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ABSTRACT: Purified bovine heart cytochroneoxidase (CcO) has been extracted from aqueous solution
into hexane in the presence of phospholipids and calcium ions. In extracts, CcO is in the so-called “slow”
form and probably situated in reverse micelles. At low water:phospholipid molar ratios, electron transfer
from reduced hema and Cu, to the catalytic center is inhibited and both hemg@and Cw remain in the
oxidized state. The rate of binding of cyanide to hemén this oxidized catalytic center is, however,
dependent on the redox state of hemrsnd Cu. When hemea and Cu are reduced, the rate is increased
20-fold compared to the rate when these two centers are oxidized. The enhanced rate of binding of cyanide
to hemeas is explained by the destabilization of an intrinsic ligand, located at the catalytic site, that is
triggered by the reduction of henzgeand Cu.

Mitochondrial cytochromee oxidase (CcO)is a mem- second time scale3{-6). ET continues then to the catalytic,
brane protein that catalyzes the oxidation of ferrocytochrome binuclear, center composed of heragand Cuw. At this
¢ by molecular oxygen. This reduction of oxygen to water catalytic center, the interaction of electrons, protons, and
requires the availability of four electrons and four protons oxygen occurs. It is also the site of binding of external
for the catalytic cycle of the enzyme. Electrons enter the ligands, including the classical inhibitors of respiration such
oxidase from the cytosolic domain and protons from the as cyanide, azide, and carbon monoxide.

matrix pha;e c_>f the inner mitochondrial membrang. This  The presence of four redox centers in CcO raises a
redox reaction is one of the two processes that contribute toquestion about their functional significance in catalysis.

the generation of a transmembrane potential. The secondciearly, the binuclear center directly participates in the
process, proton pumping, is the translocation of protons from cpemical conversion of dioxygen to water. On the other hand,
the mitochondrial matrix space to the cytosolic side of the Cus and hemea could be considered to function solely as

membrane, driven by electron transfer (ET). electron transfer sites. That the role of heaend Cu, may
Bovine heart CcO is composed of 13 subunfs though o 1yore than sites for delivery of electrons to the binuclear

tk]leofour redox centlers, in(;/(_)lvedbin ET Iand di; tr_lrehreduc;tion center has been expressed several tiied {). Recent data
?h 2 10 w?ter, sre o;iate in Sudl:r?'ts an D.(I ree o suggest that heme is probably the driving element of the
ese centers, hengnemeas, and the mononuciear copper proton-pumping procesd?). According to another, earlier,

site, ctalledf CF' ?re Iocatetﬁ 'nd.SUbllm't l, while thetmma}l suggestion, the reduction of heraeand Cuy switches the
acceptor of electrons, GUthe dinuclear copper center), is conformation of CcO from a “closed” to an “open” form

