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Abstract. Nitric oxide (NO) binds to metalloproteins,
and particularly to hemoproteins in both ferrous and
ferric states, with association and dissociation rate con-
stants which cover many orders of magnitude. These
chemical properties often provide clear explanations of
enzymatic specificity. A basic and straightforward de-
scription of the versatility of NO chemistry and of the
biological relevance of NO effects, as understood by
biochemists as opposed to physiologists, is presented.

NO effects on hemoglobin and soluble guanylate cy-
clase, two proteins directly involved in arterio-venous
oxygen transport at quite different biological levels, are
compared. NO and other N-oxides also play primary
roles in several mitochondrial functions. Specific inter-
actions with cytochrome ¢ oxidase and cytochrome c¢
are reviewed, and the effects of NO and other N-oxides
on other iron-cluster-containing components of mito-
chondrial respiration are discussed.
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Introduction

Versatility of nitric oxide chemistry and biochemistry,
and the biological relevance of nitric oxide effects

After more than 10 years of research dealing explicitly
with nitric oxide (nitrogen monoxide, NO), the most
striking aspect is the versatility of the biological effects
of NO in cells, organs, and whole bodies, from bacte-
ria to plants and human beings. Many research groups
have tried to suggest correlations of measurable bio-
logical effects with the prodigiously varied chemical
reactivity of NO itself; it is associated with its molecu-
lar orbital electronic configuration and its population
in a paramagnetic excited state level at room tempera-
ture [1-3]. Its versatility in aerobic medium also arises
from the numerous NO-derived N-oxides of various
oxidation number, from + 1 (nitroxyl anion or oxoni-
trate and its acid NO~/HNO; and nitrous oxide gas
N,O) to + 5 (peroxynitrite or oxoperoxonitrate and its
cis and trans acidic forms ONOO ~ /ONOOH, its CO,-
adduct, nitrate ion, and the nitrosonium or nitryl
cation NO5"), and even + 6 for the ONOO- and NO;-
radicals [1-3]. The main difficulties in establishing any

* Corresponding author.

kind of correlations between raw chemical or biochem-
ical data obtained in vitro and biological data arise
from the well-meant attempts by biologists to assign
‘biological relevance’ and by biochemists to ‘give sense’
to any demonstrated reaction, reversible or not, of NO
or any of the N-oxides.

The best example of this apparent misunderstanding is
the fact that many physiologists, performing in vivo or
ex vivo experiments, continue to think and write that
NO is short-lived and highly reactive, while chemists
and biochemists know very well that this is not true in
vitro. NO is neither a strong oxidant nor a strong
reductant and does not usually react very fast, with
several notable exceptions such as the reaction with
superoxide anion, another free radical. It diffuses as
rapidly and is as soluble as O, in water. It is more
polar than O, and thus diffuses more rapidly through
proteins and is much more soluble in organic phases.
Some N-oxides of higher oxidation number are truly
unstable in neutral water solutions and are highly reac-
tive with nearly any neighboring compound; their ac-
tion is thus often unspecific. Are these facts
transposable from solutions to cells in culture and to
organs?
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Very often, consideration of dissociation constants mea-
sured at equilibrium, and of on and off rate constants,
are the only basis of such reasoning. Rapid, short-term
and reversible chemical effects are considered as ‘most
important and therefore...” biologically relevant, being
good candidates for regulation of physiological systems;
naively NO is then termed as ‘good.” Long-term and
irreversible effects can be involved in pathophysiologi-
cal processes, with the label ‘bad’ attached to NO.

At this point, in order to attempt a balanced discussion,
a few very trivial considerations need to be recalled.
First, irreversible, usually oxidative chemical effects can
be rapidly and effectively repaired in a living cell,
through highly active pools, such as that of thiols.
Second, a chemical effect leading to cell killing could,
depending upon the cell type involved, serve either good
or bad purposes: for instance, apoptosis, a regulated
and programmed cell-death process, which appears nec-
essary for organ differentiation, appears to be inhibited
in cancer development. Depending on many known and
unknown factors, NO can be pro-apoptotic or anti-
apoptotic [4, 5], or play a role in tumor angiogenesis [6].
There are numerous other instances in which NO has
been suggested to be protective or destructive, such as
cerebral ischemic injury [7]. NO possibly plays very
intricate roles in cells, particularly in macrophage infec-
tion and parasitology [8]. Third, some irreversible and
unspecific chemical effects, apparently suicidal and too
costly in terms of energy to be repaired by certain cell
types, could turn out to be truly pathological, as in
chronic inflammatory processes and human autoim-
mune diseases [9—13]. Obviously, multiple shades exist
between these extreme black and white cases; for exam-
ple, all inflammatory processes, whatever the primary
tissue source, are under multiple controls [14].

