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An emerging and important site of action for nitric oxide (NO) within
cells is the mitochondrial inner membrane, where NO binds to and
inhibits members of the electron transport chain, complex III and
cytochrome c oxidase. Although it is known that inhibition of cyto-
chrome c oxidase by NO is competitive with O2, the mechanisms that
underlie this phenomenon remain unclear, and the impact of both NO
and O2 partitioning into biological membranes has not been consid-
ered. These properties are particularly interesting because physiolog-
ical O2 tensions can vary widely, with NO having a greater inhibitory
effect at low O2 tensions (<20 mM). In this study, we present evidence
for a consumption of NO in mitochondrial membranes in the absence
of substrate, in a nonsaturable process that is O2 dependent. This
consumption modulates inhibition of cytochrome c oxidase by NO
and is enhanced by the addition of exogenous membranes. From
these data, it is evident that the partition of NO into mitochondrial
membranes has a major impact on the ability of NO to control
mitochondrial respiration. The implications of this conclusion are
discussed in the context of mitochondrial lipid:protein ratios and the
importance of NO as a regulator of respiration in pathophysiology.

I t has long been recognized that the interactions of nitric oxide
(NO) with the mitochondrial respiratory chain may be important

in mediating the biological effects of this signaling molecule. This
control may be at the level of respiration (1, 2) or, as more recently
recognized, inhibition of cytochrome c release in the early stages of
apoptosis (1, 3–5). In a pathological context, NO-dependent reg-
ulation of mitochondrial respiration seems to contribute to a
number of dysfunctions (6) which may include septic shock (7),
cardiac hypertrophy, and heart failure (8–10). The best-
characterized site of NO action in mitochondria is mitochondrial
cytochrome c oxidase (complex IV), where NO competes with
oxygen (O2) to bind at the binuclear CuBycytochrome a3 site. This
competition with O2 results in an inhibition of the enzyme, sup-
porting the proposal that NO is an important physiological regu-
lator of mitochondrial oxidative phosphorylation (1, 5, 11–14).

The preferential partitioning of both NO and O2 into biolog-
ical membranes has been recognized as potentially important in
regulating the effects of NO (15–17). NO is '8-fold more soluble
in membranes than in water, whereas O2 is '3-fold more soluble.
One site of particular significance for the interactions of NO and
O2 is the mitochondrial inner membrane, where this phenome-
non may affect the control of respiration. Indeed, the highly
membranous nature of the mitochondrion suggests that the
organelle may be a significant reservoir for NO within cells.

NO binding to metalloproteins, such as the ferrous heme group
of soluble guanylate cyclase (sGC), is of extremely high affinity (18,
19). However, the effects of NO in initiating signaling by binding to
sGC are transient, suggesting that reactions competing for NO are
important in maintaining a steady-state concentration of the free
radical. These reactions allow close modulation of NO bioactivity
and responsiveness to the concentration of NO. Interestingly, the
nature of these reactions competing for NO remains uncertain but
could include oxyhemoglobin (20), lipoxygenases (21), or free
radicals such as superoxide (22).

In the case of cytochrome c oxidase, the effectiveness of NO as
an inhibitor is controlled both by binding to a reduced intermediate
in the catalytic cycle (most likely CuB), and by competition with O2
for NO in free solution (5, 13, 14, 23). In the context of the
mitochondrial inner membrane, the reaction between NO and O2
is potentially enhanced '300-fold as a consequence of the parti-
tioning of both gases into the hydrophobic core of the phospholipid
bilayer (15–17). In this study, we have asked the question, Does the
reaction between NO and O2 in the mitochondrial inner membrane
regulate the NO-dependent modulation of respiration?

Three possibilities have been examined. (i) At high O2 ten-
sions, the consumption of NO in mitochondrial membranes is
enhanced through an O2-dependent mechanism independent of
electron transfer, and is competitive with cytochrome c oxidase
inhibition. (ii) At low O2 tensions, the partitioning of NO into the
inner membrane greatly enhances the potential of NO to mod-
ulate mitochondrial respiration. (iii) NO-dependent inhibition of
respiration at low O2 tension may have a component that is
caused by other NO-derived metabolites. To investigate these
possibilities, we examined both the respiration and NO con-
sumption of rat liver mitochondria and submitochondrial parti-
cles exposed to various concentrations of NO, NO scavengers,
and liposomes, at several O2 tensions. It is evident that the
reaction between NO and O2 in the mitochondrial membrane
has a significant impact on the inhibition of cytochrome c
oxidase and the consequent control of respiration. The impli-
cations of these results for the effect of NO as a regulator of
mitochondrial respiration are discussed.