located in sgbunit [1Z). Cua is close to the cytosolic surface (7-9). The difference between the open and closed confor-
of thehproteln and serlves as the a_ccedp'g)r ?]f ele(_:érons frommations of CcO is reflected in the different rates of binding
Cyt(_)(;:l rgmegb(S_g)bE ectrons rec;';]'e yt ehOXI ase are cyanide to the binuclear centef(9). In the open form,
rapidly distributed between Guand hemea on the micro- the rate constant for cyanide binding is several orders of
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“pulsed” oxidase. In the absence of turnover, the pulsed form  For extraction of CcO from water solutions into hexane,
relaxes back to slow CcO within hourd5). However, it we have slightly modified the protocol of Bona et &1J.
has been concluded that the conversion of the closed to theTypically, 200 mg of dry asolectin was added to 1 mL of
open conformation is independent of the form of CcO, and 100 4«M CcO in 10 mM Tris (pH 7.6) and 0.2% cholate.
it has to be present in both slow and pulsed enzyBgs (  The sample was mixed on a Vortex mixer at room temper-
Earlier studies demonstrated that the reactivity of CcO ature for ~3—5 min to suspend the solid asolectin. The
toward external ligands is affected by the redox state of the resulting suspension was sonicated under a stream of nitrogen
catalytic binuclear center itselfl8, 14). However, the at 4°C until clear. CaGl (4 M) was added to the sonicated
possibility that the catalytic center can also be influenced sample to a final concentration of 75 mM, and the sample
by the redox state of hensand Cuy, in a manner similar ~ was mixed again. The addition of Ca®hakes the sample
to that of the closed to open transition, was not excluded. In turbid, and the pH decreasest®.5. Then 2 mL of hexane
this study, we present spectroscopic and kinetic evidence thatvas layered on the surface, and the whole sample was mixed
the reduction state of hem& and Cuy is sensed by the thoroughly on the Vortex mixer for5 min. Phase separation
oxidized catalytic site. When both hengeand Cuy are was facilitated by a short spin on a benchtop centrifuge. The
reduced, the rate of binding of cyanide to the oxidized heme hexane phase containing CcO was removed, and a second
a;—Cug site is increased relative to the rate observed with portion of hexane (2 mL) was added to the sediment and
the fully oxidized enzyme. This increase is not as great asthe extraction repeated.
that observed with CcO having one electron localized at the  The hexane fractions were pooled, cooled-20 °C, and
binuclear center(3), which indicates that the catalytic site then warmed to room temperature. A precipitated residue at
can undergo two qualitatively similar but quantitatively the bottom of the storage test tube, containing water and
different transitions. One transition is triggered by reduction phospholipid, was discarded and the cycle of cooling and
of hemea and Cuy and the second by the direct one-electron warming repeated until no additional residue was formed.
reduction of the binuclear site itself. CcO is extracted into hexane with a yield close to 70%. The
final enzyme concentration was25 uM.
EXPERIMENTAL PROCEDURES The extraction of cyanide into hexane was performed by
L-a-Phosphatidylcholine type II-S (asolectin) was from adding 4 mL of hexane to 4 mLfd M NaCN in water that
Sigma. Triton X-100 peroxide-free was from Roche Diag- had been neutralized by HCI, followed by mixing on a Vortex
nostics. 2,3,5,6-Tetramethyl-1,4-phenylenediamine (diami- mixer for 5 min. The hexane layer containing HCN was
nodurene, DAD), perchloric acid, 2,4-diaminophenol dihy- removed and stored at liquid nitrogen temperature until it
drochloride, amonium molybdate(VI) tetrahydrate, sodium was used. After extraction, the concentration of HCN was
metabisulfite, and Karl Fisher reagent were obtained from approximately 160 mM as established indirectly by the
Aldrich. NaCN was from Mallinckrodtn-Hexane and type titration of cyanide in the water phase by silver nitre2&)(
4A molecular sieves were from EM Science and YM 100 Both water solutions of cyanide, the initial and the solution
centricon filters from Amicon. after extraction, were quantified for their cyanide content.
Two forms of CcO were purified from bovine heart for The decrease in the quantity of cyanide in the aqueous phase
extraction into organic solvent. The slow form of CcO was after extraction, relative to the initial solution, was taken to
isolated by the method of Yonetari§). For the preparation  represent the amount of cyanide transferred into the organic
of fast oxidase, we used the method of Soulimane and Busesolvent.
(19). However, we have found that only CcO isolated by = The hexane extract was analyzed for wat2B)(and
the method of Yonetani, which uses the anionic detergentphosphate content24) using standard procedures. To
cholate, can be extracted directly into hexane. Enzyme determine the concentration of CcO in hexane, the complex
prepared by the method of Soulimane and Buse utilizes theof CcO with cyanide (CcO.CN) was prepared by addition
detergent Triton X-100, and this detergent has to be of HCN in hexane followed by reduction with solid DAD.
exchanged for cholate before extraction to obtain a reasonabld=rom the reduced minus oxidized optical difference spec-
yield of CcO in the organic solvent. The detergent exchange trum, the concentration of CcO was determined using a
was accomplished by centrifugation of CcO in a sucrose AAL(605-622) of 18.6 mM* cm™ for the reduced minus
gradient containing 2% cholat2@). This procedure separates oxidized hemea (25). Upon reduction of CcO.CN, there is
CcO into two fractions, both of which can be successfully no contribution from hemes to the difference spectrum.
used for extraction into hexane. However, only the lighter ~ CcO extracted into hexane is probably in reverse micelles
fraction, which presumably corresponds to a monomeric form composed of phospholipidg§). It is known that the catalytic
of CcO, was used in this work. CcO in 2% cholate was then activity of enzymes in reverse micelles is strongly dependent
diluted several times with 10 mM Tris-HCI (pH 7.6) and on the molar ratio of water to surfactaitf) (27). The molar
0.2% cholate and reconcentrated using Amicon YM 100 ratio of water to phospholipids was estimated as the ratio of

