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ABSTRACT. The reactions of nitric oxide (NO) with the turnover intermediates of cytochromeadase

were investigated by combining amperometric and spectroscopic techniques. We show that the complex
of nitrite with the oxidized enzymeQ) is obtained by reaction of both the “peroxyP)(and “ferryl” (F)
intermediates witlstoichiometricNO, following a common reaction pathway consistent vittheing an
oxo-ferryl adduct. Similarly to chloride-fre®, NO reacted withP andF more slowly k ~ (2—8) x 10*

M~ s71] than with the reduced enzymé& & 1 x 10® M~ s71). Recovery of activity of the nitrite-
inhibited oxidase, either during turnover or after a reduction-oxygenation cycle, was much more rapid
than nitrite dissociation from the fully oxidized enzyntg,(~ 80 min). The anaerobic reduction of nitrite-
inhibited oxidase produced the fully reduced but uncomplexed enzyme, suggesting that reversal of inhibition
occurs in turnover via nitrite dissociation from the cytochroage Cug site: this finding supports the
hypothesis that oxidase may have a physiological role in the degradation of NO into nitrite. Kinetic
simulations suggest that the probability for NO to be transformed into nitrite is greater at low electron
flux through oxidase, while at high flux the fully reduced (photosensitive) NO-bound oxidase is formed,
this is fully consistent with our recent finding that light releases the inhibition of oxidase by NO only at
higher reductant pressure [Sarti, P., et al. (20Bi@chem. Biophys. Res. Commun. 2783].

Nitric oxide (NO) is a signaling molecule involved in many species, having both metalg{-Cus) either in the oxidized
biological processes [smooth muscle relaxation, inflamma- (O) or in the reducedR) state, other intermediates with only
tion, neurotransmission, apoptosis, ett)].(This versatile one electron in the binuclear sité)(or with partially reduced
second messenger is enzymatically produced by the NO-oxygen bound [so-called “peroxyP} and “ferryl” (F)] have
synthase(s) also in the mitochondrid),(where it attacks a  been characterized. Recently, the term peroxy for Phe
number of targets, including cytochromexidase (COX) intermediate was found to be incorrect, since evidence was
(see refs3 and 4 for reviews). The interaction with COX  provided thatP is an oxoferryl adducti1—14) stabilized
leads to an efficient but reversible inhibition of cell respira- by a nearby protein radical, presumably on Tyr-248){(
tion, which may have patho-physiological relevance also in the latter residue, required for catalysi$y; is cross-linked
view of the recent finding that NO endogenously produced to one of the Cp ligands, His-240, as revealed by crystal-
in cultured cells controls mitochondrial energization even lographic (7—18) and peptide sequencing dated).

in the absence of exogenous stimu).( Two general problems concerning the interaction of NO
Cytochrome ¢ oxidase, the terminal enzyme of the \ith COX are under active investigation: (i) the mechanism
respiratory chain, catalyzes the reduction of oxygen to water, of inhibition by NO 0—21) and, perhaps equally important
a reaction coupled to proton translocation across the innerfrom a physiological viewpoint, (i) the involvement of COX
mitochondrial membrane (see réfand7 for reviews). TWo i the metabolism of NO via a reductive or an oxidative
of the four redox centers of COX, &and cytochromey, pathway. In this context, we showed that eukaryotic COX
are involved in delivering the electrons donated by cyto- is unable to catalyze the reduction of NO teQ\Nunder
chromec to the cytochromes—Cug binuclear site, which  reducing anaerobic condition€3), contrary to Thermus
binds G, CO, and NO in the reduced state. A number of thermophilusoxidases23). To be fully addressed, however,
species have been identified during the reaction witu@  these issues require a detailed characterization of the reaction

characterized by time-resolved Resonance Raman spectrosof NO with the catalytic intermediates of COX, and this is
copy B, 9, and see ret0for a review): beside the extreme basically the object of this study.

TWork partially supported by Ministero dell’ Universita della until 1997, fully reduced COXR) was the only species
Ricerca Scientifica e Tecnologica of Italy (Programma di Ricerca known to react rapldlly with NO by b[rldl[llg to ferrous
Scientifico Interuniversitario Nazionale “Bioenergetica e Trasporto di  Cytochromeas very rapidly k=1 x 10 M~1s71(24)], and
Membrane” to P.S. and Prg. Biotecnologie 5%-Neuroscienze). with high affinity (Kq = 2.5 x 107** M, at 20 °C). The
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4450291. Fax: 39-06-4440062. E-mail: maurizio.brunori@uniromal.it. scenario changed when it was discovered that NO can readily

1 Abbreviations: COX, cytochrome oxidase: Hb, human hemo-  react also with oxidized GA'intheO snecieSZS_), pfOVided
globin. the enzyme was freed from C(26); this reaction is much
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slower k = 2 x 10° M~ s71) than combination of NO to
ferrous cytochromeg and involves donation of 1 electron
from NO, with conversion of NO into NO and thereby
NO,~ by reaction with OH. Wilson and co-workers2{7)
reported that NO also reacts withand F and suggested
the overall reaction shown in Scheme 1.