In vitro reactions of NO (nitrosylation) with the iron
(ferrous or ferric) atom of hemoproteins are usually
reversible, the dissociation time range varying from
hours to fractions of seconds, resulting in either the
formation of detectable nitrosyl-metal complexes or re-
dox chemistry leading to NO~ or NO * characters. NO
reacts through the electron pair on its nitrogen atom
forming a ¢-bond and through the anti-bonding 2pz*
unpaired electron forming a n-bond with transition
metal d-electrons [3, 15]. Thus NO can act as a three-
electron donor. NO binding modifies other iron-ligand
bonds, particularly that in the trans position of heme.
The reactions of higher-oxidation-number N-oxides are
usually irreversible; some, however, can be reversed in
vivo by the action of cellular reductive pools. The same
is true for [FeS], [ZnS] clusters, and copper-containing
proteins. S-nitrosylations of free thiols and proteins
often appear reversible and can therefore be part of
intra- and intercellular signalling (see the review by M.
C. Broillet in this issue). In contrast, tyrosine residue
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nitration seems irreversible in vitro, leads to enzyme
inactivation, and has been linked to many pathologies.
Some degree of reversibility of protein nitration could
occur in vivo.

In fact, concentrations of reactants and their targets are
somewhat difficult to estimate in cells and organelles.
Interesting attempts have been made to estimate the
action range or ‘target areas’ of given compounds and
to draw some conclusions about which chemical or
biological effects might be expected to occur in one cell
type rather than another, and thus establish their bio-
logical relevance [2, 16]. The target area around the
source of a compound is defined by the product of its
initial or steady-state molar concentration and the sec-
ond-order rate constant for its reaction with a second
compound (although expressed in s —!, Crow and Beck-
man chose this expression of area as a conceptual
image) [16]. Comparison of target areas can hint at the
relative importance of two competitive reactions [16].
Given research work and time, many of these crucial
considerations will probably be revealed as pertinent to
cellular compartmentation and to specific cell types.

Oxygen, superoxide, and NO play blind man’s bluff
around hemoproteins

The reactions of NO with O,, in gas phase and in water
solution, are now well established, following rather slow
third-order kinetic laws, leading to ONOONO, NO,-
and N,O; as oxidation intermediates, although the ac-
tual mechanisms are still under discussion [17-20]. The
reaction appears to be much more rapid (300-fold)
within biological membranes [21].

The reaction of NO with the superoxide anion or its
acid form also appears now to be clear-cut with general
agreement on a diffusion-limited rate constant (6.7 x
10° M~ ! s 1) (see the review by C. Ducrocq et al. in the
present issue). The oxidizing and nitrating properties of
the ONOO ~/ONOOH produced seem to be highly
dependent on the presence of redox-active iron. An
important conclusion was reached by Miles et al. [22],
showing that ‘in the absence of iron, equimolar fluxes of
NO and Oj; ° interact to yield potent oxidants such as
ONOO ~/ONOOH.’ Furthermore ‘excess production of
either radical remarkably inhibits these oxidative reac-
tions’ [22]. These effects could have extremely variable
consequences, depending on optimal conditions and on
the cells producing NO and O, * and on any nearby
target cell. The half-life of peroxynitrite is of the order
of 1 s under physiological conditions, which is consid-
ered short-lived by some and relatively long-lived by
others! Thus it seems obvious that in vitro experiments
making use of peroxynitrite given as a bolus at high
concentrations cannot be transposed in a straightfor-
ward manner to in vivo conditions. Another reaction
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producing peroxynitrite, that of molecular oxygen O,
with the nitroxyl anion NO ~, is not often considered
because its rate is estimated to be a 100-fold slower
(5.7 x 10" M~ s~ 1) [23]. But knowing that O, concen-
trations could be many orders of magnitude higher than
that of O, °, and that O, can diffuse freely, the forma-
tion of NO~ in vivo could also be important for
cellular ONOO ™~ production. The reaction of nitrite
anion with hydrogen peroxide could also produce
peroxynitrite.

The fate and the kinetic rates of diffusion of the
ONOO ~/ONOOH system across phospholipid mem-
branes as compared to water solutions [24, 25] and its
decay are still under active discussion, particularly con-
cerning the involvement of highly reactive radical inter-
mediates [26—31]. The existence of the CO,-adduct of
peroxynitrite could well modify our views of peroxyni-
trite oxidation and nitration reactions [32—34]. All this
is further complicated by the involvement of buffer
composition and metal-catalyzed reactions [35, 36] (see
the review by C. Ducrocq in this issue).