centricon filters. water to total phosphate (B@]:[P]] = Wp). The W of the
All data reported in this study were collected on enzyme extracts was close to 19 and this can be varied by addition
isolated by the method of Yonetani in the slow forf8); of dry asolectin (1 mg of asolectin contains 3@.@ of R)

However, we performed the same measurements, as deeor by a brief sonication of the extract with an appropriate
scribed here, on oxidase purified in the fast fort®)( It amount of buffer [L0 mM Tris (pH 7.6)]. In this study, only
was found that after extraction into hexane there is no extracts with aW, adjusted to 3 were used. Dilution of
difference between these two forms of enzyme in the extracts, without changingh, was accomplished using dry
reducibility of the redox centers or in the kinetics of binding hexane prepared by storing hexane over a type 4A molecular
of cyanide to both oxidized and patrtially reduced CcO. sieve. Because hexane is fairly volatile at room temperature,
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the volume of the sample, if needed, can be decreased using T ' T

a stream of nitrogen.

EPR spectra of soybean asolectin in hexane show signals

from adventitious iron and manganese. The signal of non-
heme iron in asolectin af = 4.3 partially overlapped the

= 3.55 feature of the low-spin iron of the oxidized heme
az—cyanide complex and the contribution of this signal was
subtracted from spectra of the enzyme. Conditions for EPR
measurements were as follows: modulation amplitude of 20
G, power of 3 mW, temperature of 10 K, frequency of 9.27
GHz, and enzyme concentration of 22:6l. Each sample

was scanned at least twice using the same conditions, and

the data were averaged to improve the signal-to-noise ratio.
Optical spectra and kinetics were recorded in an IBM 9430

spectrophotometer interfaced with a personal computer. EPR

spectra were recorded with a Varian E-6 spectrometer
equipped with an Air Products low-temperature dewar and

transfer line. Data were analyzed and graphs prepared using

Igor Pro (Wavemetrics, Lake Oswego, OR).

RESULTS

The optical spectrum of CcO extracted into hexane is
composed of the spectra of oxidized enzyme, asolectin with
a small contribution from light scattering of the slightly
opalescent solution (Figure 1). The extracted enzyme is in
the slow form as indicated by two major spectral character-
istics: (i) the position of the Soret maximum at 414 nm
(Figure 1A) and (ii) the presence of tige= 12 signal (5)
in the EPR spectrum (nhot shown). The optical spectrum of
oxidized CcO also exhibits a peak at 601 nm and a shoulder
at 650 nm (Figure 1A). It should be noted that in aqueous
solutions the slow form of the enzyme is characterized by a
Soret band at 418 nmi%—17). The observed small spectral
difference between the slow form of CcO in hexane and that
in aqueous media we ascribe to interaction with asolectin
and/or exposure of the protein to the organic solvent. An
additional factor that might contribute to the spectral dif-
ference is the background slope from the asolectin.

