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ABSTRACT. Measurements of the themea, Cua ratios for protor-electron coupling at these centers
(redox Bohr effect) in CO-inhibited cytochroneeoxidase purified from bovine heart mitochondria, both

in the soluble state and reconstituted in liposomes, are presented. In the soluble oxidaséheneck],

Cua ratios were experimentally determined upon oxidation by ferricyanide of these centers as well as
upon their reduction by hexammineruthenium(ll). These measurements showed that in order to obtain
H*/hemea, Cu, ratios approaching 1, one-step full oxidation of both metal centers by ferricyanide had
to be induced by a stoicheiometric amount of the oxidant. Partial stepwise oxidation or reduction of heme
a and Cu did produce H/hemea, Cu, ratios significantly lower or higher than 1, respectively. The
experimental H/hemea, Cua ratios measured upon stepwise reduction/oxidation of the metals were
reproduced by mathematical simulation based on the coupling of exattuction of both hema and

Cua to pK shifts of common acietbase groups. The vectorial nature of the pretetectron coupling at
hemea/Cus was analyzed by measuring pH changes in the external bulk phase associated with oxido
reduction of these redox centers in the CO-inhibited oxidase reconstituted in liposomes. The results show
that the proton release associated with the oxidation of reeamel Cy, takes place in the external aqueous
phase. Protons taken up by the oxidase upon rereduction of the centers derive, on the other hand, from
the inner space. These results provide evidence supporting the view that cooperative-gletton
coupling at hemea/Cus, is involved in the proton pump of the oxidase.

Cytochromec oxidase (COX) catalyzes the reduction of liganded or CO-liganded oxidasd9—21). In the CO-
O, to H,O by ferrocytochromec and conserves the free liganded enzyme both henag and Cy are clamped in the
energy made available as a membrane electrochemical protomeduced state, and electron/proton coupling at haraed
gradient (PMF) {—3). Electrons delivered by ferrocyto- Cua can be analyzed in the absence of interaction with Cu
chromec to the low potential Cy and hemea pass from and hemea (22). Under these conditions we obtained/H
these to the binuclear henma—Cug center, where ©is COX ratios which varied between 0.60 and 0.90 in the pH
ultimately reduced to kO (3, 4). PMF generation results range 6.6-8.6 (19). This redox-coupled H transfer was
from consumption of protons from the inner (N) aqueous initially attributed to heme, as the available data indicated
phase in the reduction of @ H,O by cytochrome, located the Em of Cu to be pH independen®8; but see24, 25).
at the outer (P) side of the membrarie-@), and from net Electron/proton coupling at henaeonly with H/COX ratios
proton pumping from the N to P phasg).(From time to of 0.6—0.9 (19) would, however, be in apparent conflict with
time, it has been proposed that proton pumping in COX is previous measurements of the pH dependence of the Em of
directly coupled to oxidereduction of Cy (5, 6), hemea hemea, which in the CO-inhibited COX is reported to
(7—11), and the binuclear centetZ, 13. Possible candidates amount to not more thar20 mV per pH unit increase in
for such a role are, in principle, those metal centers which the 6-8 pH range 22, 26§. Prompted by this consideration,
exhibit intrinsic coupling of electron transfer with proton Verkovsky et al. 27) measured proton release coupled to
transfer @, 14). This linkage, which has been denominated oxidation of hemea and Cy in CO-inhibited COX and
redox Bohr effectZ, 15 by analogy with the cooperative  reported H/COX ratios varying between 0.43 and 0.20, only
linkage phenomena in hemoglobiig], results in pH in the pH range 6.67.7.

dependence of the midpoint redox potentid,(17) andin |4 3 recent work 21), we refined the analysis of the'¥
ne't prpton relea}se/uptake by the enzyme associated Wlthhemea, Cu, ratio in the CO-inhibited COX, with direct
oxidation/reduction of the metals, respectivel) measurement of the balance between the oxidizing equiva-

Our group is carrying out a systematic analysis of the H  ents added as ferricyanide to the CO-inhibited fully reduced
release/uptake (HCOX) associated with oxidation/reduction  ~ox the equivalents of heme Cu, oxidized, and the H
of the metal centers in cytochroneenxidase isolated from  ygjeased upon oxidation, all taken back up by the oxidase
bovine heart mitochondria in both the unliganded and CN- 5o rereduction of the metal centers. The results definitely
* To whom correspondence should be addressed. TelephtAe: confirmed H/hemea, Cu ratios varying between 0.65 and

(080) 5478428. Fax:+39 (080) 5478429. E-mail: papabchm@ 0-90 in the pH range 6:68.5. The pH dependence of the
cimedoc.uniba.it. H*/hemea, Cu, ratios could be best-fitted by a function
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involving two redox-linked acietbase groups, at least, with  with a diode-array spectrophotometer and a combined
pK, and K; values of 5.46.9 and 7.3-9.0, respectively. electrode, respectively, with accuracy ok5L0~# absorbance
Redox titrations in the same samples of the CO-inhibited and 102 pH unit (overall response time1 s). The diode-
oxidase showed that G@and heme exhibited superimposed  array spectrophotometer was used in the multiwavelength
E'm values which decreased, for both metals, by around 20mode, and simultaneous recording of pH and difference
mV/pH unit increase in the range 6:8.5. A model in which absorbance changes was carried out. The wavelengths
oxido—reduction of heme and Cuy are both linked to the  selected, 556630, 596-630, 605-630, and 806710 nm,

pK shifts of two acid-base groups provided a satisfactory were used to determine cytochromehemeaz;—CO, heme

fit for the pH dependence of the' of hemea and Cy a, and Cu, respectively. The mutual optical overlapping
(22). among cytochromec, heme a;—CO, and hemea was