This basic versatility of NO and N-oxide chemistry has
important consequences for many enzymatic systems. A
fascinating example is that of NO synthases (NOSs)
which have O, as one obligatory substrate, NO as one
main product and as an inhibitor/regulator, and NO ~
and O, ° as by-products under various conditions. All
these ‘mildly reactive’ compounds, with low redox po-
tentials, co-exist within rather short distances, perhaps
of the order of the size of the enzyme dimer, but yield
highly oxidative, nitrosating, and nitrating agents. Such
complexity is frightening and discouraging. However,
there is no doubt, given the current outpouring of
results, that a clear picture of the intricate regulations of
NOS systems will appear soon [20, 37-41] (see the
review by J.-L. Boucher et al. in this issue).
Analogous problems have to be recognized for other
heme-containing systems, also depending on O,, NO
and O, °, dioxygenases and monooxygenases, such as
L-tryptophane 2,3-dioxygenase and indoleamine 2,3-
dioxygenase, prostaglandin H synthase (cyclooxyge-
nase), and P-450 monooxygenases. The same is true of
mononuclear iron-containing dioxygenases, such as
lipoxygenases or phenolytic dioxygenases [42, 43]. Binu-
clear iron-containing enzymes have also been widely
studied, particularly ribonucleotide reductase, a rate-
limiting enzyme in DNA synthesis, whose reversible
inhibition induces cell cytostasis [44] (see review by O.
Guittet et al. in this issue). A final example, which we
will review in this paper, is cytochrome ¢ oxidase (CcO),
particularly the most studied, mitochondrial cy-
tochrome aa;.

Keeping in mind this introductory discussion, we shall
now review the most recent data involving two hemo-
proteins, hemoglobin (Hb) and soluble guanylate cy-
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clase (sGC), both directly involved in oxygen transport
at quite different levels. We shall also try to explain
some of the observed effects of NO and related N-ox-
ides on the mitochondrial respiratory chain, mostly
through the interaction with CcO.

Hemoproteins as targets of NO

NO reacts with hemoproteins in the ferrous, ferric, and
ferryl (Fe*+ =0) forms, with widely different kinetics.
While the association (on) rate constants of NO with
ferrous hemoproteins vary little between 107 and 10®
M~ !s—! those with the ferric forms are usually slower
by many orders of magnitude (10>-~107 M~! s—1).
Differences of several orders of magnitude also exist in
the dissociation (off) rate constants, dissociation being
faster from ferric nitrosyl-hemoproteins. These differ-
ences often reflect whether the heme is penta- or hexa-
coordinated. NO is sometimes able to reduce ferric
hemes, such as that of metHb, but this is not a general
property, and probably depends on the redox potential
of the hemoprotein considered. As we shall see, excep-
tions to the general rules just mentioned, reflect enzyme
specificity; the best example appears in the comparison
between Hb and sGC.

NO reactions with Hb

Hb has long been considered a prototype of hemo-
proteins and NO has been a useful paramagnetic ana-
logue of O,, leading to compounds observable by
electron paramagnetic resonance (EPR) spectroscopy.
This point has been reviewed several times [45-50]. NO
binds to the heme of deoxyHDb in vitro very rapidly
(1 x108-2 x 107 M~! s~ 1), depending on the R (‘re-
laxed,” oxy, ‘high-affinity’) and T-(‘tense,” deoxy, ‘low-
affinity’) states, respectively, and dissociates slowly
(10=° and 10-3 s~ !, respectively), corresponding to
rather long ‘half-residence times’ of NO on heme iron,
ranging from 20 h to 12 min, respectively. As a conse-
quence, hybrid Hb tetramers such as «(Fe-NO),f (Fe-
deoxy), (T state) and «(Fe-NO),f(Fe-O,), (R state)
have been observed both in vitro [45, 46, 51] and in vivo
in animal models of e.g., pathological states, septic
shock, autoimmune diseases, organ transplantations,
and vascular diseases [45, 52—54]. The proportion of
accumulated HbNO detected in red blood cells (RBCs)
is certainly minor compared to their Hb content; its
detection merely indicates NO synthesis in generator
cells (e.g., macrophages, hepatocytes) and transfer to
RBCs, in a given pathology.

The preferential binding of NO to o heme within the
Hb tetramer and the consequences of this for allosteric
properties [51, 55] may have only negligible direct ef-
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fects on in vivo O, affinity because with NO in the 0.1
to 10 uM range, the hybrid nitrosylated Hb concentra-
tion accumulated in RBCs would probably be small
(less than 100 uM compared to a 20 mM total heme
concentration). A similar conclusion can be suggested
for the S-nitrosylation of Cysf93, which has been
evoked as demonstrating a role for NO in O, transport,
regulation of blood flow and delivery of O, to tissues
[56—58]. The amount of accumulated S-nitrosylated Hb
would have to be large to act effectively on O, transport
in vivo. Note that models implying the release of NO
from an «-subunit heme iron and its binding on Cysf93
imply both redox and NO transport processes.
Finally, bearing in mind that through the arterio-
venous cycle, a mean of three to four of the Hb heme
sites are oxygenated, the very rapid NO-induced oxida-
tion of HbO, to metHb and nitrate, with a proposed
peroxynitrite intermediate (3—5 x 10’ M~ ' s~ 1), allows
for the main catabolic pathway of NO in blood [59].
MetHb is rapidly turned over in RBCs by the metHb-
reductase (cytochrome b, reductase) system [60]. The
reaction of peroxynitrite with HbO, is more than three
orders of magnitude slower (1 x 10* M~! s—1); its con-
tribution to metHb formation should thus be negligible
[25].