When this slow form of oxidized CcO (CcO-0) in hexane
is incubated with cyanide fa3 h atroom temperature, the
shifts of the absorption maxima to 599 and 428 nm are
observed while the intensity of the shoulder at 655 nm band
is decreased (Figure 1A). The magnetic circular dichroism
spectrum of CcO.CN in the Soret region is almost twice as

intense as that of CcO-O, as also observed in aqueous buf

fers @8), confirming that the binding of cyanide converts
Fe(lll) to the low-spin state (data not shown).

It has been shown earlier by uglj and othersZ9) that
the reduction of CcO in hexane is dependenMdnand at
low Wy hemea and Cuy can be reduced but henagis not
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Ficure 1: Optical spectra of cytochrome oxidase in the fully
oxidized or half-reduced state and in complex with cyanide in
hexane wheWp = 3. (A) Oxidized CcO {-, O) and the complex

of oxidized CcO with cyanide:{, O.CN). The spectrum of the
complex was recordk3 h after cyanide addition. (B) Half-reduced
CcO (, HR) and the complex of half-reduced CcO with cyanide
(-, HR.CN). The spectrum was taken 20 min after cyanide
addition. (C) Difference spectra of HR.CN minus HR-( DR)
and O.CN minus O, DO) for the samples presented in panels A
and B. Spectra were corrected for dilution. Concentrations of CcO
and cyanide were 7.2M and 7.8 mM, respectively.

The changes produced by binding of cyanide to the half-
reduced oxidase (HR-CcO) are similar to those observed

(22). The optical spectrum of oxidase reduced by DAD when for the fully oxidized enzyme. After incubation of CcO
W, = 3.0 (Figure 1B) confirms these previous observations. With cyanide for 20 min, the absorption maxima are at

The spectrum of reduced CcO exhibits maxima at 414 and
442 nm in the Soret region plus a single red-shifted

603 and 428 nm with a shoulder at 442 nm, and a decrease
in intensity of the 650 nm absorption band is observed

maximum at 604 nm. These spectral changes show that heméFigure 1B).

ais reduced, giving rise to the maxima at 442 and 604 nm,
and that hemeg remains oxidized with a Soret maximum
at 414 nm. In addition Cuis reduced as judged by the
disappearance of the 830 nm band of oxidized Qii. ref
21). Both hemea and Cuy, are almost completely reduced
within 20 min following addition of solid DAD.

The difference spectra of the half-reduced cyanide complex
minus HR-CcO and of CcO.CN minus CcO-O are almost
identical (Figure 1C). In both spectra, the absorption decrease
of the 650 nm band, the maxima at 586 and 432 nm, and
the minimum at 412 nm are apparent. These spectral
characteristics are equivalent to those monitored for cyanide
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Ficure 2: EPR spectra of oxidized and half-reduced CcO in
hexane: (A) theg = 3 region and (B) thg = 6 region. Oxidized
CcO (O) and half-reduced CcO (HR) in hexaneWét = 3. The

HR sample was prepared by the reduction of oxidized CcO with
DAD for 20 min at room temperature and then frozen in liquid
nitrogen. The CcO concentration in both solutions is 26 For
conditions of EPR measurements, see Experimental Procedures.

800

binding to oxidized oxidase in aqueous solutioB6)(and
show that (i) hemag remains oxidized in HR-CcO and (ii)
the spectral state of oxidized henag, before and after
ligation with cyanide, is the same for both forms of the
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Ficure 3: EPR spectra of oxidized CcO and the reduced complex
of CcO with cyanide in hexane. Oxidized CcO (O) and half-reduced
cyanide complex (HR.CN). The complex of O with cyanide was
prepared first by incubation of oxidized CcO with cyanide for 3 h
and then reduced by DAD for an additional 20 min at room
temperature. The CcO concentration in both solutions is 205

For conditions of EPR measurements, see Experimental Procedures.

the g = 3 and 6 regions. The major change produced by
the reduction is that thg = 3 signal of the oxidized low-
spin iron of hema in the spectrum of CcO-O disappears in
HR-CcO, which confirms again that heraeés fully reduced

in HR-CcO.