Materials and Methods
Male Sprague–Dawley rats, 250 g in weight, were obtained from
Harlan Breeders (Indianapolis) and handled in accordance with
National Institutes of Health guidelines. Food and water were
available ad libitum. All biochemicals were obtained from Fluka,
except 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(PTIO), which was obtained from Alexis (San Diego). Human
hemoglobin was prepared as described (24).

Liver mitochondria were prepared as described (25). Submi-
tochondrial particles (SMPs) were prepared by sonication of
mitochondria (60 mg of protein) in 4 ml of SMP buffer (300 mM
sucrosey5 mM Mopsy1 mM EGTAy5 mM KH2PO4, pH 7.4 at
4°C) followed by centrifugation at 20,000 3 g and one pellet
washing. Final resuspension was in 1 ml of buffer. Protein
concentration was determined by using the Folin phenol reagent
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against a standard curve constructed with BSA (26). Purity of
SMPs was .99%, as determined by using citrate synthase activity
(measured spectrophotometrically; ref. 27) as a marker of mi-
tochondrial matrix contamination. Cytochrome c oxidase activ-
ity was determined as described (28).

Oxygen and NO were measured simultaneously with Clark-
type electrodes (Instech, Plymouth Meeting, PA and World
Precision Instruments, Sarasota, FL, respectively) in a 4-ml
sealed chamber magnetically stirred at 37°C. Mitochondria or
SMPs (0–2 mgyml) were incubated in respiration buffer com-
posed of 120 mM KCly3 mM Hepesy1 mM EGTAy25 mM
sucrosey5 mM MgCl2y5 mM KH2PO4, pH 7.4. Data were
collected by a digital recording device (Dataq Instruments,
Akron, OH) connected to a PC. NO was added from saturated
solutions prepared as described (29). The concentration of NO
was determined by using spectrophotometric monitoring of
oxyhemoglobin to MetHb conversion as described (30). Low O2
tensions were achieved by gassing the chamber with nitrogen.

The NO electrode was calibrated by bolus additions of NO
(0.1–3 mM) to the chamber at low O2 tension (20%) to establish
the [NO]–electrode current relationship. Under these condi-
tions, no significant NO consumption caused by the reaction with
O2 occurred over the time course for establishing a stable current
for the amount of NO added.

Liposomes were made by rehydrating thin films of soybean
asolectin at 37°C in mitochondrial respiration buffer (100 mg of
lipid per ml) under an N2 atmosphere, followed by sonication
of the resultant multilamellar liposomes to yield unilamellar
liposomes.

Kinetic analysis of concentration against time curves for NO
consumption were performed by calculating the time over which
90% of the NO added was consumed; these times are referred to
as t0.9. This analysis was selected to allow comparison between NO
consumption pathways between buffer and mitochondria through
potentially different mechanisms. Many studies have reported a
second-order dependence in NO and third-order overall for the
reaction between NO and O2 (15, 31). However, data traces for NO
consumption obtained in this study did not conform well to either
first-order or second-order kinetics. A key variable in this process
was found to be the setting of the baseline. A small (,5%) change
in the baseline did yield good fits to second-order kinetics and rate
constants (3.2 3 108 M21zs21), similar to reported values for the
reaction of NO with O2 in buffer at 37°C. To overcome the technical
difficulty of establishing an accurate (1–2%) baseline with the
polarographic electrodes, and to gain a more accurate determina-
tion of the properties that govern NO consumption in mitochon-
dria, we calculated the t0.9 value as described above. All experiments
were performed a minimum of three times, and data are presented
as means 6 SEM. Statistical significance was determined with the
Student’s t test, with P , 0.05 representing significance. Curve
fitting was performed with ORIGIN software (Microcal Software,
Northampton, MA).

Results
Consumption of NO by Mitochondria. To determine whether NO is
consumed by mitochondria in the absence of respiration, a series
of 1 mM additions of NO were made to mitochondria, and the
decay was monitored with the NO electrode. An initial rapid
consumption of NO occurs during the mixing and response time
of the electrode ('5–10 s) resulting in a level of detectable NO
of '400–500 nM in the buffer alone (Fig. 1A). It is clear from
Fig. 1B that in the presence of mitochondria, the initial peak
height is reduced, and the rate of NO consumption is substan-
tially more rapid than that in buffer alone. These data are
quantified as the time taken to consume 90% of the initial NO
added (t0.9)—in this case 1 mM. It should be noted that the initial
measured concentrations of NO are approximately 1y2 that
added and recorded at low O2 tension. This result is readily

simulated from the known rate constants for the reaction of NO
with O2 under these conditions.