These rate constants measured in vitro could, however,
give a false picture of what happens in whole blood.
From the above-mentioned rate of HbO, reaction with
NO, and given the Hb concentration in RBCs (30-36%,
that is 20 mM heme), the NO half-life within a RBC
would be of the order of 2 ps, quite outside the range of
action of free NO as endothelium-derived relaxing fac-
tor (EDRF). In fact, Liu et al. [61] have shown that the
apparent rate of the above reaction is considerably
slowed by the rate of NO diffusion into the cell, the
estimated half-life in whole blood being increased a
1000-fold to less than 2 ms, still more than a 1000-fold
shorter than the half-life implied in an EDRF function.
An attempt at modelling the NO concentration in blood
vessels, taking into account all the above-mentioned
reactions with Hb and the limit of NO dissociation
from sGC (0.25 uM) (see below), led to the following
conclusions: the effective diffusion distance of NO is
heterogeneous in the arterio-venous cycle depending on
the vessel diameter, the apparent rates of reactions of
NO with Hb within RBCs are much slower than in vitro
and, finally, ‘the microcirculation is the optimal site for
NO to exert its regulatory function’ [62]. The two recent
papers by Liu et al. [61] and Vaughn et al. [62] are very
fine attempts at reconciling in vitro and in vivo data.

NO binding to sGC
Following the discovery of the activation of sGC by
e.g., nitroglycerin, sodium nitrite and nitroprusside by

NO and hemoproteins, roles in mitochondria

Murad’s group (1975), the effect of NO gas itself [63]
was actively studied by many groups, particularly those
of Murad (1977) and Ignarro (1979), prior to the dis-
covery of EDRF by Furchgott and Zawadski (1980).
The elaboration of new purification procedures for sGC
by Marletta and coworkers, and a few other groups,
raising its NO activation up to 400-fold [64, 65], and the
early proposed models for this activation process [66—
68], have led to recent progress in understanding this
mechanism. sGC is an «ff heterodimer containing b-
type heme, with a stoichiometry of 1.5 hemes per het-
erodimer, suggesting that the native enzyme contains
one heme b per monomer [69]. In contrast to its binding
to Hb subunits, heme b is very labile in sGC and its site
on the f subunit seems to be quite unique and totally
different from that of known hemoproteins. In the
ferrous state of unactivated sGC, the heme is high-spin
pentacoordinate with a likely His residue (Hisf 105) as a
proximal ligand. This reduced heme » does not bind O,
and is not autoxidizable. It readily binds NO to form a
pentacoordinate heme-NO complex, thus breaking the
probable imidazole-iron bond trans to NO [64]. This
was confirmed by Raman resonance (RR) and EPR
spectroscopy of the ferrous-['*N/"*N]nitrosyl complexes
of sGC [70-72]. A minor hexacoordinated heme-NO
component is, however, observable by EPR which
could well involve another His residue, supposing a
bis-imidazole enzyme intermediate [70]. Ferric sGC has
an unusual high-spin heme complex with a rhombic
symmetry, with weak affinities for ligands [65]. It re-
tains a low enzymatic activity. This state probably has
nothing to do with sGC activation by NO.

As indicated by the ultraviolet (UV)-visible spectra, the
sGC nitrosyl-heme complex is formed during in vitro
activation in the presence of GTP at low concentrations
of NO (~ 8 pM NO in solution in the presence of 0.4
uM sGCQC) [71]. Stone and Marletta [73] have reported
the rates of NO binding to the reduced heme of sGC
measured by stopped-flow spectrophotometry. They
proposed in a model that the enzyme is found in two
populations (of 28% and 72%), with NO first binding
very rapidly (7 x 108 M~ ! s~ 1) and reversibly (800 s ')
to heme to form a hexacoordinate complex, which
converts by two different slower (20 s—! or 0.1-1 s—!
depending on the enzyme state) reversible processes into
a pentacoordinate nitrosylated complex. This model
also suggests extra binding of one molecule of NO to a
non-heme site within the enzyme. An upper limit for the
equilibrium dissociation constant of NO for the activa-
tion of the enzyme was estimated to be 0.25 uM, four
orders of magnitude lower than the mean dissociation
of NO from Hb in vitro [73]. In fact, the dissociation
rate of NO from sGC is increased in the presence of
substrate GTP, Mg?*, and product cGMP, by two
orders of magnitude, from k,,,=6 x 10=% s~ ! to 4 x
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10-2 s~ !, the fastest NO dissociation rates from a
ferrous hemoprotein [74, 75]. This would correspond to
a half-life for NO dissociation, extrapolated from 20 °C
measurements to 37 °C, of 2 min and 5 s, respectively.
The influence of GTP and ¢cGMP can be explained by
the proposal, based on RR spectroscopy, that either of
them could bind to the distal side of the heme close to
bound NO [76]. This finding was fully confirmed by
experiments on the truncated heme-bound /1 N-termi-
nal recombinant fragment of sGC (f1-385), able to
bind NO both under hexa- and pentacoordinated forms
[77, 78]. UV-visible and EPR spectroscopic results by
Zhao et al. [78] confirm that NO binding to sGC not
only leads to the cleavage of the trans Fe-His bond but
induces a conformational change which opens the heme
proximal pocket significantly. Comparisons with nitro-
sylated-heme model systems and other hemoproteins do
not readily explain the unique activation process of
sGC by NO [66-68, 74, 75].

