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ABSTRACT

The inhibition of cytochrome ¢ oxidase (CcOX) by nitric oxide (NO) is analyzed with a mathematical model
that simulates the metabolism in vivo. The main results were the following: (a) We derived novel equations
for the catalysis of CcOX that can be used to predict CcOX inhibition in any tissue for any [NO] or [O,]; (b)
Competitive inhibition (resulting from the reversible binding of NO to reduced CcOX) emerges has the sole
relevant component of CcOX inhibition under state 3 ir vivo; (c) In state 4, contribution of uncompetitive in-
hibition (resulting from the reaction of oxidized CcOX with NO) represents a significant nonmajority frac-
tion of inhibition, being favored by high [O;]; and (d) The main biologic role of the reaction between NO and
oxidized CcOX is to consume NO. By reducing [NO], this reaction stimulates, rather than inhibits, respira-
tion. Finally, we propose that the biologic role of NO as an inhibitor of CcOX is twofold: in state 4, it avoids
an excessive buildup of mitochondrial membrane potential that triggers rapid production of oxidants, and in
state 3, increases the efficiency of oxidative phosphorylation by increasing the ADP/O ratio, supporting the
therapeutic use of NO in situations in which mitochondria are dysfunctional. Antioxid. Redox Signal. 9, 1569-1579.

INTRODUCTION

CONCENTRATIONS oF NO LoweR THAN 100 nM control mi-
tochondrial respiration by inhibiting CcOX. Basic fea-
tures of this inhibition are its competitive character with O, and
a 50% inhibitory [NO] achieved at low ratios of NO/O, (9),
which seem to indicate that CcOX has an higher affinity to-
ward NO than toward O,. Until recently, these characteristics
seemed to be at odds with the known and very similar rate con-
stants for the interaction of NO and O, with the reduced cen-
ter of CcOX. In addition, the binding of NO is reversible,
whereas O is kinetically trapped. A simple mathematical model
showed that this discrepancy is apparent because the catalytic
cycle of CcOX works as a dissociation pathway for O, (3). This

catalytic cycle is faster than the release of NO from the reduced
CcOX center, thus explaining the higher apparent affinity of
CcOX toward NO.

This model predicted that the degree of inhibition caused by
NO depends on how fast the catalytic cycle works: the higher
the electron flux, the higher the degree of CcOX inhibition
caused by NO. This prediction was later confirmed experi-
mentally (31). In the same set of experiments, it was observed
that at low electron fluxes and high O, pressures, a deviation
occurred from the behavior predicted by the competitive model.
This deviation is accounted for by a more complex model that,
besides the reversible binding of NO to reduced CcOX, also
includes the well-known reaction of NO with oxidized CcOX,
yielding NO, ™. This reaction causes uncompetitive inhibition
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[The term noncompetitive, sometimes used to describe this in-
hibition, is discouraged (1)].

It was concluded that the inhibition of CcOX by NO was a
result of both the competitive and the uncompetitive pathways.

Because competitive and uncompetitive inhibition have op-
posite characteristics concerning the dependence on the elec-
tron flux and [O;] (4, 11, 31) it is important to assess their
relative importance, as this will determine the biologic charac-
teristics of CcOX inhibition by NO. A more fundamental bio-
logic question concerns the biologic role of the reaction of NO
with oxidized CcOX. Does it increase CcOX inhibition by NO
by allowing NO to interact with CcOX across the full in vivo
ranges of oxygen tension and electron fluxes as proposed (31),
or being a reaction that consumes NO, does it act as a safety
valve to avoid an excessive CcOX inhibition? In this last sce-
nario, the reaction of CcOX with NO would not only decrease
the inhibition of mitochondrial respiration by NO, but it would
also control the mitochondrial [NO], with the consequent mod-
ulation of NO-dependent signaling events.

To address these fundamental questions, we applied ex-
tensive mathematical modeling: (a) Kinetic equations for the
inhibition of CcOX by NO, considering simultaneously the
competitive and the noncompetitive components were de-
duced to analyze their relative importance; (b) A model in
which NO is simulated as a dynamic variable by including
explicitly its synthesis and consumption pathways was set up.
Of importance, this model overcomes a key limitation pres-
ent in previous models, in which [NO] is imposed externally.
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In the new model, [NO] settles to a steady state that depends
on its synthesis and removal as it happens in vivo, thus al-
lowing us to study the biologic significance of the removal
of NO by its reaction with oxidized CcOX; and (c) this model
was validated by confronting it with a set of published ex-
perimental observations.

The model has predictive value and can be applied to an-
alyze different physiologic or pathologic states in different tis-
sues in vivo by changing a few parameters.

MATERIALS AND METHODS

The reactions of the model and respective rate constants are
grouped in modules as indicated in Table 1 and shown in
Fig. 1. The model was simulated with PLAS (56) or GEPASI
(33).