Mitochondria contain millimolar concentrations of molecules
reactive with NO in the matrix and outer membrane (32). Some of
these reactions may be direct (e.g., with metalloproteins), and some
may require other reactants such as oxygen or metals (e.g., with
glutathione). To test a role for these components, SMPs that lack
the outer membrane and matrix were prepared. These SMPs were
incubated in the chamber such that the final concentration of
cytochrome c oxidase was the same as in the intact mitochondrial
incubations. Addition of NO to SMPs resulted in rates of NO
consumption that were indistinguishable from those of intact
mitochondria (Fig. 1 B vs. C), demonstrating that the inner mem-
brane is the major site of NO consumption within the organelle.

Three features of the NO consumption in intact mitochondria are
also evident in the SMPs. (i) NO is consumed at a faster rate than
in buffer alone. (ii) Each sequential addition of NO results in a
similar decay profile; i.e., it is not saturable over this concentration
range (up to 5 mM). (iii) Respiratory substrate is not required for
NO consumption. To confirm that the NO consumption is indeed
substrate independent, mitochondria were also incubated in the
presence of respiratory inhibitors. Table 1 shows that antimycin A
did not affect NO consumption rates. In contrast, rotenone and
cyanide accelerated the rate of NO consumption to a modest
extent. It is important to note that this result is opposite to that
predicted if NO was interacting with a redox center in the substrate-
free mitochondria, because the inhibitors increase rather than
inhibit NO consumption. A possible mechanism for this fact would

Fig. 1. Comparison of NO decay in buffer, mitochondria, and SMPs. NO (1
mM) was added to respiration buffer (A), mitochondria (B), and SMPs (C), as
indicated by the arrows, at 90% O2. Data are representative of three similar
experiments. Numbers alongside trace identifiers are t0.9—the time for 90% of
NO decay to occur (i.e., for NO to decay to 10% of its peak value).

Shiva et al. PNAS u June 19, 2001 u vol. 98 u no. 13 u 7213

BI
O

CH
EM

IS
TR

Y



be consumption of NO caused by increased superoxide in the
presence of these inhibitors as reported in the literature (33, 34). In
this case, the reducing equivalents for superoxide generation could
derive from small levels of endogenous substrate or partially
reduced redox centers. However, it is clear that such contributions
to the consumption of NO by nominally substrate-free mitochon-
drial preparations are minor. Furthermore, experiments in SMPs
(not shown) indicated no significant effect of any of the mitochon-
drial inhibitors tested in Table 1 on NO consumption. Free radical
generation either at the respiratory chain or through lipid peroxi-
dation could also lead to NO consumption (21, 35). However, this
mechanism is unlikely because, as shown in Table 1, neither CuyZn
superoxide dismutase nor the lipid-soluble antioxidant butylated
hydroxytoluene changed NO consumption by mitochondria.

Oxygen Sensitivity of NO Consumption in Mitochondria. As discussed
above, the reaction of NO with O2 is a possible mediator of NO
consumption within mitochondria. To investigate this process in
more detail, NO was added to buffer alone at both high and low O2
tensions (Fig. 2A). As expected, the consumption of NO at 20% O2
was substantially inhibited compared with that at 100% O2. A
similar effect was also observed in the presence of mitochondria,
consistent with an O2-dependent component to substrate-free
mitochondrial consumption of NO (Fig. 2). Fig. 2B shows the
quantitation of these data from a number of similar experiments.
The effect of O2 on mitochondrial NO consumption seems less
marked because the starting NO is lower. Proportionally in both
cases, lowering the O2 tension from 100% to 20% resulted in a
30–40% inhibition of NO consumption. In the next series of
experiments, the effect of changing mitochondrial concentration on
the rate of NO decomposition was determined. These data (Fig. 3)
show that with increasing concentrations of mitochondria, the
amplitude of the NO signal decreases, and the rate of NO con-
sumption increases (as indicated by a decrease in t0.9).