This model is of general interest for cell physiology
because it implies a specific role of COX in the oxidative
degradation of NO into harmless nitrite. All together, the
above findings have suggested that two different inhibition
pathways may exist, one based on the formation of the
cytochromeag?"-NO derivative, the other on the accumula-
tion of the nitrite-bound enzyme. In addition, experimental

~
NOy

evidence has been very recently collected showing that these \y/nen necessary

two inhibition mechanisms can both be operative, depending
on the electron pressure on CO28]. With the aim of fully
understanding the mechanism(s) by which COX is inhibited
by NO, we have investigated the reaction of NO with the
catalytic intermediates of COX by spectroscopic and am-
perometric techniques. We provide evidence that, contrary
to prediction of Scheme 1, the reaction of eitResr F with
stoichiometric NO leads to the nitrite-bound COX in the
oxidized inhibited state. A modified version of Scheme 1 is
therefore proposed, based on the recently discovered identi
of P as an oxo-ferryl adductl{—14). Since we show that
nitrite is a reversible inhibitor of oxidase, the possible
physiological relevance of these reactions is also discussed

EXPERIMENTAL PROCEDURES

Materials. Horse heart cytochrome, ascorbate, ruthe-
nium(lll) hexamine, nitrite, and EDTA were from Sigma (St.
Louis, MO); dodecyls-p-maltoside from Biomol (Hamburg,
Germany); hydrogen peroxide from Merck (Darmstadt,
Germany). Concentration of hydrogen peroxide was deter-
mined using the extinction coefficieaso = 40 M~ cm™1.
Stock solutions of NO (Air Liquide, Paris, France) were
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Formation of P and F. Formation and stability of these
species were assessed spectrophotometri&liyas gener-
ated by oxygenation under intense illumination of the mixed
valence-CO enzyme 1), as obtained by anaerobic incuba-
tion of COX under 1 atm CO for 3 h. The yield ofP was
determined using the extinction coefficiefiégo7-630) = 11
mM~t cm! relative toO (32) and was always-90%. In
HEPES 0.1 M, pH 7.3, containing 0.1% (w/v) dodegyl-
p-maltoside P decays to th® state with a half time of+15
min.

F was formed by addition of 1 mM #D, to O; the yield
of F (about 76-80%) was determined using the extinction
coefficient Aesso-s30) = 4 MM~ cm™ relative toO (33).
Addition of 50 nM catalase to rapidly scavenge fregOb]
prevents the production d? occurring at low HO, con-
centration 83), and allows the observation of tlie— O
decay, with a half time~4 min.

COX samples were made anaerobic by
diluting (= 10-fold) concentrated (air-equilibrate@) P, and

F in a Nx-equilibrated buffer; the final solution was then
rapidly degassed and furtherddquilibrated. As assessed
spectrophotometrically, dilution of COX down to 200 nM
did not change the redox state of the enzyme.

Time-Resaled Spectroscopystopped-flow experiments
were carried out either collecting entire spectra with a
Durrum-Gibson instrument equipped with a diode-array

TN6500, Tracor Northern, Madison, WI) or following time
courses at single wavelength (DX.17MV, Applied Photo-
physics, Leatherhead, U.K.). The diode array has a light path
of 2 cm and can acquire up to 80 spectra of 1024 elements
with an acquisition time of 10 ms/spectrum. The single-
wavelength instrument (light patis 1 cm) can work in a
sequential mixing mode, allowing two sequential mixing
events with a pre-set delay time in between. Curve fitting
was performed with the software MATLAB (MathWorks)
and analysis of time-resolved spectra with the singular value
decomposition (SVD) algorithmB@). Experimental spectra
were fitted to linear combinations of reference spectra by
using the pseudoinverse algorithm.

NO Electrode Amperometric measurements of NO in

prepared equilibrating degassed water with the pure gas alsp|ytion have been performed under anaerobic conditions

1 atm and at 20C: the concentration of NO in solution
was 2.1+ 0.1 mM. Experiments were carried out in 0.1 M
K*/HEPES pH 7.3+ 0.1% dodecy|3-p-maltoside and at
20 °C (unless otherwise stated).