Description of the model

Compartmentation. Compartmentalization was set up
as described (2). The basic model contains two compartments
that simulate the aqueous mitochondrial matrix and the inner
mitochondrial membrane with volumes labeled as V,q and
Vmitochondrial membrane> respectively. Suffix “mb” was used to
identify species present in the membrane compartment. A value
of 5 was assigned to the ratio between the aqueous and mem-
brane compartments. Most reactions in the model occur either
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TaABLE 1. REACTIONS AND PARAMETERS INCLUDED IN THE MATHEMATICAL MODEL
Reaction/species Value Reference
Catalytic cycle of CcOX
CcOxrdyp + Oomp — CcOXoxpyp, + HO kozapp = 1.4 X 108 M~ Ysec 3)
CcOXoxyp — CcOxrdpyp, kyy = 7.5 per sec (state 3) 3)
kry = 0.75 per sec (state 4) 3)
Inhibition of CcOX by NO
CcOxtrdyp, + NOpp — NO-CcOXrdyp knoon = 1 X 108 M~ /sec
NO-CcOXrd,,p, — CcOXrd,,p + NOyyp knoogr = 0.01 per sec
CcOxrdy, + NOpp — CcOXox — NO» ™y knoreae = 2 X 10% or 2 X 105 M~ /sec (18, 19)
CcOXox — NOyyyp, = CcOXrdyp, + NO, ™ 0.75 per sec (state 3) See text
0.075 per sec (state 4)
Autoxidation of NO
2NOpp + Oomp — 2NOy’ 2.6 X 107 M~?%/sec See text
2NO + O, — 2NOy’ 6.3 X 10° M~?/sec (23)
NO + NO; — N,O3 1.1 X 10° M~ Ysec (20)
N,O3 + H,O — 2NO,~ + 2H™ 1.6 X 103 per sec (29)
N,05; + RSH — NO,~ + RSNO 2.9 X 10° M~ /sec (24)
NO, + RSH — NO,” + RS + H* 2 X 107 M~ V/sec (16)
Other NO-consuming reactions
NOp + UbqH 1, = NO™ 4+ Ubq + pp + HT 79.5 M~ /sec See text
NO + O,” - ONOO™ 6.7 X 10° M~ Y/sec (21)
Cytc-Fe?* + NO — Cytc-Fe3* + NO~ 2 X 10> M~ /sec (45)
Membrane partition for O, and NO
Oomp — 02 1 X 107 per sec See text
03 = Oomp 3.8 X 107 per sec See text
NO,— NO 1 X 10° per sec See text
NO— NOyyp 4.4 X 10° per sec See text
A third compartment that simulates experiments in vitro
2NOgu + Ozput = 2NO2-ou¢ 6.3 X 10° M~?/sec (23)
NOgue + NO3 out = NoO3zoue 1.1 X 10° M~ Ysec (20)
N2Os0ut + HO — 2NO, e + 2HT 1.6 X 103 per sec (29)
Oomp = Oaout 1 X 10° per sec See text
Os0ut = Oomb 3.8 X 107 per sec See text
NOyp, — NOgue 1 X 107 per sec See text
NOyu — NOup 4.4 X 10° per sec See text
Open-flow respirometry
— Osout 11.47 X 10~7 M/sec (state 3) See text
3.62 X 1077 M/sec (state 4)
— Ooout 0.02 per sec See text
Species whose concentration is constant with time
RSH (GSH plus protein thiols) 54X 1072 M (12, 15)
COXotmb 84X 1074 M See text
Cytc-Fe?* 2X 1079 M 3)
UbgqH ™ 1p 12X 1072 M See text
Oy ~ 1x 10710 m (10)
NO, O, See figure legends
Ratios for compartment volumes (V)
Vaq/V mitochondrial membrane 5 See text

Vuut/ \/mitochondriaa

See figure legends

anitochondria’ Vaq + Vmitochondrial membrane-

in the membrane phase (reactions involving CcOX and
ubiquinol) or in the aqueous phase, but the partition of O, and
NO between membrane and aqueous phases represents inter-
face reactions in which either O, or NO diffuses from one com-
partment to the other. Rapid equilibriums between NO and O,
in the two phases were considered. To this end, an arbitrarily
high value of 1 X 10° per second was attributed to the mem-
brane-to-aqueous diffusion. Rate constants for the reverse pro-

cesses were adjusted to obtain partition coefficients between
lipid and aqueous phases for O, and NO of 3.8 and 4.4, re-
spectively (see Table 1). These values are determined in lipo-
somes (34); the value for NO is lower than the coefficient usu-
ally assumed, -9, which is determined in hexane solvent (46).
When modeling interface reactions, care must be taken not to
violate the mass conservation law. When molecules transfer be-
tween compartments with different volumes, the resulting
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changes in concentration differ in the respective compartments.
We followed the guidelines described (2) for the setting up of
these reactions.