Inhibition of Mitochondrial Respiration by NO. Several other studies
have reported that the NO inhibition of mitochondrial respiration
is oxygen sensitive (1, 5, 11–13, 36). However, the mechanisms
contributing to this effect remain unclear. To address this issue,
bolus additions of NO were made to respiring mitochondria at
either high (80%) or low (30%) O2, as shown in Fig. 4A. From these
data, corresponding values of NO concentration and respiration
rate were determined and used to construct an inhibition curve
(Fig. 4B). The rate of O2 consumption is decreased by NO at both
O2 tensions but is substantially greater at the lower O2 tension. This
observation is consistent with a greater fractional occupation of
cytochrome c oxidase binding sites by NO at the lower O2 tension.
The gradient for the inhibition of respiration by NO is, however,
essentially the same for both O2 concentrations. This fact indicates
that other reactions competing with NO determine the available

NO for inhibition of cytochrome c oxidase. It is interesting to note
that the relationship between NO and the inhibition of respiration
is essentially constant over the range of NO concentrations exam-
ined. This finding is unusual because it would be anticipated that as
the NO concentration decreases, O2 consumption would return to
control values. This behavior arises from the fact that NO inhibition
of respiration is partial, and the O2 concentration is decreasing
concomitantly with the decrease in NO (Fig. 4A). These data
further support the modulatory effects of NO on O2 consumption
and the effect of O2 on the bioavailability of NO in biological
membranes.

The previous data imply that NO inhibits mitochondrial
respiration at all O2 tensions, and that persistent inhibition is not
caused by the formation of other NO metabolites. To test for this
possibility, NO was added to mitochondria respiring in state 3
(ADP turnover). Once inhibition of respiration was established,
oxyhemoglobin (oxyHb) or PTIO was added to scavenge NO.
The results shown in Fig. 5 indicate that the NO-inhibited rate
of respiration is restored completely to the pre-NO rate imme-
diately upon the addition of oxyHb or PTIO. These results
indicate that the species responsible for inhibition is NO and not
a metabolite. The reversibility of this reaction throughout the
time course of inhibition again suggests that reactions outside the
enzyme active site that consume NO have a modulatory effect
on the extent of inhibition at cytochrome c oxidase. These data
also show that NO can be removed from the enzyme during
turnover, suggesting that cross talk between other NO-

Table 1. NO consumption by mitochondria incubated with
inhibitors and antioxidants

Experimental conditions t0.9, (% of control)

Rotenone (50 mM) 87.0 6 3.2*
KCN (50 mM) 80.4 6 7.3*
Antimycin A (30 mM) 101.7 6 6.0
CuyZn SOD (1,000 unitsyml) 98.1 6 1.1
BHT (50 mM) 101.6 6 4.0

Mitochondria were incubated with compounds as listed. SOD, superoxide
dismutase; BHT, butylated hydroxytoluene. NO consumption was measured
using the NO electrode as detailed in Materials and Methods. Values are
presented as the time for 90% of NO decay to occur (t0.90), as a percentage of
that in the absence of added inhibitoryantioxidant. Data are means 6 SEM of
at least three independent experiments.

*, P , 0.05 vs. mitochondria alone.

Fig. 2. Oxygen-dependent consumption of NO by mitochondrial mem-
branes. NO (1 mM) was added to mitochondria at high (80%) and low (20%)
O2 tensions. (A) Averaged decay profiles for buffer alone (thin lines) and
mitochondria at 1 mgyml (thick lines), both at low O2 (solid lines) and high O2

(dashed lines). (B) t0.9 values for the curves in A. Data are means 6 SEM from
at least three independent experiments.
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consuming reactions in the cell and control of respiration will
also occur. In addition, the PTIO data indicate that NO is a more
potent inhibitor than NO2, because this NO scavenger converts
NO to NO2.

Effects of Liposomes on NO Inhibition of Respiration. As a further test
of the potential of phospholipid membranes to provide an envi-
ronment for NO consumption, the effects of adding exogenous
membranes to respiring mitochondria in the presence of NO were
determined. In the first series of experiments, NO was added to
mitochondria at '70% O2 and, after inhibition was established,
liposomes were introduced into the chamber. The introduction of
liposomes resulted in an initial rapid decrease in NO concentration,
consistent with partitioning into the lipid phase (Fig. 6). The first
phase was followed by accelerated NO consumption, which was
accompanied by a more rapid recovery of the inhibited respiration
rate than in the absence of liposomes. Identical results were
obtained whether liposomes were added at the start of the incu-
bation, before the addition of mitochondria or NO (not shown).
These data show that the addition of exogenous membrane in-
creases the rate of NO consumption, and that directly impacts the
inhibition of respiration by NO. Indeed, the effects of membranes
are strikingly similar to those of NO scavengers, supporting the
hypothesis that the removal of NO from the binding site in
cytochrome c oxidase is based on a shift in the equilibrium between
free and bound NO brought about by consumption outside the
enzyme’s active site. To confirm this hypothesis, the data shown in
Fig. 6A were analyzed to yield NOyinhibition curves (Fig. 6B). It is
clear that when normalized for NO concentration, inhibition does