NO as a modulator of mitochondrial functions

Among the first roles recognized for L-arginine-derived
NO were its effects on some mitochondrial functions,
mitochondrial aconitase, and complexes I, IT and IV of
the electron transport chain, in various cell types, such
as macrophages, tumor cells, and hepatocytes [79—-86].
Other results obtained since 1994 have demonstrated a
reversible inhibition, at low levels of NO, of the last
component of the respiratory chain, CcO. These find-
ings led to reappraisals of previous data, of the exact
nature of molecular targets and mechanisms involved,
and to controversial points of view with respect to their
biological relevance (see above). Although quantitative
data obtained under physiological conditions are scarce,
it is generally admitted that mitochondria produce su-
peroxide in vivo. Competition between NO and perox-
initrite effects on the wvarious targets are under
discussion, the question centering on the diverse com-
partments in which the reactants NO and O, ° are
produced. Other mitochondrial targets involving e.g.,
cellular Ca?* homeostasis, creatine kinase and ¢cGMP-
dependent protein kinase have been suggested [87, 88].
All these alterations of mitochondrial functions have
been proposed as being implicated in some neurodegen-
erative diseases and ischemic pathologies [§9-92].

Biosynthesis of NO in mitochondria

Evidence, making use of monoclonal antibodies against
endothelial NOS, has been presented for the localiza-
tion of a mitochondrial NOS (mtNOS) in rat liver,
heart, skeletal muscle, and kidney mitochondria [93,
94]. The existence of such a mtNOS activity has recently
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been confirmed in rat liver mitochondria and is associ-
ated with the inner mitochondrial membrane; it is Ca?*
dependent [95]. The actual production of NO was
demonstrated by spin-trapping and EPR spectroscopy,
in percoll-purified rat liver mitochondria, in mitochon-
drial homogenates, and in a crude preparation of NOS
[96, 97]. Purification of mtNOS and cross-reactivity
with monoclonal antibodies against macrophage NOS
suggested some similarities with inducible NOS [97].
The presence of a functional mtNOS may have impor-
tant implications in energy metabolism and mitochon-
drial respiration.

Interactions of NO with cytochrome ¢ oxidase

Since the early findings, based mostly on spectroscopic
methods, that NO interacts with CcO, kinetic studies
have helped to discriminate various mechanisms. These
in turn have allowed interpretation of the reversible
functional inhibition of CcO observed more recently
both in vitro and in vivo.

The target, CcO (cytochrome aa;). CcO is a member of
the heme-copper cytochrome oxidase superfamily of
redox-driven proton pumps, that uses cytochrome c as
substrate and is found in mitochondria (the prototype
being bovine heart) and many bacteria.

CcO is a complex integral membrane protein made of
two or three subunits in bacteria and of 13 dissimilar
subunits in mammals. They all contain two inequivalent
hemes a and two inequivalent copper centers. The elec-
trons enter CcO, imbedded in the 40-A-thick mitochon-
drial inner membrane, from the cytosol side and the
protons consumed are taken up from the matrix side.
All four redox-active metal centers participate in the
catalytic activity, with different specific functions. Cy-
tochrome a which contains a hexacoordinate low-spin
heme a and Cu, participates in the electron flow from
reduced cytochrome ¢ to the O,-binding site, formed by
the binuclear cluster, cytochrome a;, a high-spin heme
in both the oxidized and reduced forms of CcO, and
Cug.

In the resting ferric state, the heme «; is strongly anti-
ferromagnetically coupled to Cuy yielding a net S=2
paramagnetic state, which does not exhibit any EPR
signal with conventional instrumentation. In the re-
duced state, heme a; is high-spin ferrous and also S =2.
On the open side of heme a; lies Cuy with three His
residues as ligands. While heme a; and Cu; interact
magnetically and behave as a unit, heme a exhibits an
anti-cooperative interaction with heme a; and Cug,
while Cu, interacts allosterically with heme a; NO
binding to these various metal sites has been character-
ized both structurally, by EPR, UV-visible, infrared
(IR), and RR spectroscopic methods, and kinetically,
by stopped-flow and double-mixing experiments [for a
review see ref. 42].
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NO binding to reduced CcO. When hydroxylamine
NH,OH is added aerobically to oxidized CcO, heme a;
is reduced and a heme a3 -NO complex is formed. A
characteristic EPR spectrum of the heme a3*-NO moi-
ety is obtained when CcO is reduced by dithionite with
authentic NO or by ascorbate in the presence of nitrite,
or when mitochondria are reduced by succinate in the
presence of NO.