Cytochromec oxidase was purified from beef heart
according to Soulimane and Bus29). Prior to use, Cl was
removed by chromatography on a G25 column atCGl
immediately after dithionite reduction and subsequent re-
oxygenation of COX in the presence of 1 mM ferricyanide
(see ref26): the resulting chloride-free oxidized enzyme is
called O throughout. The enzyme concentration was deter-
mined uSiNgA€aasged-oy = 156 MMt cm™t and is expressed
as a functional unitgag). Human hemoglobin, used in some

experiments as a NO scavenger, was purified according to

ref 30; its concentration was determined spectrophotometri-
cally (esss = 12.5 mM™ cm™ in the deoxygenated state)

with a Clark-type electrode (ISO-NO, World Precision

Instruments, U.K.). The electrode was calibrated with

subsequent additions of NO-saturated water and, after
injection of COX in the different state€)( P, or F), the

NO concentration in the reaction chamber was monitored
as a function of time.

Kinetic SimulationsKinetic simulations were carried out
using a differential equations solver algorithm implemented
by Dr. Eric Henry (National Institutes of Health, Bethesda,
MD) running on a Silicon Graphics work station.

RESULTS AND DISCUSSION

We have extended previous investigations on the reaction
between the turnover intermediates of COX and N@),(
by exploring the effect on enzymatic activity. In particular,

and is expressed on the heme basis. The concentration ofVe attempted to answer the following questions: (i) what is

reduced cytochrome was measured USiNdessoed-ox) =
18.7 mMt cm™L. Static spectra were recorded with a double-
beam spectrophotometer (Jasco V-570) with a light path of
1cm.

the stoichiometry, the kinetics and the product of the reaction
of the intermediate$ and F with NO, and (ii) do these

2 This intermediate is actually callde, (see ref7 for details).
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FiGURe 1: Stoichiometry of the reaction of NO with the;O  activity of 1 uM COX in the P state (before and after addition of
intermediates. Amperometric measurements. (Top)®254M NO NO) is measured by mixing in the stopped-flow apparatus with 20
is added to the reaction chamber followed by anaerobic addition ;M cytochromec?* (plus 6M oxy-Hb to scavenge free NO, if
of 150 nMO; 200 nMF, and 150 nMP. In each case approximately  present). In the absence of NO, cytochrorfieis oxidized ak' =
stoichiometric (1:1) NO disappears from solution after enzyme 3.5 s as monitored at 550 nm. When stoichiometric NO is added
addition. (Bottom) The above measurements are repeated over thao P (~5 min after its formation), the activity drops by a factor of
decay time of eitheP or F (both plus and minus catalytic amounts 5 (K = 0.7 s%), and further addition of NO has very little additional
of catalase). The apparent stoichiometry observed in the reactioneffect (¢ = 0.55 s'%). (Bottom) The experiment shown in the top
with NO is plotted as a function of the occupancy of each panelis repeated starting with eitt@ror F. For each intermediate,
intermediate at the time of the addition to the NO solution. addition of either stoichiometric (1:1) or super-stoichiometric (2:
Occupancy of COX intermediates has been determined spectro-1) NO yields a 5-6-fold inhibition of COX, which is fully reverted
photometrically in parallel with amperometric measurements. by reduction (either with dithionite or ascorbate) and reoxygenation
Despite their decreasing occupancies HotndF react with NO of NO-treated COX. Interestingly, when 10 mM NOis added to
according to a 1:1 stoichiometry, similarly @ (26). 0, the enzyme shows a very similar inhibition pattern.

reactions lead to a reversible or irreversible inhibition of panel). The finding that each one of these spedBed( or
COX? On the basis of kinetic measurements carried out in F) reacts with just 1 NO is consistent withand F being
the presence of excess NO, it was proposed by Torres et alboth oxo-ferryl species.
(27) that, depending on the starting intermediate, the reaction To assess the effect of the reaction on the catalytic activity
with NO proceeds with different stoichiometries (and kinet- of P or F, the rate of cytochrome oxidation was measured
ics), as summarized in scheme 1. According to this model, before and after addition of NO. In these experiments, the
(i) NO behaves as a one-electron donor fdrand F, enzyme carried out about five turnovers and Hby@as
promoting theP — F andF — O transitions, respectively, added to the cytochrom&" syringe to scavenge possible
(i) NO reacts withP andF with maximal stoichiometry of  free NO. As shown in Figure 2 (top panel), addition of
3:1 and 2:1, respectively, and (iii) the nitrite formed in the stoichiometric NO tdP inhibits COX, the activity dropping
direct reaction of NO withP or F (but not withO), should to ~20%. A similar inhibition was obtained when starting
dissociate from the enzyme. with F or O, as well as after nitrite binding to the active site