To model experiments in vitro in which mitochondria sus-
pensions are used, we introduced a third compartment, with vol-
ume V., that simulates the reaction medium in which mito-
chondria are suspended. We denote species in this compartment
by the suffix out. The reactions included were the autoxidation
of NO and the partition of O, and NO between the external in-
cubation medium and the membrane phase of mitochondria.

Catalytic cycle of CcOX

This set of reactions is based on the minimal model used in
ref. 3, in which a single compartment was used because no aque-
ous reactions were introduced. In this work, we must consider
an aqueous compartment, which requires the following adjust-
ment. The original 140 uM for [CcOX] must be multiplied by
6 to convert the concentration units from mitochondrial volume
to inner mitochondrial membrane volume. The rate constant for
CcOX regeneration is based on a correction of the value used
in ref. 3. The original value of 30 per second was based on rates
of electron flux per mitochondrial protein. After introducing a
stoichiometric factor of four electrons per oxygen molecule, the
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rate constant decreases by a factor of four, giving 7.5 per sec-
ond in state 3, and a 10-fold lower value in state 4, as described

Q).

Reaction of NO with oxidized CcOX

NO reacts with any of the CcOX intermediates where Cug
is oxidized, P, F, and O (18, 19, 51), reducing Cug. In isolated
CcOX, rate constants for the reaction with each of these three
intermediates are 8 X 10* M~ !/sec for P (18), (1-2) X 10*
M~ V/sec for F (18, 51), and 2 X 105 M~ !/sec for O (18). Sto-
ichiometry is 1 with each of these intermediates (18). After this
initial reaction, NO is rapidly oxidized to NO,™ in the CcOX
reaction site. We lumped these two reactions into a single step
(CcOXyx + NO — CcOX,x — NO, ) with a rate constant in
the range 2 X 10* to 2 X 10° M~ !/sec. After its formation,
NO, ™ is released very slowly from this site, with a time scale
of ~1 h, but under turnover conditions, the release is much
faster, and the fully reduced center is rapidly regenerated (18,
52). We estimated the rate of this reaction to be 10-fold lower
than the regeneration of reduced CcOX in absence of NO, based
on the observation that even at very high [NO, ], a residual
CcOX activity is always present, which has been estimated to
be ~10-20% (18, 52).

TaBLE 2. RATE LAws ForR THE INHIBITION OF CcOX BY NO AND FOR THE NO OXIDASE AcTiviTy OF CcOX

Equation Rate law
Competitive
P _dl0y] _ kplCOXl[O]
1 linear dt [02] +fcompl{O.S
inhibition
2 Uncompetitive
P _dlO2] _ kv[COXiod[Oalfuncomp.
hyperbolic dt [02] +fim?ompK0.5
inhibition
3 Mixed — d[Os] — krCOXiol [O2lfw
dt [O2] + ﬁ'r);npfunc'()mpKO.S
inhibition
Ko.5(Ko.snvo + BINO])
= 0,] =
4 Eq.1=Eq.2 [O5] (1 - BK,
5 NO oxidase _dINOJ _ ky[COX o ][05][NO]
dt [O2][NO] + Ko.5n0[02] + (BKo.5s[NO] + Ko 5Ko.580) comp

fcomp = (1 + M);funcnmp = (1 + BM> /(1 +

K; Ko.sno

[NO]

Ko.sno

kIV

kV . Ki — kNO()ﬁC.

; Kosno =
B . s
KNOreao

); ky = Bk, Kos =

O2app kNOon

Competitive inhibition is caused by the reversible binding of NO to the reduced form of CcOX, whereas uncompetitive inhi-
bition is caused by the reaction of NO with the oxidized form of CcOX. Mixed inhibition is a result of the simultaneous bind-
ing and reaction of NO with CcOX. Eq. 4 defines the conditions at which competitive and uncompetitive inhibitions have sim-
ilar rates. The NO oxidase activity of CcOX corresponds to a two-substrate enzyme under the influence of a competitive inhibitor.
Note that Ky s and Ky syo are not true Michaelis—Menten constants. Meaning of rate constants is indicated in Fig. 1.
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NO autoxidation

The autoxidation of NO in the membrane phase is estimated
to be 300 times higher than that in the aqueous phase (30). Tak-
ing into account the partition coefficients for O, and NO be-
tween these phases (see earlier), we multiplied the rate constant
for the autoxidation in the aqueous phase [6.3 X 10° M~ %/sec
(23)] by a factor of 4.1, yielding 2.6 X 107 M~?/sec. In this way,
a 300-fold higher rate of NO autoxidation in the membrane phase
is introduced in the model, as observed experimentally.