NO binding to heme a3 in fully reduced CcO is, as that
of O,, very fast (0.4—1 x 108 M ~1 s~ 1) [98]. In fact, the
cytochrome a3+ -Cug binuclear center seems to be in-
volved [99], and NO dissociates relatively fast from this
center (0.13 s—'), then reactivating the enzyme [100].
Reversal of enzyme NO-induced inhibition by O, does
not seem to involve a reaction with the a3+ -NO complex
but simply NO dissociation. These rate constants pro-
vided a clue to the mechanism of CcO inhibition by NO,
at nanomolar levels (see below), and its reversal by O,
under steady-state conditions [100]. Reaction with a
partially reduced cytochrome a;-Cug binuclear center
may also be involved, implicating oxidized Cug. Inhibi-
tion by NO occurs during turnover by binding to ferrous
cytochrome a3, and is dependent on the oxygen concen-
tration (see below) [101]. It appears that NO and O,
compete for the same site, ferrocytochrome a; This
means that NO at low physiological nanomolar concen-
trations can act as an effective regulator of the mitochon-
drial respiratory chain, under physiological conditions
where the O, concentration is low [101-103].

NO binding to oxidized CcO. NO also binds to ferric
CcO as measured by the appearance of a rhombic
high-spin EPR signal assigned to uncoupled heme a3 .
The binding is totally reversible as the high-spin signal
disappears upon NO removal. The half-binding NO
pressure is 65 mmHg, i.e., ~ 170 uM. It suggests that NO
coordinates to Cu3*and breaks the anti-ferromagnetic
couple by forming a heme a3*-Cuj*-NO complex. The
formation of a bridged complex a3*-NO-Cu3* would be
irreversible, in contrast to that of the a3+-Cu3*-NO
complex [104—-106]. These reactions have probably little
impact on the reversible inhibition of CcO in mitochon-
dria (see below).

Reaction cycles catalyzed by CcO. The original observa-
tion that N,O evolved when a mixture of N5~ plus NO
was added to oxidized CcO was confirmed by use of N
nuclear magnetic resonance, mass spectroscopy and IR
spectroscopy, with different mixtures combining '“NO,
ISNO, N, and "N'¥N;~ [104, 105, 107]. Depending on
the redox state of the enzyme when NO or a mixture of
N, plus NO were added, three different catalytic cycles
were hypothesized, yielding either N,O, nitrite or possi-
bly NO, as an intermediate:

a3t Cug +2NO+2H+ - a3+ Cui* + N,O + H,0
a3 + N7 + NO—-da3* +N,O+ N,

NO and hemoproteins, roles in mitochondria

Cu* + NO + H,0>Cuyf +NO; +2H+
and a3+ Cu3* + NO + H,0 - a3+ Cuy + NO, +2H*

All these reactions were observed under strictly anaero-
bic incubation conditions. These reactions seem too
slow, some requiring hours, although CcO catalyzed, to
represent a true NO-reductase activity [108]. Similar
reactions occur with other copper-containing oxidases
[42, 43, 103].

The whole notion of respiration inhibition by NO should
be reconsidered in kinetic terms—some of which have
still to be measured or remeasured quantitatively—to
determine whether NO regulates the electron flows, or
merely competes with O, as electron acceptor, or really
inhibits aerobic respiration (see below). The controver-
sial production of anesthetic N,O could be of great
importance, because it is known to occupy sites in the
interior of CcO and to modify its turnover rate.
Inhibition or regulation of CcO. Complex IV was early
found to be significantly inhibited by L-arginine-derived
NO in murine activated macrophages and in tumor
target cells [80]. Results obtained since 1994 have shown
that in mitochondrial preparations from various cell
types, respiration is inhibited reversibly at the distal end
of the respiratory chain, CcO [101]. Incubation of rat
skeletal muscle mitochondria with S-nitrosoglutathione
and dithiothreitol reversibly inhibits CcO, determined
polarographically on intact mitochondria, but not com-
plexes I, II, and III, determined spectrophotometrically
on freeze-thawed mitochondria [89]. Cleeter et al. [89]
suggested that the inhibitions of complexes I and II
described by previous authors are dependent on differ-
ences in methodology, particularly in mitochondrial
preparations, and could be long-term effects due to NO
exposure rather than the reversible inhibition of CcO.
Similar conclusions were drawn by Cooper and Brown
[109], who suggested that CcO inhibition is the primary
event of brain cell respiration, in contrast to the inhibi-
tion of [FeS]-containing proteins of complexes I and II.
Another effect of NO on rat brain and liver mitochon-
dria is the reversible de-energization at low oxygen
tension which is paralleled by release and reuptake of
mitochondrial Ca?+ [110].

Similar experiments were carried out on rat brain synap-
tosomes, by following simultaneously NO and O, con-
centrations with two independent Clark-type electrodes,
one NO-electrode and one O,-electrode in the same
stirred vessel, for CcO activity measurements. Brown
and Cooper [101] estimated that inhibition by NO in
brain synaptosomes is competitive with O,, with half-in-
hibition by 270 nM NO at an O, concentration around
the 145 pM (as in arterial blood) and by 60 nM NO at
around 30 uM O, (around the tissue O, concentration).
The source was NO, either gas or released from
sodium nitroprusside under light, both in synapto-
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somes or isolated CcO, with similar results. These levels
of NO are within plausible physiological and pathologi-
cal ranges, suggesting that NO inhibition of CcO and
the competition with O, may occur in vivo [111]. NO
could regulate mitochondrial respiration across the O,
physiological range [111].