Over the past few years, convincing evidence has been(Figure 2, bottom panel). These results suggest that the
provided that the so-calleB intermediate is an oxo-ferryl  endpoint species generated in the reactioR,df, or O with
adduct (1-14), stabilized by a nearby protein radical stoichiometric NO may be in all cases the fully oxidized
[presumably on Tyr-24415)]. Therefore, the one-electron enzyme complexed with nitrite, in line with the 1:1 stoichi-
reduction ofP by NO may in principle regenerate directly ometry measured amperometrically. Consistently, we have
the O state (and notF), provided that the electron is observed that starting with NO- or nitrite-treated COX, the
transferred to the F&=0 complex (and not to the nearby time course of cytochrome oxidation displays an initial
radical); one proton should also been supplied to maintain lag phase, compatible with a release of inhibition associated
electroneutrality (see re35). With this in mind we have  to turnover. Under all conditions, initial activity was fully
investigated the stoichiometry and the product of the reaction restored by a reduction-reoxygenation cycle of the inhibited
of the COX intermediateP andF with NO. enzyme (Figure 2).

Reaction o0, P, andF with NO: The Stoichiometry and To substantiate the hypothesis that the product of the
the Product.The experiments reported in Figure 1 show that reaction of stoichiometric NO witR, F, or O is the complex
P andF react with NO with a 1:1 stoichiometry similarly to  of nitrite with oxidized cytochromes;, we compared the
what demonstrated fdD (26). The same result is obtained difference spectrad-nitrite minusO) obtained statically by

when probingP andF during their spontaneous decay@o incubating Cl-freeO with large excess nitrite (the reaction
[F being measured both in the presence and absence ofvas completed in-10 min), with those observed kinetically
catalytic catalase to prevent formationRby residual HO, by mixing O, P, andF with stoichiometric NO (Figure 3).

(33)]. When dealing with mixtures oD, P, and F, the After subtraction of the contribution due to reduced cyto-
apparent stoichiometry is always about 1:1 (Figure 1, bottom chromea, the resulting kinetic difference spectrum matches



Nitric Oxide and Cytochrome Oxidase Intermediates Biochemistry, Vol. 39, No. 50, 2005449

in shape the static one, accounting foeB0—90% of the T T T T T 1
expected absorbance change. Thus, we conclude that, upon
reaction of stoichiometric NO witl®, P, and F, nitrite is 0,02
formed by one-electron oxidation of NO to NOand
subsequent hydroxylation. The smaller reduction of cyto-
chromea observed upon addition of NO ®andF can be
rationalized assuming that electron-transfer involves the 0,02
reduction of the oxo-ferryl adduct and thus, contrary to what
happens withO, cytochromea is not reduced. In so far as
this interpretation is correct, we assign the small reduction
of cytochromea observed withP and F (Figure 3) to the
unavoidable contamination @ in these samples.

On the basis of the results reported above and of the

AA

0,02

reaction between G&" and NO proposed by Torres et al. <
(27), the following scheme for the reaction &f, P, andF < ©
with NO may be written:
-0,02
Scheme 2
(0) Fe,™* Fe,2"
Cug™.OH + NO — Cup".HNO, %—%» Cu™. HNO,
®.F)Fe”  Feo” < 0.02
The novelty here is that addition efoichiometricNO to < 0

each one of the three stat€s F, or O) leads to the formation

of COX with nitrite bound to cytochromes#, preventing -0,02
further reaction with NO. The primary redox event is likely 1t
to be common to every intermediate and involves the one- N R A
electron reduction of Gyt by NO (25—27). The fate of 400 500 600 400 500 600
this electron, however, is different: in the casdPodr F, it A ( nm )

is transferred to the oxo-ferryl adduct, whereas starting from

0, the electron is back transferred fromgZuo cytochrome FIGURE 3: Reaction product is nitrite-bound oxidized COX. (Left
a (25-27). panels) Difference spectra obtained by mixing NO vithP, and

