhibitors of cytochrome
oxidase, such as cyanide and azide. Indeed, the observed stronger
inhibition [21] of NO metabolism by high (1 mM) cyanide
concentrations when compared with high azide (10 mM) may be
due to some formation of the cyanocytochrome ¢ complex in
the former case preventing redox cycling of the cytochrome
¢, and consequent NO breakdown. The relative importance
of cytochrome ¢ to mitochondrial NO metabolism could
be determined by performing experiments using cytochrome-c-
depleted mitochondria.

Given that the cytochrome ¢ concentrations used here are
within the physiological range in tissues (about 5-20 M), the
rate of the NO reaction with ferrocytochrome ¢ is not high
enough to explain the observed i of NO in the perfused heart of
0.13s [21], although the more rapid reaction of NO with
ferricytochrome ¢ might provide a sink for small concentrations
of NO. However, the reaction of NO with ferricytochrome c is
not rapid enough to act as a barrier to NO passage either in or
out of the mitochondrion. Using a diffusion coefficient (D) for
NO of 4.8 x 107> cm?-s7%, a ferricytochrome ¢ concentration of
2 mM and a rate of NO binding of 1.3 x 10* M~!.s7!, the mean
diffusion distance for NO in the intermembrane space can be
calculated [50] to be 80 xm.

In conclusion, we have demonstrated that an understanding of
the interactions of NO with mitochondria cannot be restricted
solely to the direct reactions of NO with cytochrome ¢ oxidase,
but must include those of its substrate as well.

This work was supported by a Wellcome Trust University Award to C.E.C. We thank
Mike Wilson, Jaume Torres and Peter Nicholls (University of Essex) for helpful
discussions.
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