It has to be also noted that tige= 3 signal of CcO-O is
broader and shifted to a higher field relative to the signal in
aqueous buffer33). Because 150 mM chloride is present
during the extraction, we explain the shape and position of
theg = 3 signal by the superposition of two signals, namely,
those from chloride-free and chloride-containing enzyme
(33).

The conclusion that Guis in the oxidized state in
HR-CcO is also supported by the EPR spectra measured after
the complex of oxidized CcO with cyanide was reduced
(Figure 3). In this case, the iron of henag was first
stabilized in the oxidized low-spin state by the bound cyanide
and subsequently reduced by addition of solid DAD. 1£Cu

enzyme. From the difference spectra (Figure 1C), using awere reduced in CcO.CN, then the new low-spin EPR signal

AAK(432-412) of 58 mMt cm™ (29), it can be calculated
that 99% of oxidized hemeas in HR-CcO and 89% in
oxidized CcO reacted with cyanide during the experiment.

would have appeared gt= 3.6 due to the low-spin ferric
hemeas—cyanide complex34). However, this is not a case;
only theg = 3 signal of hemea disappears on reduction

The small decrease in absorption at 606 and 450 nm in the(Figure 3), and n@ = 3.6 signal is developed even after

difference spectrum of HR-CcO, which is absent in oxidized

incubation of CcO.CN with DAD fo 3 h atroom temper-

oxidase, is caused by a minimal oxidation of reduced heme ature.

a (~3%) during the reaction with cyanide.

Using optical spectroscopy, it was confirmed that at low
W, the electron transfer to henag is inhibited and hemeg
remains in the oxidized state. The redox state of,Ghe

Based on EPR and optical spectra we conclude thabkat
= 3 neither component of the binuclear center is reduced
by an external electron donor. Under these conditions only
hemea and Cu are reduced and we have referred to this

second metal ion at the catalytic site, cannot be assessegpecies as half-reduced CcO.

directly from the optical spectra. However, the presence of

Even though both CcO-O and HR-CcO have the binuclear

the band at 650 nm in HR-CcO (Figure 1B) indicates that center in the same oxidized state, the rates of cyanide binding
this center is also oxidize®(). To verify the redox state of  are distinctly different (Figure 4). The kinetics of the rate of
Cus, we have employed EPR spectroscopy. In the EPR cyanide binding, monitored as an absorption change at 415
spectra of the slow form of CcO in agueous solutions, the nm, can be fitted in both cases by a single exponential. The
one-electron reduction of the catalytic site, with an electron rate constants obtained from fits for CcO-O and HR-CcO
localized in Cug, produces two new signal&4, 32): one s are 4.2x 10 and 8.8 x 103 s, respectively. The