: : F. Baseline: spectrum d@d. [COX] = 2 uM. [NO] = 2 uM (with
_ The reaction pathway proposed feseems plausible also 5 54 p) and FA)WM (with F[). (R?ght p%nelg) T]he séume(spectra
in light of the recent observation that an intermediate With after subtracting the contribution of cytochroradsolid line), as
reduced Cg and oxo-ferryl cytochromess is transiently compared to the spectrum 6f after ~10 min incubation with 10
populated during the reaction between mixed-valence COX m'\gtrnitrtit% (dasqﬁg lting)b TPhe fraCti%n iﬁi/ rfreduﬁﬁdt ﬁygowrowgw

1 1 1 . 0

and HO, as ivestgated by fow-lasiB) nteresingly, - SUbUactedes esimled by he pseoryerse method, e 22
it was also shown that in this intermediate a very rapid product of the reaction is nitrite-bound COX.
electron transferz(~ 90 us) from Cw* to the oxo-ferryl
complex takes place yielding the oxidized form of the electron transfer from NO reduces preferentially the oxo-
enzyme. On the other hand, Scheme 2 poses a problenferryl cytochromesg; if so, the nitrite-bound reaction product
concerning the reaction of NO wif®, given that this species  might still have Tyr-244 in the radical state.
obtained by oxygenation of the mixed-valence CO enzyme Kinetics of the NO Reaction with COX Intermediates.
(calledPy) is not a peroxy intermediate, but an oxo-ferryl Since the reaction of one molecule of NO with P, or F
species 11—14), stabilized by a protein radical [presumably yields the nitrite-inhibited oxidase, to understand the mech-
Tyr-244 (15)]. This being the case, two electron equivalents anism of COX inhibition during turnover the rate of these
would be demanded to convély; into O, one to bleach the  reactions should be assessed and compared with direct NO
radical Tyr-244 and the other to reduce the oxo-ferryl. This binding to cytochromeg®" [k ~ 1 x 18 M1 s (24)].
view is consistent with the data by Verkhovsky et &7)( COX inhibition may in principle proceed through anyone
who claimed, using a photoinducible reductant, that one- of these alternative pathways. As shown by Giuféteal.
electron reduction dPy yieldsF, which in turn is converted  (26), NO reacts with the chloride-fre@ species ak ~ 2 x
into O by donation of a second electron. On the other hand, 1® M~! s™1, thus much more slowly than with reduced
Fabian and PalmeB8) reported that addition of only 1-1.3  cytochromeas. TheP species, as originated by oxygenation
equiv of cytochromes?" to P leads to formation 0. A of the mixed valenceCO enzyme (so-calledPy), was
possible explanation is that the radical Tyr-244 may be proposed to be very reactive toward NO, the reaction being
unstable over a time scale of minutes, being possibly reducedoptically silent and lost within the dead-time of a stopped-
by the protein matrix 39). If so, the redox state of the flow instrument, i.e., £2 ms (see Scheme 4 in r&?). We
intermediate probed by Fabian and Palmer and in the actualhave therefore measured the kinetics of the onset of inhibition
study may be not defined, the experiments being performedof P by NO performing a sequential mixing stopped-flow
from 1 to 15 min after oxygenation of the mixed-valence experiment. As shown in Figure 4, ati® NO, COX is
CO enzyme. We cannot exclude, however, that a single inhibited at a relatively slow raté'(= 0.4 s, bottom panel
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FiGUurRe 4: Onset of inhibition of® by NO. COX (1uM) in the P
state is premixed with 1@M NO, and after a delay time, this
mixture is mixed with 2QuM cytochromec?" plus 154M oxy-Hb
(to scavenge free NO when present). (Top) The time courses at
550 nm collected at the different delay times (from 40 ms to 40 s)
are shown (from bottom left to top right) with reference to the
control trace in the absence of NO (heavy trace). As expected, the
longer the delay time, the lower is the enzyme activity. The whole
experiment has been carried out within 15 min frBrformation.
(Bottom) The observed time courses were fitted to single expo-
nential decays and the corresponding rate constant plotted as
function of the delay time between the two sequential mixing events.
Activity drops following an exponential time dependence wkth
= 0.4 s}, yielding a bimolecular rate constakt~ 8 x 10* M~
s 1at NO= 5 uM after first mixing. Noteworthy~90% activity
is retained up to 200 ms after mixifywith NO, with no evidence
for a very fast inhibition.

of Figure 4) and, therefore, it is stit 80% active after 0.5

s. This experiment allows to calculate a bimolecular rate
constant for the reaction & with NO of k ~ 8 x 10* M1

s™1, quite similar to that estimated f@ [k~ 2 x 1P M1

s! (26)]. A similar experiment repeated starting with
yielded a bimolecular rate constantlof 2 x 10* M~1s™%,

in agreement with Torres et ak i 1 x 10* M1 s71 (27)].
The bottom line is tha®, P, andF react with stoichiometric
NO with a bimolecular rate constant which, though much
lower than that with cytochromas®" [(0.1-1) x 10° M2

s 1versus 1x 10® Mt s, still accounts for formation of
an inhibited form of the enzyme. This information is essential
to assess the primary target of NO inhibition during turnover,
as discussed below.