not change the potency of NO as an inhibitor of cytochrome c
oxidase. This result is predicted if the sole effect of adding the excess
membrane is to change the equilibrium between free NO and
enzyme-bound NO by decreasing the concentration in the mito-
chondrial inner membrane.

Discussion
The reversible binding of NO to ferrous heme groups in proteins
seems to be responsible for many of its biological actions (20).
Known examples are the activation of soluble guanylate cyclase
(sGC; refs. 18 and 19), interactions with hemoglobin (20, 30), and
as recently proposed, the inhibition of mitochondrial respiration (1,
2). Although the affinity of NO for ferrous heme is extremely high,
the binding of NO to these molecules is transient (20). In the case
of both sGC and cytochrome c oxidase, this finding is thought to be

Fig. 3. Dependence of NO Decay on mitochondrial concentration. NO (1 mM)
was added to buffer alone, or mitochondria suspended at 0.2, 1, and 2 mgyml,
at 80% O2. (A) Averaged decay profiles for buffer alone (solid line) and
mitochondria (dotted and dashed lines). (B) t0.9 values for the curves in A. Data
are means 6 SEM from at least three independent experiments.

Fig. 4. Oxygen sensitivity of NO inhibition of respiration. NO (1 mM) was
added to mitochondria respiring in state 3, at either high (80%) or low (30%)
O2 tension. (A) Oxygen and NO traces for high O2 (solid lines) and low O2

(dashed lines) incubations. NO was added as indicated by the arrows. (B) The
effect of NO concentration on inhibition of respiration. Data were calculated
from several experiments of the type shown in A, at high O2 (E) and low O2 (■).
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caused by a competition for NO between the ferrous heme and
various NO-consuming pathways in the cell. Although the revers-
ible binding of NO to these heme proteins is an important feature,
we know relatively little about what these pathways might be.

Because the inner mitochondrial membrane constitutes one of
the most compact and concentrated hydrophobic structures
within the cell, we decided to determine whether NO could be
consumed by these membranes and what impact it would have on
the modulation of mitochondrial respiration through inhibition
of cytochrome c oxidase. The primary observation in this article
is that the reaction of NO with O2 in mitochondrial membranes,
independent of respiratory substrates, can modulate the inhibi-
tion of respiration by NO. Thus, the NO available to bind to the
reduced intermediate of the enzyme is modulated by the O2

concentration surrounding the binuclear O2 binding site buried
in the hydrophobic phase of the membrane. Interestingly, the O2
is thought not to compete directly with NO for the same
intermediates in the catalytic cycle.

It is important to recognize that whereas we have chosen to
concentrate on the reaction of NO with O2 as the main mechanism
of NO consumption within mitochondria, this reaction may not be
the only mechanism by which NO is consumed. A number of routes
for consumption of NO by mitochondria have been tentatively
proposed. However, the mechanisms remain poorly defined and the
impact on the control of respiration remains unexplained. One
route for NO consumption that has been identified is inhibited by
cyanide and azide, and has been ascribed to cytochrome c oxidase

Fig. 5. Effects of NO scavengers on the inhibition of mitochondrial respira-
tion by NO. Mitochondria were suspended at 0.5 mgyml, and state 3 respira-
tion was initiated by the addition of ADP (0.6 mM), as indicated by the arrow.
(A) NO (1 mM) was added as indicated by the arrow. Trace annotations: (i) NO
alone, (ii) NO followed by PTIO (100 mM) as indicated by the arrow, (iii and iv)
NO followed by oxyhemoglobin (7.5 mM) as indicated by the arrow, and (v)
mitochondria alone, no additions other than ADP. Traces are representative of
at least three similar experiments. (B) Respiration rates in the presence of NO
alone, or NO plus scavengers. Values are means 6 SEM from at least three
independent experiments.