an intense high-spin signal gt= 6 (14) and the second a  corresponding bimolecular rate constant for CcO-©@05
low-spin signal ag = 2.95 32). These two possible signals M~! s, while for HR-CcO it is 1 M! s, Thus, the rate
are, however, missing in the EPR spectra of HR-CcO in of binding to HR-CcO shows arn-20-fold increase com-
hexane (Figure 2). In Figure 2, the initial EPR spectrum of pared to that for CcO-O. From the absorption decrease for
CcO-0 is compared with the final spectrum of HR-CcO in HR-CcO at 415 nm and using/A, of 30 mM~*cm™ (30),
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T T T T true for CcO where it has been shown that with the decrease
in Wy there is a decrease in the catalytic activity in the organic
. i solvent. We have observed the complete inhibition of oxygen
b~..,.__‘__o consumption by oxidase at\&p of ~2 (21). According to
s S both published data2(, 29) and the data presented here,
"9 - the loss of catalytic activity of CcO at this loW, is caused
é by a blocking of electron transfer (ET) from heraeand
@ HR Cua to the catalytic site and both hemag and Cy remain
B A 0 i - VI oxidized.
The reason for this inhibition of ET to the catalytic site
) ) ) may be sought in the reactions coupled to this transfer. The
20 40 60 transfer of two electrons to the oxidized catalytic center is
Time (minutes) accompanied by the uptake of two protons from solut&s (
FIGURE 4: Kinetics of binding of cyanide to oxidized CcO andto  40), and according to the existing viewt1), this proton
half-reduced CcO in hexane # = 3. (O) Oxidized CcO and transfer controls ET to the catalytic site. If for some reason
g"c%) Pnﬂfé;ﬁg‘;ctehde%%%gg? zgggrbfi‘é#n@ﬁiﬂé‘f}.ﬂf&aﬁéfﬁgimd proton access is blocked, this in turn inhibits the reduction
addition of cyanide. Points are expé)rimental data. Lines are single- of the Cata'Y“_C site 42). Moreover, the trf_:1n5|t|0n Pf CCO_
exponential fits. At time zero, extracted 7.8 mM HCN was added from the oxidized to the reduced state is associated with
to 7.2uM oxidase. The temperature was 20. structural changes directly at the catalytic si&, (44). In
) ) the fully oxidized enzyme, there is a bridge between the iron
it was Calcul_ated that99% of the enzyme had reacted with  of heme a; (Fex) and Cu, suggested to be water with
cyanide during the measurements. hydroxide @5) or possibly peroxide43). Since no ligand
can be detected in the reduced stdt®, @4), the ET to the
DISCUSSION catalytic site is also coupled with inner ligand release. Both
State of CcO in Organic Seént Several previous studies these processes, proton uptake and possible water release,
have shown that bovine heart CcO can be transferred intoassociated with ET to the catalytic site, might be severely
apolar solvents either from submitochondrial partici2g (  restricted in the organic solvent at |al, and be responsible
35, 36) or from the purified state(1, 29). In this variety of for the observed inhibition of the reduction of the catalytic
apolar solvents, oxidase retains catalytic activity, displaying site.
oxygen consumption and inhibition of this activity by cyanide  The putative state of CcO in hexane assumes the hydro-
(21, 36). In addition, the optical spectra and the spectral phobic surface of CcO is in contact with hexane. It is then
changes of CcO in organic solvents, brought about by conceivable that lipids, tightly bound to CcO in aqueous
reduction or cyanide binding, were very similar if not buffers, can be removed from this surface in hexane.
identical to those observed for CcO in aqueous solutidhs (  However, the removal of lipids, specifically cardiolipin,
29). These observations, together with the spectroscopic datacauses the decrease in electron transport activity of @60 (
presented here, indicate that CcO in the organic medium is47), which can also contribute to the observed inhibition of
in a functional state and retains the catalytic and spectralinternal ET.
integrity of the protein in water buffers. Cyanide Binding Cyanide is a well-known inhibitor of
The structure of the oxidasdipid complex in organic the catalytic activity of oxidase being bound to the iron of
solvent is, however, less certain. Light scattering measure-hemeag. Although the affinity of cyanide for hemas in
ments on hexane extracts of CcO showed the presence ofully oxidized CcO is highKp ~ 106 M), the rate constant
particles that are larger than CcO itseXfl], and we have is extremely smallk = 2 M~ s7* for the fast form) 80).
assumed that these particles are reverse micelles formed fronHowever, partially or fully reduced CcO in agueous solu-
the phospholipids and oxidas2lj. The micellar structure  tions can bind cyanide more rapidly than fully oxidized CcO
of CcO in hexane extracts may be similar to that suggested(48—50). In agueous buffers, the rate constant for binding
for another integral membrane protein, rhodopsin, transferredof cyanide to one-electron reduced fast CcO was estimated
into hexane by a very similar procedui@8). According to to be greater than *0M~! s! (13). This enhanced rate is
this suggestion, the hydrophobic core of CcO is probably in believed to be due to reaction of cyanide with enzyme species
direct contact with hexane and the hydrophilic domains at having the single electron located at the binuclear cem®r (
both the matrix and cytosolic surfaces are covered by the It was suggested, for both fast and slow forms of CcO, that
polar headgroups of the phospholipids in a reverse micelleit is the reduction of Cglthat triggers the enabling confor-
configuration. In these reverse micelles, the polar groups of mational transition at the binuclear site3( 14), leading to
the phospholipids are directed toward the hydrophilic the faster binding of cyanide.
domains of the enzyme and form a polar core that contains The enhanced reactivity of partially reduced CcO with
water, whereas the hydrophobic chains are exposed to thecyanide in the hexane extracts has already been observed
organic solvent. (29). However, the oxidation state of @was not established.
Inhibition of the Reduction of the Heme-&Cugs Center. The new contribution of this study is the spectroscopic
It is known that the properties of enzymes in reverse micelles evidence that, at low\,, the catalytic site is stabilized in
are sensitive to the molar ratio of water to surfactamg)( the oxidized state and not accessible to ET from reduced
that is present in solutior2f). This ratio, rather than the  Cux and hemea. Nevertheless, in this half-reduced state,
absolute amount of water or surfactant, determines most ofthe rate of binding of cyanide to oxidized henag is
the properties of the entrapped protei23)( This is also enhanced compared to that in fully oxidized CcO (Figure