NO produced by the inducible NOS II pathway caused
a similar reversible inhibition of cellular respiration in
activated cultured Wistar rat astrocytes [112]. The two-
electrode method showed that the activated NOS II
produced a steady-state level of up to 1 uM NO which
caused respiration inhibition within the same time scale.
The respiration inhibition was rapidly reversed by addi-
tion of a NOS inhibitor or HbO,. A similar inhibition
was observed when astrocytes, not activated by lipo-
polysaccharide or interferon-y, were incubated with
pure exogenous NO. These effects on cellular respira-
tion could perhaps partly explain neuropathological
disorders, such as encephalitis, ischemia or multiple
sclerosis [112].

The above studies were confirmed with Wistar rat heart
or liver mitochondria exposed to different states
( = ADP) and functioning with various substrates, e.g.,
succinate, pyruvate plus malate, under the action of
NO-saturated water solutions [113, 114]. Similar results
were obtained on intact purified rat liver mitochondria
in which NO synthezised from mtNOS was monitored
by the reaction with HbO,, CcO activity, and O, con-
sumption measured by a Clark-electrode [115]. The
dependence of CcO respiration on mitochondrial
NADPH, ADP and substrates, on L-arginine and on an
mtNOS inhibitor (N“-monomethyl-L-arginine) confir-
med a role for NO as a physiological regulator in intact
mitochondria [115].

A very important article reported the kinetics of the
inhibition of isolated brown fat mitochondria by NO,
and provided for the first time a quantitative mecha-
nism of respiration inhibition [116]. The K; of NO for
respiration was ~ 27 nM, with the ICs, of NO increas-
ing in proportion to the square of an increase of O,
tension. The K., of O, for respiration was ~ 16 uM and
in the presence of NO, the dependence of respiration on
O, tension had a Hill coefficient close to 2. CcO seems
therefore to be able to use two NO or only one O, as
electron acceptor. The presence of NO induces a ‘pseu-
docooperative interaction’ between O, and the respira-
tory system, explaining the extreme sensitivity of
respiration to decreasing O, tension in the presence of
physiological levels of NO [116].

Other targets of NO within mitochondria

We have already mentioned the effects of L-arginine-
derived NO on other mitochondrial functions, particu-
larly in macrophages and tumor target cells [79-86].
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Effects on mitochondrial respiration components. Most
of the five components of the mitochondrial respiratory
chain in mammal cells contain [FeS] clusters. We have
mentioned complex I (NADH-ubiquinone oxidoreduc-
tase) containing five [2Fe-2S], three [4Fe-4S] clusters
and one flavin mononucleotide site within a complex of
25 unlike proteins, and complex II (succinate-
ubiquinone oxidoreductase) containing within four dif-
ferent polypeptides, two [2Fe-2S] and one [4Fe-4S]
clusters, a flavin adenine dinucleotide site and a cy-
tochrome bs,. Complex III (ubiquinol-cytochrome c¢
oxidoreductase) contains within nine to ten unlike
polypeptides, one [2Fe-2S] Rieske cluster, two cy-
tochromes b and one cytochrome c. Finally complex IV
is CcO and complex V is ATPase. Thus the respiratory
chain offers a host of 40 different potential metal
targets for NO, altogether eight [2Fe-2S] clusters, four
[4Fe-4S] clusters with different stoichiometry and in
different proteic environments, two hemes a, three
hemes b, one heme ¢ and two copper sites. In contrast
to the interaction of NO with complex IV (see above),
very little is known of the molecular processes involved
in the interaction of NO with complexes I and II.

The study of cytotoxic activated macrophages as a
component of the immune response contributed to the
discovery of the L-arginine-NO pathway. The earliest
and best characterized cytostatic effect of activated
macrophages was the inhibition of [FeS]-containing en-
zymes, particularly those involved in mitochondrial res-
piration. Citrate-dependent respiration (aconitase) is
inhibited first (z,, ~ 4 h), followed by the inhibition of
mitochondria complex I (7,, ~8 h) and complex II
(1, ~ 14 h), while complex III with a [2Fe-2S] Rieske
cluster remains unaffected (see the review by Hibbs et
al. [84]).

These results were extended using EPR spectroscopy,
which demonstrated that L-arginine-derived NO could
bind to [FeS]-cluster-containing proteins, forming an
EPR signal now assigned to Fe'(NO),(SR), complexes.
This offered an explanation of the observed inhibition
of mitochondrial aconitase, a [4Fe-4S]-containing en-
zyme of the Krebs cycle, and of complexes I and 11117,
118]. It also demonstrated that NO synthesized in
macrophages could reach cocultured tumor cells and
inhibit these same enzymes in the target cells [86]. Later
comparisons between the respective roles of NO and
peroxynitrite have led to controversial points of view,
and we will discuss, successively, [FeS]-cluster-contain-
ing respiratory components, and cytochrome c.