Fig. 6. Effects of exogenous membrane on the NO inhibition of mitochon-
drial respiration. (A) Mitochondria were incubated at 1 mgyml in state 3 as
described in Materials and Methods. NO (1 mM) was added as indicated by the
arrow. After inhibition of respiration, liposomes (1 mg of phospholipid per ml)
were added as indicated by the arrow, and the resultant NO and O2 fluxes
were monitored. Solid line, control (no liposomes); dashed line, with lipo-
somes. Traces are representative of at least three similar experiments. (B)
Inhibition of respiration by NO with and without liposomes was calculated
from several experiments of the type shown in A. Data shown are shown in the
absence (F) or presence (E) of liposomes.
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(13, 37, 38). Indeed, it has been shown that NO directly reduces
CuB

21 to CuB
1 to form NO1 which then becomes hydrated to HNO2

(13, 36). This result raises the possibility that the reaction between
NO and O2 in the mitochondrial inner membrane, independent of
the enzyme, could account for NO consumption (15, 37). It has also
been proposed that NO can react with at least one other redox-
active species present in mitochondria associated with complex III
(33). However, the fact that the consumption observed here is
nonsaturable (Fig. 1) with up to five 1 mM additions precludes any
reaction with compounds present at a concentration lower than 5
mM in mitochondria. Under these conditions, the concentration of
ubiquinol is '5 nmolymg protein (33), making it unlikely that this
reaction is significant in our system.

The data shown here suggest that NO inhibition of mitochondrial
respiration can be rapidly reversed by two structurally distinct NO
scavengers (Fig. 5). This result confirms that under these condi-
tions, the inhibition of respiration depends on NO itself and not an
NO metabolite such as an S-nitrosothiol. It is important to recog-
nize that these data do not preclude the possibility that in a cellular
setting under conditions of low glutathione, inhibition of respiratory
complexes such as complex I by S-nitrosation may occur (6).
Indeed, it is possible that the partitioning of NO into mitochondrial
membranes enhances such reactions. Furthermore, these data do
not preclude the intermediate formation of S-nitrosothiols which
then lead to NO release. However, these reactions require reducing
equivalents and are unlikely to occur at rates sufficient to account
for the rapid and complete reversal of NO-dependent inhibition
observed after addition of NO scavengers.

One implication of these data is that the lipid:protein ratio and
composition will have an impact on the inhibition of mitochondrial
respiration by NO. Indeed, it has been known for some time that
mitochondrial lipid composition and the lipid:protein ratio vary
greatly between tissues and species (39, 40). More recently, the
concept that mitochondria may contain an NO synthase could
imply a necessary association with the mitochondrial membrane for
control of respiration (41, 42). Taken together, these possibilities
suggest that mitochondria in different tissues may be differentially
sensitive to NO at identical O2 concentrations. It is possible that
modulation of mitochondrial lipid composition (by dietary, hor-
monal, or other means) may also provide a mechanism for regu-
lating the potency of NO as an inhibitor of respiration. The results

also suggest that the presence of other biological membranes may
affect the ability of NO to inhibit respiration; examples include
multiple layers of myelination on neurons and the extensive Golgi
networks within secretory cells.

Another interesting phenomenon that may play a role in
regulating the availability of NO is the structural organization of
mitochondrial membranes. Organization of the inner membrane
has been shown to vary drastically between respiring and non-
respiring mitochondria (respiring mitochondria are more com-
pact; ref. 43). Such changes in three dimensional structure may
facilitate or inhibit NO and O2 diffusionypartitioning, thereby
affecting the regulation of respiration by NO.

These data also have potential implications for other NO-
signaling pathways (e.g., soluble guanylate cyclase), because the
reaction between NO and O2 in the membrane will impact on
NO availability at distal nonmembrane sites within the cell.
Membrane partitioning of NO will, in turn, affect the equilibria
of NO binding to diverse targets and result in the reversibility of
NO signaling, which will increase as a function of the proximity
and availability of biological membranes. Some of these aspects
have also been appreciated in recent studies (15–17).

In summary, the regulation of O2 and NO gradients by the
controlled production of NO by enzymes at specific sites in the
cell and the inhibition of respiration at cytochrome c oxidase
represent a regulatory mechanism linking cell signaling to
metabolism. As with most complex regulatory processes, control
is evident at several levels. The first level is the acute interplay
between NO and O2 that has been alluded to by other investi-
gators (15). The second level is the potential for the mitochon-
drial NO-signaling system to participate in cell differentiation,
growth, and apoptosis. The third level is exemplified by these
studies, and suggests that the modulation of membrane compo-
sition at key sites of NO action is a further critical factor.
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