Reaction of NO with ubiquinol

The rate constant for the reaction of ubiquinol with NO is
estimated to be 2.1 X 103 M~ !/sec (42). This estimation has as
reference the total mitochondrial volume for the concentration
of ubiquinol and the aqueous-phase [NO]. Because in the model
we explicitly introduced the mitochondrial inner membrane
compartment, we correct this value to 2.1/(6 X 4.4) X 103
M~ sec = 79.5 M~ !/sec to account for the ratio of 6 between
mitochondria and inner membrane volumes and the partition
coefficient of 4.4 between the lipid and aqueous phases for NO.

Concerning the local concentration of ubiquinol, a value of
12 mM for the local concentration was set up, assuming a con-
tent of 4 nmol of ubiquinone per milligram of mitochondrial
protein (42), a ratio between mitochondria and inner membrane
volumes of 6, a volume of mitochondria of 1 ul/mg of mito-
chondrial protein, and a 50% reduction level for total
ubiquinone.

RESULTS

Relative importance of competitive and
uncompetitive inhibition

We start by deriving rate equations for competitive, uncom-
petitive, and mixed inhibition of CcOX by NO. Equation 1 in
Table 2 was obtained by us before and corresponds to linear
competitive inhibition, in which NO is able to inhibit CcOX
fully in competition with O, (3). Equation 2 is a novel equa-
tion and corresponds to an inhibition type in which NO acts as
a hyperbolic uncompetitive inhibitor. It is named hyperbolic be-
cause NO is not able to inhibit CcOX fully, which is in accor-
dance with the observed residual activity (10-20%) when mea-
suring cytochrome ¢ oxidation starting from the oxidized form
of CcOX in the presence of an excess of NO (18, 52). Equa-
tion 3 is also a novel equation and includes both types of inhi-
bition simultaneously, yielding a mixed inhibition.

The plot of these equations reveals contrasting characteris-
tics for the various types of inhibition (see Fig. 2). Competitive
inhibition decreases for higher [O,] and increases for higher
electron fluxes. Uncompetitive inhibition has the opposite be-
havior. Inspection of Fig. 1 is helpful to explain these differ-
ences:

1. Because of the direct competition between NO and O, for
the reduced enzyme, it is straightforward that competitive
inhibition decreases for higher [O;]. To react with the oxi-
dized CcOX center, NO needs the previous reaction of
CcOX with O, so higher [O,] would a priori facilitate un-
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FIG. 2. Relative importance of competitive and uncompet-
itive components for NO-dependent CcOX inhibition. The
degree of CcOX inhibition induced by NO for competitive (1),
uncompetitive (2), and mixed (3) inhibition is plotted as a func-
tion of [O;] (a and b) and CcOX catalytic turnover (k;y; c—e).
Egs. 1, 2, and 3 from Table 2 were used to calculate the degree
of inhibition. Parameters used are indicated in Table 1; because
we used the upper limit for the rate constant for the reaction
between oxidized CcOX and NO (kyoreac= 2 X 10> M~ 1/sec),
estimates given are upper limits for the relative importance of
the uncompetitive inhibition. In all simulations, [NO] = 100 nM.
a and b simulate states 3 and 4, respectively. [O,] ranges iden-
tified as h, n, and e give approximate ranges for in vivo hypoxia,
in vivo normoxia, and the [O,] usually applied in experiments
in vitro, respectively. [O,] values corresponding to these condi-
tions are studied in detail in c—e, in which the electron-flux
ranges delimited by states 4 and 3 in vivo are indicated. In f,
Eq. 4 of Table 2 is plotted for [NO] = 10 uM (1), [NO] =1
M (2), and [NO] = 0.1 uM (3). Lines plotted indicate equal
contribution of competitive and uncompetitive component for
CcOX inhibition; competitive and uncompetitive inhibition pre-
dominates, respectively, below and above each line. Rectangle
represents the plausible region for [O,] and k;y in vivo.

competitive inhibition. In general, the increase of the degree
of inhibition with substrate concentrations is the hallmark of
uncompetitive inhibition (5). Nevertheless, in this case, only
a marginal increase is found (Fig. 2a and b) because CcOX
is saturated with O, to the extent that the reaction of NO
with the oxidized center is not limited by O,.