Reversal of Inhibition and the Fate of Nitrite he nitrite-
inhibited enzyme, as obtained either by supplying excess
nitrite to O or by reaction ofO, P, or F with stoichiometric
NO is not completely dead, having a residual 20% cyto-
chromec oxidase activity in a five-turnovers assay (Figure
2, bottom panel). Activity can be completely restored by a
reduction-reoxygenation cycle. Moreover, the time course
of cytochromec oxidation shows under these conditions an
initial lag phase (Figure 2, top panel). All together, these
features suggest that nitrite, either exogenously add€al to
or formed at the binuclear site, is a reversible inhibitor of
COX and that during turnover a fraction of the total enzyme
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FIGUrRe 5: Inhibition is reversible. (Top) Time courses of oxidation
of 10uM cytochromec?* by 0.5uM COX with and without nitrite.
When COX in theO state is incubated with 10 mM NO for 10
min and then mixed with cytochron@é*, the enzyme is consider-
ably inhibited K = 0.36 s, dashed), as compared to the control
(K = 3 s71, dotted). If excess nitrite is removed with a G25 column
nd COX activity measured as a function of time (solid traces from
op right to bottom left), the enzyme reactivates spontaneously at
the rate of nitrite dissociation (as optically measured in parallel to
the stopped-flow measurements). (Inset) Traces have been fitted
to single exponential decays and the observed rate constant for the
NO,™ -treated @) and the untreated COX)) plotted as a function
of time after column elution. Enzyme reactivation proceeds with a
ty2 ~ 80 min. (Bottom) Cytochrome?* (20 uM) is mixed with 1
uM COX in the stateO (or P or F) and preincubated with BM
NO: oxy-Hb (5uM) was added to the oxidase syringe before
mixing with reduced cytochrome to scavenge free NO. The
activity of NO-treated COX was measured as such or after dilution
to 100 nM or 10 nM to make 5, 50, or 500 turnovers, respectively.
The plot of residual activity as a function of the number of turnovers
points to a release of the enzyme inhibition upon turning over.
Interestingly, NG~ -bound COX (incubated with 10 mM NO for
10 min) behaves similarly to the NO-treated enzyme.

is reactivated. If so, cytochronmoxidase activity measured
starting with the nitrite-inhibited COX should depend on the
number of catalytic cycles performed. This expectation has
been fulfilled by the results shown in the bottom panel of
Figure 5: here, the nitrite-COX (obtained either by nitrite
binding toO or treatingO, P, or F with close-to stoichio-
metric NO) is probed for its residual cytochrorn@xidase
activity at increasing number of turnovers (from 5 to 500)
with recovery of full activity. Since in these experiments
nitrite-COX is diluted manifold, to exclude that the observed
effect is due to thermal dissociation of nitrite from the
oxidized enzyme, we measured the intrinsic dissociation rate
constant of nitrite fronD. Starting with the nitrite complex,
activity was assessed as a function of time after removal of
excess nitrite by gel filtration. As shown in Figure 5 (top
panel), and confirmed spectrophotometrically following the
dissociation of nitrite fronD (data not shown), the spontane-
ous recovery of activity is very slow (hours), with a half-
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Scheme 3
kl kz k3 k4
Asc —» TMPD —» Cytc —» CuA op Cyta
ka
e ks e K

ke 3¢ ks
k=1x10° M st k=150 5!
k=2x10° M's? k=2x10° M st
k=1x10°s" k.=5x10*s!
k=Tx10%s7! ks=5x10° s
k.~4x10% s ke=7x10° s
k=150 s ki =Tx16% s

reactions described above do or do not have a finite
probability to occur during turnover. This is a crucial question
since a positive answer (i) may contribute to account for the
inhibition of COX by NO, and perhaps more important, (ii)
may support a role of COX in the oxidative catabolism of
NO to the less toxic N@ under physiological conditions.
These two problems are interconnected, since both require
to know the probability of each state of the enzyme to react

free buffer and mixed in the diode array with 20 mM ascorbate With NO, at steady-state. To address this point we have

plus 200uM ruthenium hexamine (at 35 min from loading onto
the column). Nitrite dissociation fron® has been monitored

carried out kinetic simulations according to Scheme 3. We
are aware that our knowledge of the system “COX in

spectrophotometrically in parallel with the stopped-flow measure- ,rnover+ NO” is still insufficient to support a conclusive

ment. (Top) Absorption spectra collected from 10 ms to 140 s after
mixing according to a logarithmic acquisition mode. Reduction of

mechanism of inhibition, largely because we ignore if and

cytochromea was the fastest event observed and was over within how quickly NO reacts with the one-electron reduced
50 ms. Notice that the endpoint species is the fully reduced unboundcytochromeaz—Cug site (so-called specids).