_‘
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_‘
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4). The relative enhancement of the rate of binding of cyanide
to HR-CcO in hexane is, however, not as large as that
observed in aqueous solutions for CcO having one electron
at the binuclear centel). In HR-CcO, the rate constant is
increased only 20-fold compared to the rate when these
centers are oxidized (Figure 4), which is very similar to the
transition from the slow form to the fast form of oxidase in
water solutions. The considerably different magnitude of this
effect, between HR-CcO and CcO with one electron localized
at the binuclear center, suggests that the catalytic site can
undergo two qualitatively similar but quantitatively different
transitions. One transition is triggered by reduction of heme
aand Cuy and the second by the direct one-electron reduction
of the binuclear site itself.

There are several indications that binding of cyanide to
fully oxidized (61—-53) and partially reduced CcO5Q)
involves the transient coordination of the incoming ligand
to Cus. Our previous study with the fast form of CcO in
aqueous bufferssQ) indicated that the rate-limiting step is
the intramolecular ligand rearrangement at the catalytic site.
We assume that the same step limits the rate in the reaction
of cyanide with slow CcO in hexane, and the faster kinetics
of binding of cyanide to HR-CcO is achieved by increasing
the rate of cyanide rearrangement froms@uhemeas. This
could be accomplished by destabilizing the endogenous
ligand in the binuclear center of HR-CcO compared to that 11-
in CcO-0O. This explanation is consistent with earlier
observations that demonstrated that the redox transitions of
hemea and/or Cy affect the redox 4, 55) and spectro-
scopic characteristics of the catalytic sif&6,(57).

Our data do not allow us to decide if one or two electrons
are necessary to trigger the observed transition of the catalytic
site. From the proximity of hema and the hemez—Cug
center b6), we would expect that this transition is induced
by an electron localized at henge Hemesa and a; are
bridged by three successive amino acid residues, His376,
Phe377, and His378, located in transmembrane helix X of 14
subunit | 66). His378 is an axial ligand to the iron of heme
a, and His376 is coordinated to zeThus, it is conceivable
that these three residues can communicate the reduction of
hemea to hemeas.

An alternative explanation for the closed to open CcO
transition could assume some distal alteration in the protein
structure. It might be that the diffusion of ligand via the
access channel to the catalytic site, buried in the middle of
the protein, in the fully oxidized slow CcO in hexane is
dramatically restricted. In this case, the increase in the rate
of ligand binding by the reduction of henasand Cu might
be accomplished by slowing the inhibition for ligand
diffusion through the channel. However, a redox-coupled
conformational transition was identified at the remote surface
segment from Gly49 to Asn55 on the cytosolic side of
subunit | of bovine CcO43), and this does not involve the
putative ligand access channeB3.(
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