2. Because the catalytic cycle of CcOX plays the role of a disso-
ciation rate constant for O,, for higher electron fluxes, the ap-
parent affinity of CcOX toward O, decreases, favoring the bind-
ing of NO to CcOX in competition with O, and, thus, increasing
competitive inhibition (3). Uncompetitive inhibition has the op-
posite dependence on the electron flux (Fig. 2c—e) because the
binding of NO to the oxidized enzyme is competing with the
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FIG. 3. Simulation of experiments on NO consumption by
rat hepatocytes (50). Initial NO added was 3 uM at differ-
ent [O;] values. In a, a first-order kinetic plot shows the con-
sumption of NO (scale plotted as in ref. 50) for five [O,] lev-
els. [O,] values used were 12 uM, 50 uM, 100 uM, 220 uM,
and 1.2 mM; the slope increases with the increase of [O]. In
b, the slopes of traces in a are plotted, showing a linear corre-
lation with [O;], which indicates a first-order dependency of
NO consumption on [O,]. In ¢ and d, the pathways removing
NO are plotted for [O,] =220 uM and [O,] = 12 uM, re-
spectively: 1, NO oxidation via CcOX; 2, NO autoxidation; 3,
Formation of per-oxynitrite. Vou/Vmitochondria = 1,000; kjy =
0.75 per second UbqH™ = 0.

catalytic cycle of the enzyme that regenerates its reduced form.
So the higher the electron flux, the lower the reaction of NO
with the oxidized site of the enzyme.

Next, we use the equations to predict the relative importance
of competitive and uncompetitive inhibition under various con-
ditions. For all [O;], the competitive component is enough to
describe the inhibition of CcOX by NO, if uncoupled state 3
respiration is simulated (see Fig. 2a). The situation is more com-
plex for a low electron flux condition, such as state 4 respira-
tion (see Fig. 2b): in hypoxia, inhibition is competitive; in nor-
moxia, the competitive component prevails, but at the levels
applied in typical in vitro experiments, the uncompetitive char-
acter predominates. This illustrates the misleading character
arising from extrapolation from the in vitro experiments to the
in vivo situations. We also predict that for very low electron
fluxes (where the affinity of the enzyme toward O; is high), the
inhibition of the enzyme is almost all accounted for by the un-
competitive component, whereas for high electron fluxes
(where the fast turnover outcompetes the reaction of NO with
the oxidized enzyme), the competitive component accounts for
most of the behavior of the inhibition. The crossing point where
both components contribute equally to the overall inhibition is
dependent on [O,]: the lower the [O;], the lower the electron
flux where both components contribute equally (see Fig. 2c—e).

The plots shown in Fig. 2a—e were obtained with a [NO] of
100 nM. For [NO] = 25 nM and [NO] = 400 nM, the relative
importance of competitive and uncompetitive inhibitions is sim-
ilar, having similar crossing points (not shown). The better to
understand this behavior, we obtained Equation 4 of Table 2,
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which describes the relation between rate constants [O,] and
[NO], at which competitive and uncompetitive components con-
tribute equally for CcOX inhibition (the crossing points in Fig.
2a—e). For plausible values, Ky syo >> BINO], and so Equa-
tion 4 is nearly independent of [NO], as can also be seen in Fig.
2f. NO plays a role on the relative importance of competitive
and uncompetitive inhibition only in the micromolar range, and
for these, high [NO] competitive inhibition is favored.

Overall, these predictions concur with the experimental ob-
servations. In most experiments, the competitive character of
the inhibition is observed, whereas the independence of NO in-
hibition on [O,] was never reported. The key observation that
suggests the importance of the uncompetitive character (i.e., the
independence of the rate of NO inhibition reversal on light) was
observed under atmospheric conditions at low electron fluxes
(32, 44), as predicted in Fig. 2b and e. Recently, the inhibition
of CcOX was studied in a wide range of [O] and electron fluxes
(31): for [O3] lower than 50 uM the model based solely on the
competitive mode fitted well the experimental results (compare
with our Fig. 2d). Only for higher [O;] and low electron fluxes
was it necessary to include the uncompetitive mode to have a
good fitting with the experimental observations (31) (compare
with our Fig. 2e).

Overall, the deduction and plots of the novel equations in
Table 2 help establish a rigorous context with which the ex-
perimental observations can be compared. It is straightforward
with these equations to predict the degree of inhibition and the
contribution of the competitive and uncompetitive components
by changing the relevant parameters, the [O;] and [NO] used,
and kj;y and ky, which are apparent rate constants that depend
on the tissue or CcOX preparations used. With the values used
here, which simulate rat liver mitochondria, it can be predicted
that in vivo, the reaction of NO with oxidized CcOX plays a
relevant role for the inhibition of CcOX by NO only for very
low electron fluxes.

Mitochondrial catabolism of NO

In the analysis in the previous section, NO was considered a
static variable (i.e., it was considered constant over time). This
happens in typical experiments in which the effect of a given
initial [NO] on the rate of respiration is investigated. In vivo,
NO changes with time, behaving as a dynamic variable. For ex-
ample, NO is consumed in the reaction with the oxidized form
of CcOX by the rate law described by Equation 5 in Table 2.
Thus, by consuming NO, this reaction may stimulate, rather
than inhibit, CcOX activity. Note that the reversible binding of
NO to the fully reduced CcOX (competitive inhibition) does
not consume NO; thus, NO acts as a true inhibitor. To analyze
the physiologic role of the reaction between NO and oxidized
CcOX, NO must be treated as a dynamic variable.