The respective roles of NO and peroxynitrite. Fe'-
(NO),(SR), complexes can be stable and reversible, and,
at least in the case of aconitase and other dehydratases,
the iron-sulfur cluster may also be disrupted by the loss
of a labile iron (Few). This effect of NO, and/or NO-
derived oxides, is similar to those of e.g., O,, O, on
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this cluster, forming a [3Fe-4S] cluster, which leads to
enzyme inactivation. In vitro experiments on purified
and iron-reactivated aconitases showed that, in fact,
NO formed a reversible iron-nitrosyl complex and
caused only a transient inhibition and no cluster disrup-
tion [15, 119, 120]. On the other hand, according to the
same authors, peroxynitrite reacts with aconitase (1.4 x
10° M ~!s— 1), and causes both a cluster disruption and
irreversible aconitase inhibition. Similar effects of per-
oxynitrite were observed on Escherichia coli dehy-
dratases [121].

In cellular systems, the iron-sulfur clusters can be re-
versibly repaired. New results, obtained in vitro by
measurements of enzymatic activity and EPR spec-
troscopy on cytosolic and mitochondrial purified aconi-
tases, confirmed the earlier results obtained with cell
cultures, that NO itself under anaerobic conditions in-
hibits both aconitase forms [122]. Similar results were
obtained on purified electron transport complexes, suc-
cinate-cytochrome ¢ reductase, succinate-ubiquinone re-
ductase, and ubiquinol-cytochrome ¢ reductase,
supporting the early results of Drapier and Hibbs, and
others [123]. Enzyme purity, an effect of the enzyme
iron-reactivation, sensitivity to pH, and other unknown
factors could explain these discrepancies between the
results of different groups [122, 124]. Other cellular
factors, such as the effects of glutathione and other
thiol pools, or glucose, could also intervene in the
distinct effects of NO and peroxynitrite [125-127]. In
particular, NO effect on mitochondrial complex I could
be accounted for by its S-nitrosylation, which is in no
way incompatible with Fe!(NO),(SR), complex forma-
tion [127].

Although the various results on the effects of NO and
N-oxides on mitochondrial functions are often pre-
sented as being exclusive and incompatible, it is highly
probable that a better understanding of experimental
conditions and of the time scale of the observed effects
will help in describing a full picture of what is occurring
in organelles and cells. While NO may regulate cell
respiration physiologically by its rapid and reversible
action on complex IV, long-term (hours) exposure to
NO leads to persistent inhibition of other mitochondrial
functions, e.g., aconitase, complexes I and II, which
may be reversed or otherwise lead to cell pathology. NO
and peroxynitrite have differential roles to play in these
respects.

Cytochrome ¢. Cytochrome ¢ was, with Hb, one of the
first nitrosylated-hemoproteins characterized by EPR
spectroscopy [128]. One axial ligand Met80 is replaced
by NO both in the ferric and ferrous forms, while the
other Hisl8 remains heme bound [129]. The diamag-
netic nitrosylated-ferricytochrome ¢ complex does not
seem to be auto-reducible by NO as is that of metHb
[130]. The affinity of NO for native ferrocytochrome c is

NO and hemoproteins, roles in mitochondria

8.2 x 10~ M in anaerobic conditions at pH 7 (10 °C).
A recent paper by Sharpe and Cooper [131] clarifies
some of these reactions. Under aerobic conditions, NO,
followed by a NO-electrode, reacts slowly (200 M !
s~ 1) with ferrocytochrome c¢ to yield irreversibly ferricy-
tochrome ¢ and the nitroxyl anion NO —, which reacts
further with dissolved O, to form peroxynitrite, as as-
sayed by dihydrorhodamine-123 oxidation. The forma-
tion of NO ™~ is in agreement with the redox potential
difference: E} = 4390 mV for the NO/NO~ couple,
versus + 250 mV for the ferri/ferro couple of cy-
tochrome ¢. NO binds slightly more rapidly to ferricy-
tochrome ¢ (1.3 x 10> M~! s—1!) and also dissociates
slowly (0.087 s~ ). The dissociation constant K, mea-
sured by direct optical observation, of 22 uM is a third
of the ratio of the off over on rate constants (66 uM).
These constants are within the physiological range of
concentration for cytochrome ¢, the substrate of CcO.
These reactions could have an impact both on the
inhibition of CcO by NO, which occurs at very low NO
concentrations, and on the binding of NO~ by CcO
[131]. They could also be relevant to the observation of
cytochrome ¢ release into the cytoplasm during
apoptosis.

Conclusion

Hemoproteins are primary targets of NO, which can
thus exert many different biological functions, the re-
versibility of its effects allowing fine biological regula-
tion. Other N-oxides, particularly peroxynitrite, also
play important roles, often leading to irreversible and,
thus, drastic biological effects. Comparison of the inter-
actions of NO and other N-oxides with Hb, sGC, NOS,
CcO and cytochrome ¢ offers a nearly complete survey
of their chemical and biological versatility.
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