enzyme. (Bottom) Absorption changes from 60 ms after mixing
on have been processed by singular value decomposition. Analysis

reveals only one optical transition corresponding to cytochrasme
reduction and proceeding with biphasic time courkg= 0.9 s1

andk, = 0.06 s (corresponding to 25 and 75% of total amplitude,

respectively). (Inset) The best fit of the filgtcolumn of the SVD
output.

time of ~80 min. The results reported above clearly show
that during turnover, nitrite dissociates in a few seconds, i.e.,

much more rapidly than intrinsies from O (ti2 ~ 80 min).

In Scheme 3, only the changes of state occurring to the
cytochromeas-Cus binuclear site during catalysis are shown.
We emphasize that this is an oversimplified view in many
respects, since in the scheme R) stands for all the
intermediates at the redox level of the so-calgdspecies,
thus including also the recently postulatedspecies; these
intermediates should be oxo-ferryl species stabilized by a
nearby protein radical, (il stands for all the intermediates
which differ by one electron equivalent froRy, (andF*),

The question is whether nitrite dissociates as such or after’@mely the (currently) calleé and thePr intermediates;
rereduction to NO. Only in the former case, COX would according to MichelT), these should be oxo-ferryl species

“catalyze” the oxidative degradation of NO to MO To

without the protein radical, (iilE groups the two possible

address this problem, we optically monitored the time course INtermediates with half-reduced binuclear site, i.e., without
of reduction of the nitrite-COX complex under anaerobic discriminating whether the electron resides on cytochrome

conditions (Figure 6). Given the high affinity of NO for
cytochromeag?t, we assumed that in the absence of i@
loco production of NO by reduction of bound nitrite would
be associated to appearance of nitrosyl-cytochragtie This

az or Cus, and (iv) the first and the second electrons
transferred to binuclear site, starting frd were assumed

to be transferred at the same rate, because the rate differences

reported befored0), though measurable, are quite small; the

was not the case since the endpoint species was the fullyvalué ofks andks = 150 s* was chosen to be close to the
reduced ligand-free COX, as shown in Figure 6 (top panel): Value estimated in the membrane-integrated enzy# (

fast reduction of cytochrome (within 50 ms) was followed
by the biphasic reduction of cytochrorag(Figure 6, bottom

and (v) most of the steps were assumed to be irreversible.
Despite all these approximations, the model is already very

panel). It is therefore likely that the rate of dissociation of COMPplex involving about 80 different species, including the

nitrite, like other anions (Cl, CN"), increases upon reduction
of COX.

Is There a Physiological Role for the Reaction of COX

Intermediates with NOAn important issue is whether the

substrates (cytochronteand Q) and the reductants (ascor-
bate and TMPD) and taking into account that each of the

3 This refers to theF' intermediate as meant by Michef)(
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1 T The other crucial information obtained from the simula-
tions is that the steady-state occupancyOofE, P, andF
clearly depends on reductant pressure, i.e., on cytochcome
0,5 - concentration. This is shown in Figure 7, where we compare
the simulated time dependencies of these intermediates at
low (top panel, 1tM) and high cytochrome concentration
0 SonoonaglaM | il ol (middle panel, 10&@M): decreasing the rate of electron entry
0,001 0,01 0.1 1 10 into COX, P andF become more populated at the expenses
of O andE. This is also shown in Figure 7 (bottom panel),
T where the predicted steady-state occupancy of the four
100 pM Cyt c | intermediates on varying [cytochron@ is reported. This
result is not surprising, sindg, E, P, andF demand transfer
- of an electron from cytochrome to convert into the
following intermediate in the catalytic cycle: it is therefore
expected that they display longer lifetimes and higher steady-
AN AA A state occupancies at lower rate of electron entry into COX.
0.1 1 Perhaps an important consequence of this behavior is that
the highest probability foP and F to react with NO to
TIME (s) produce N@~ could occur at low electron flux through COX,
which would account for an oxidative COX-mediated NO
catabolism. On the contrary, at higher reducing pressure, the
inhibited az?"-NO adduct builds up. This hypothesis is fully
consistent with the very recent observation that COX
inhibition by NO under turnover conditions §©onsumption
assay), when sustained by high cytochrastie is promptly
removed on illumination of the sample, and the (photosensi-
tive) ag?t-NO is spectrophotometrically detectez8). If this
was confirmed to be the case also in vivo, then the NO-
[Cyt c] uM degra_ding activity of COX_ would acquire patho—phygiological
FIGURE 7: Steady-state simulations. Simulations have been carried mear.".”g- A pathway to dispose of NO overproduction, under
out according to Scheme 3 and the resulting time dependence (fromconditions of low electron flux through the electron transport
1 ms to 100 s) of the occupancy of the intermedia®e$0), E chain may indeed be welcome by the cell: this would prevent
(@), P (2), andF (a) is depicted: traces have been truncated at the reaction of NO with radical oxygen species, leading to