To perform this analysis, the sinks of NO in mitochondria
must be characterized. If a sink outcompetes the reaction of NO
with oxidized CcOX, then the consumption of NO via CcOX
is not significant. However, if the consumption of NO via CcOX
is the most important mitochondrial NO sink, this reaction will
have a key role in [NO] and avoiding an excessive inhibition
of CcOX. Unfortunately, the relative importance of pathways
consuming NO in vivo is not a settled issue, and conflicting ev-
idence favoring different pathways has been presented. There-
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chondrial consumption of NO (49). (a) Time
needed to consume 90% of a 1-uM initial NO 400
dose (tp.9). Presence of mitochondria at 2 mg/ml,
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spectively. White bar; experimental values taken
from (49); grey bar, simulation results; black bar,
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80% O’ tension used in ref. 49 was simulated by
setting O, in aqueous phase to 880 uM. (b) Sim-
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chondria (arrows). [O2]aqueous phase = 990 uM (or
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obtained as the integral over time of the rate of
NO, ™ release from CcOX and are expressed rel-

ative to the overall reaction volume. In ¢ and d, the pathways removing NO are shown in control conditions and in the presence
of respiratory inhibitors, respectively; identification of lines as in Fig. 3.

fore, we include in our model the main reactions that have been
proposed as important cellular NO sinks. Besides reaction with
CcOX, we included reaction with superoxide, ubiquinols, thi-
ols, and cytochrome c, as well as NO autoxidation. To validate
this model, we confront it with a set of observations obtained
under different experimental conditions that lead to diverse and
opposite conclusions concerning NO sinks.

Simulation of experiments in vitro

We started by simulating experiments in which NO con-
sumption by rat hepatocytes is studied as a function of [O,].
The key finding was that NO consumption is first order on both
[NO] and [O;] (50), which was reproduced by our model (Fig.
3a and b). The negative intercept of the lines of Fig. 3a was
also observed experimentally and, according to our model, it is
due to a rapid disappearance of NO through reaction with
CcOX, forming the CcOX-NO, complex. The chemical mech-
anism explaining the NO decay as a first-order process, both
on [O;] and [NO], is still unknown. According to our model,
whereas at high [NO] and high [O;], autoxidation predominates
(Fig. 3c), at low [NO] and low [O,], NO removal catalyzed by
CcOX predominates (Fig. 3d). At intermediate concentrations,
the formation of peroxynitrate is also relevant (Fig. 3d). Thus,
the apparent first-order NO consumption arises from the sum
of all these processes, some of which are not first order, a pos-
sibility that had been pointed out originally (50).

Next, we simulated a set of experiments in which the mito-
chondrial consumption of NO was attributed to the autoxida-
tion of NO in the inner mitochondrial membranes (49). This
puzzling conclusion differs from studies in which NO autoxi-
dation was ruled out (50). The key experimental observations
that were simulated by our model were (a) NO consumption af-
ter addition of 1 wM NO depends on the concentration of mi-

tochondria used (Fig. 4a); (b) respiration inhibitors did not af-
fect significantly the consumption of a single 1-uM dose (Fig.
4a); (c) repeated additions of 1 uM NO were consumed at the
same rate (Fig. 4b).

The relative rates of the various pathways that consume NO
help us to understand these results. NO autoxidation predomi-
nates under the very high O, pressures used (Fig. 4c and d),
but because the ratio between aqueous and membrane phases
is large, this autoxidation occurs in the aqueous phase. For ex-
ample, at 1 mg/ml of mitochondria, the ratio between total vol-

3 1.0 b 50
= —_ ate 3
= =
= state 3, 2
— 0.5 = 25
g state 4 S ate 4
0.0 4 T T 1 0+ T T J
0 200 400 600 0 200 400 600
Time (s) Time (s)

FIG. 5. Simulation of NO consumption by mitochondria un-
der an open-flow respirometry setup (8). [NO] and [O,] are
shown in a and b, respectively. Before adding NO, O, is set up
at 5 wM by adjusting the flux of O,. The basic model was ex-
tended to include a module to simulate open-flow respirometry
(see Fig. 1). Influx of O, was 11.47 X 1077 M/sec and 3.62 X
107 Mi/sec for states 3 and 4, respectively; experimentally, a
flow mixture with 39% or 8% air was used, respectively (8).
Removal of NO and O, of 0.02 per second was used to have a
profile of O, removal similar to the experimental one. At 120
sec, [NO] = 1 uM was added. State 3 was simulated with k;y
of 7.5 per second, whereas state 4 was simulated with k;y of
1.875 per second to fit the fourfold difference observed exper-
imentally between the rate of respiration in these two states (8).
Other parameters as in Fig. 3.
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ume and membrane phase is predicted to be 6,000, and so even
if the autoxidation in the membrane phase is 300 times faster
than in the aqueous phase (30), autoxidation in the aqueous
phase is predicted to occur 20-fold faster than that in the lipid
phase. On addition of liposomes, the model predicts that for li-
posome volumes higher than 1/300 of the total reaction vol-
ume, autoxidation in the membrane phase outcompetes that in
the aqueous phase (not shown), which may explain the increase
in the rate of respiration observed experimentally on addition
of liposomes (49). If autoxidation in the aqueous phase were
the only reaction removing NO, the removal of NO would be
independent of the amount of mitochondria. Besides autoxida-
tion, the reaction of NO with oxidized CcOX (in the absence
of inhibitors of the respiratory chain) or the reaction of NO with
superoxide yielding peroxynitrate (in the presence of inhibitors)
contributes significantly to the removal of NO, increasing its
importance when [NO] decreases (Fig. 4c and d). These reac-
tions make NO consumption dependent on the amount of mi-
tochondria, explaining the experimental findings. The com-
bined contribution of reactions that need endogenous reductants
together with autoxidation also explains why mitochondria are
able to consume five consecutive 1-uM NO additions in the ab-
sence of respiratory substrates. Only 1.12 uM or 1.12 nmol/mg
of protein (assuming 1 ul of mitochondria per mg of protein)
reductants is needed for such removal (Fig. 4b). Taking into ac-
count the presence of ubiquinone at 5 nmol/mg of protein (42),
half of which is expected to be reduced (27), and other partially
reduced respiratory complexes, mitochondria seems to be able
to catabolize 5 uM NO at the high 90% O, used in the exper-
iment, even in the absence of mitochondrial respiratory sub-
strates.

As a final test, we simulated an experiment carried out at lev-
els of O, close to 5 uM and under open-flow respirometry (8),
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FIG. 6. Simulation of NO sinks in vivo. Various pathways
consuming NO in mitochondria in states 4 (a) and 3 (b) as a
function of NO production are plotted. [NO] (- - -) and the re-
action of NO with CcOX (1), via autoxidation (2), with super-
oxide (3), with ubiquinol (4), and with cytochrome ¢ (5) are in-
dicated. (c¢) shows the critical dependence of [NO] (- - -) on NO
production when NO consumption via CcOX (——) saturates.
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FIG. 7. The reaction of NO with oxidized CcOX (uncom-
petitive inhibition) stimulates rather than inhibits mito-
chondrial respiration. Absence of uncompetitive inhibition
was simulated by setting the rate constants for the reaction be-
tween NO with oxidized CcOX to 0 (- — —); uncompetitive in-
hibition was simulated at two levels by applying the experi-
mental range of known values for this rate constant, 2 X 10*
M~ /sec (——) and 2 X 10> M~ V/sec (- - -).

conditions that are closer to the in vivo situation. The key ob-
servation was a similar NO consumption for states 3 and 4 (8).
This result was reproduced by the model, and the simulated NO
and O, time courses were also similar to those observed ex-
perimentally (Fig. 5).

In conclusion, apparently contradictory observations may be
solely the result of different experimental conditions. Mecha-
nisms revealed to be important under a particular set of exper-
imental conditions may not be relevant under other conditions
and may be even irrelevant under conditions in vivo. The model
presented here reproduced well at a semiquantitative level most
of the experimental observations, and therefore, it establishes
the basis to predict events in vivo.

Predictions to the state in vivo

In Fig. 6, the relative importance of several consuming NO
reactions is compared as a function of NO production. Con-
sumption via CcOX predominates by approximately one order
of magnitude over the reactions with ubiquinol and superoxide,
which have similar orders of magnitude. This is consistent with
experiments carried out in cardiomyocytes subjected to en-
dogenous production of NO (between 100 and 150 nM), in
which 90% of NO is converted to NO,~, involving a mito-
chondrial component, probably CcOX (22, 37, 39). Note that
for higher levels of NO (higher than 0.1 wM in state 3 or higher
than 1 wM in state 4), NO consumption by CcOX saturates, and
at these levels, [NO] increases sharply (Fig. 6¢). Because in
state 4, NO consumption via CcOX 1is higher than in state 3,
up to fivefold depending on [NO] (Fig. 6¢), [NO] in state 4 is
lower than in state 3. This prediction holds if NO production
is identical in states 3 and 4. Recently, it was found that pro-
duction of NO via the putative mitochondrial NO synthase (mt-
NOS) (17) is higher in state 4 than in state 3 respiration by ap-
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proximately a factor of 2 (53). Figure 6¢ provides a possible
interpretation for the physiologic significance of this finding.
A lower NO production in state 3 would delay the onset of a
rapid buildup of NO, avoiding an excessive CcOX inhibition.
This interpretation is valid only if the main mitochondrial NO
source is mtNOS, being the less important contribution of ex-
tramitochondrial sources, which is not known so far. The pos-
sibility of NO channeling from mtNOS to CcOX because of the
physical interaction between mtNOS and CcOX (38) is also rel-
evant. When [NO] increases to such an extent that, because of
the competitive inhibition of CcOX via NO, CcOX activity is
inhibited, the NO consumption via CcOX also decreases (see
Eq. 5 in Table 2 and Fig. 6¢). CcOX inhibition by concentra-
tions of NO in the micromolar range are probably not found in
vivo because such high [NO]J levels are difficult to attain, but
it may explain why many experimental setups, in which mi-
cromolar [NO] is used, overlook the importance of CcOX as a
NO sink. For endogenous NO levels, CcOX emerges as the
main sink in the whole cell, even outcompeting myoglobin both
in cardiomyocytes in vitro (39) and in the myocardium in vivo
(26).