the end of the steady-state phase. (Top) Low [cytochraine i i itri
(Middle) High [cytochromec]. (Bottom) Dependence of the production of the very toxic peroxynitrite.

occupancy of the intermediates at steady state on [cytochchme  cONCLUDING REMARKS
Notice that at low rate of electron supply to COX (i.e., low

[cytochrome]), the steady-state occupancy®BndF intermedi- The novel finding reported above is that the reaction of
ates raises and approaches the occupancy of the Sasrsl B NO stoichiometricwith oxidase is associated to formation
(~25% each) of the nitrite adduct of oxidized cytochronag, by reacting
intermediates in Scheme 3 might have bound-cytochromenot only with theO state of the enzyme26—27), but also
¢, Cuy, and cytochroma in different redox states. The time  with P andF. To rationalize this finding, we propose (see
dependence of each of these species has been simulated frolcheme 2) a modified version of the mechanism postulated
1 ms to 100 s and all the parameters, except cytochmme by Torres et al. Z7), where NO, by reacting witl® andF,
concentration, were kept constant from one simulation to the is responsible for the one-electron reduction of the oxo-ferryl
other: a selected output of these simulations is reported incytochromeas leading to ferric cytochromeg with nitrite
Figure 7. bound. This reaction pathway is consistent with the recently
At steady-state, th®, E, P, and F species are more proposed identity of thé® intermediate as an oxo-ferryl
populated thaiR and the so-called compourd(not shown). species 11-15).
As anticipated, simulations indicate thgt is, under all Although the reactions of NO witR, F, andO are much
conditions (low and high reductant), highly populated; slower k = (0.1-1) x 10® M~ s1] than NO combination
unfortunately, the reactivity oE with NO is unknown. to cytochromeag®™ (k=1 x 10 M~*s71), they may provide
Moreover, while the partition of the electron between the oxidative degradation pathway of NO into nitrite. We
cytochromeaz and Cy strongly favors Cp, at present, the  have presented experimental evidence that the nitrite-
value of this equilibrium constant is uncertain. And, more inhibited enzyme, produced by reaction of the oxidized states
important, we still do not know whether NO can combine of COX with stoichiometric NO, completely recovers its
with reduced cytochromas in the E state with the high rate  activity during turnover with physiological substrates, pre-
characteristic of th® state k=1 x 10° M1 s (24)]. Of sumably via more rapid dissociation of nitrite from the
course, if this was not the case, owing to the high occupancybinuclear site. Interestingly, kinetic simulations suggest that
of O, P, andF, the probability that they react with NO under this COX-mediated degradation of NO is more likely to occur
turnover conditions would be significant, even taking into at low reductant pressure because of the higher occupancies
account their intrinsically low reactivityk[= (0.1-1) x 10° of P andF; under these conditions, radical oxygen species
M~ts]. can react with NO leading to very toxic compounds for the
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cell. On the contrary, at high reductant pressure, the same 17. Ostermaier, C., Harrenga, A., Ermler, U., and Michel, H.
simulations predict accumulation of the cytochromé"-

NO species; since this is the only species which is photo-
sensitive (like all complexes of ferrous hemeproteins), this

prediction provides an explanation for the dramatic effect
of illumination on the recovery of oxidase activity after
inhibition by NO @28).
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NOTE ADDED IN PROOF

After this manuscript had been submitted for publication,
a report by Torres, J., et alFEBS Lett.(2000)475 263—
266], showing that COX may metabolize NO to NQhas
been published.
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