Next we analyzed the inhibition of respiration by NO in vivo.
A plot of the inhibition of mitochondrial respiration versus [NO]
shows that the reaction of NO with oxidized CcOX (uncom-
petitive inhibition) is responsible for an increase in CcOX in-
hibition. This increase is almost negligible in state 3 (Fig. 7a),
but more visible in state 4 (Fig. 7c), and conforms to the tra-
ditional view of the reaction of NO with oxidized CcOX hav-
ing an inhibitory effect. This scenario changes if the inhibition
of mitochondrial respiration is plotted as a function of the rate
of NO production. Now the reaction of NO with CcOX has a
stimulatory effect on the mitochondrial respiration both in states
3 (Fig. 7b) and 4 (Fig. 7d). This stimulation comes from the
consumption of NO by this reaction. Therefore, under in vivo
conditions in which [NO] depends on its removal by CcOX,
the reaction of CcOX with NO has an effect of avoiding an ex-
cessive inhibition of this enzyme by removing the inhibitor from
the system.

DISCUSSION

The control exerted by CcOX on mitochondrial respiration
is still controversial, but in vivo, this control is higher than in
vitro (40, 55). In this scenario, the inhibition of mitochondrial
state 4 respiration by low endogenous [NO] may prevent the
buildup of a high membrane potential above the threshold level
that triggers the onset of high rates of superoxide production
(25). Thus, NO could have an antioxidant effect both by pre-
venting mitochondrial lipid peroxidation triggered by the per-
hydroxyl radical (6), the protonated form of superoxide, or by
avoiding cell damage triggered by the H,O, produced from su-
peroxide dismutation. For lower mitochondrial membrane po-
tentials, endogenous NO may have the opposite effect by in-
creasing the reduction of components of the respiratory chain,
triggering a small production of superoxide that could have im-
portant regulatory roles (13), including the control of membrane
potential via uncoupling proteins (14) and synchronization of
respiration (7). Independent of the operative membrane poten-
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tial, the stimulation of mtNOS by the membrane potential (53),
the physical interaction of mtNOS with CcOX (38), and the al-
losteric inhibition of CcOX by ATP (28) are factors that em-
phasize the inhibitory action of NO in state 4 respiration.

On transition from state 4 to state 3, as CcOX turnover in-
creases, the degree of CcOX inhibition caused by NO also in-
creases (3). Simultaneously, because NO oxidase activity of
CcOX is lower in state 3 (Fig. 6¢), [NO] increases with this
transition. Paradoxically, the system seems to be designed to
increase inhibition of respiration when a higher ATP output is
needed. As important as the metabolic output is its efficiency.
Thus, we propose that NO increases the efficiency of oxidative
phosphorylation. Several data support this notion: (a) inhibition
of CcOX by azide increases the ADP/O ratio (41); (b) an in-
crease in the ratio between CcOX and the other respiratory com-
plexes decreases the ADP/O ratio (36); whereas (c) a decrease
in CcOX protein has the opposite effect (41); (d) endogenous
[NO] increases the P/O ratio in guinea pig hearts (47), and (e)
decreases heat generation in vivo (48); and (f) long-term expo-
sure to NO stimulates mitochondria biogenesis associated with
enhanced coupled respiration (35). If the membrane potential
decreases, mtNOS decreases production of NO (53), which can
lead to a dramatic decrease of [NO] (Fig. 6¢), and thus, a higher
energetic output, albeit with a lower efficiency, would be pos-
sible. These considerations are in agreement with a general role
of NO improving metabolic efficiency (43, 57) in which CcOX
inhibition by NO in state 3 respiration would play an important
role by allowing a higher respiratory coupling (47) and a more
efficient delivery of O, (50). This view and the role of CcOX
as an important NO sink that avoids an excess buildup of NO
give mechanistic support to the recent proposal for the thera-
peutic use of NO for situations in which mitochondria dys-
function is observed, such as obesity (54) and neurodegenera-
tive diseases (35).
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