In this paper, measurements of th&/hemea, Cu, ratios removed solving the following matrix:
for proton—electron coupling at these centers (redox Bohr
effects) in CO-inhibited cytochromeoxidase purified from  Aggy_g30= [CYt €](19.1) + [hemea,—CO](3.81)+
bovine heart mitochondria, both in the soluble state and in [hemea](—0.25)
the oxidase reconstituted in liposomes, are presented. For
the measurements of the soluble oxidase, both the experiAseo-630 = [CYt €](—1.11)+ [hemea,—CO](9.75)+
mental conditions previously used by our group4)(and [hemea](6.03)
those of Verkovsky et al.2(7) were applied. The results on _
the soluble oxidase show that in order to obtaititémea, 05-630 = [CYt €](—0.36)+ [hemea,~CO](2.85)+
Cua ratios approaching 1, one-step full oxidation of both [hemea](21.73)
metal centers has to be induced by addition of a stoicheio-
metric amount of ferricyanide (sd®, 21). Partial oxidation
or reduction of heme and Cu does produce Hhemea,

Cu, ratios significantly lower (see als®?) or higher than

1, respectively. These observations solved the apparen
discrepancy of the results of Verkovsky et &7) with ours
(19—-21) and provide additional, independent evidence of
coupling of both heme and Cy to common acig-base
group(s).

The experiments with the CO-inhibited oxidase reconsti-
tuted in liposomes showed that proton translocation associ-
ated with oxide-reduction of hemea, Cu, is vectorial.
Protons were released in the bulk external phase upon
oxidation of heme, Cu, and taken up from the inner space
upon reduction of these centers.

MATERIALS AND METHODS

Materials Horse heart cytochrone(type VI), antimycin
A, and myxothiazol were from Sigma Chemical Co.;
hexammineruthenium(ll) chloride was from Aldrich; potas-
sium ferricyanide was from BDH Chemicals Ltd. All other
reagents were of the highest purity grade commercially
available.

Enzyme Preparation and Reconstitution in Liposomes.
Cytochromec oxidase was purified from beef heart mito-
chondria as described in r2B8. The nanomoles of (heree

+ ag)/mg protein was about 10, and SDS-PAGE analysis >\ . )
a)/mg p 4 one or more of the remaining molecules) and that in which

revealed the complete set of 13 subuni28)( The activity ) dized i lecul idered
of the enzyme preparations, measured polarographically, wa U IS Oxidized In One Oor Moré molecules are considere
around 300 TN/s. Reconstitution of cytochromexidase physmal_ly possna_le among .a" the combination classes.
in phospholipid vesicles was performed by the cholate Coupling O_f oxide-reduction of bOFh hemg and Cu to
dialysis method as described in 186, with the following ~ cOmmon acie-base group(s)21) brings with itself the

differences: (i) theas/phospholipid ratio was doubled (final assumption that relea_sg DW takes placenly when both
concentration of cytochrome oxidase was GM); (ii) in Cua and hemea are OX|d|zegI in the same COX molec_ule. I.t
the last dialysis medium 1 mMKHepes was omitted. These = & also pe as_su_med that_ in those COX m_ole_culgs n V.Vh'Ch
changes did not affect the respiratory control ratio, which only Cuh is OX|d|zed_, ra_pld electrpnlq bk
was even higher than in the “standard” procedure (never hemga oceurs result!ng n 50% oxidation of ¢and heme
below 15, when measured polarographicad) (or the right- a, Wh'Ch Is isopotential Wlth.CA,I(Zl). The_ 'TW hemea, Cu,
side-out orientation of the oxidase molecule in the liposomal rafio, expected upon additions of oxidizing equivalents to
membrane (never below 80982)). different samples of COCOX, can be calculated by
Measurements of pH and Redox Chand&imultaneous N
recordings of absorbance and pH changes were carried out H"/hemea, Cu, = nN/(N, + 0.5N,) 2)

The differential extinction coefficients are from r88; the
absorbance change at 80010 nm was corrected for the
contribution of cytochrome (Ae = 0.36 mM™1), and aAe
£ —1.0 mM* was used for Cu (34). Ferricyanide was
assayed at 420500 nm using a\e of 1.0 mM™2,
Mathematical Procedure To Simulate Proton Release
Uptake upon Stepwise Oxig®&eduction of CO-Liganded
Cytochrome ¢ Oxidas€onsidering a given number of fully
reduced CO-liganded oxidase molecules and different amounts
of added oxidizing equivalents, the number of all the possible
oxidized species can be predicted adapting the general eq 1,
used to calculate the simple combinationnobbjects ofk
class:

Coe = N(KI(N — K1) 1)

wheren is the number of redox active metal centers (2 times
the amount of cytochrome oxidase, since only @aod heme

a can be oxidized per each molecule of the CO-liganded
enzyme)kis the amount of oxidizing equivalents added (as
ferricyanide). Each molecule of the enzyme can be present
with both redox centers oxidized, both reduced, or one
reduced and the other oxidized. Since it is unlikely that heme
a can be oxidized before Gun the same molecule, only
the class in which both redox centers are oxidized in one or
more oxidase molecules (with or without Coxidized in
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whereN, is the number of oxidase with both €and heme
aoxidized and\, is the number of oxidase molecules where

'y EAR(ll) ¢
only Cu is oxidized. 08 uM !iAR(u) W
The same rationale can be used to simulate the proton n P F'f

uptake following the addition of different amounts of

reducing equivalents to the mixed valence CO-liganded
enzyme. In this case uptakemfi* will take place just upon : o
reduction of heme or Cux(1 electron equivalent/COX) in 1'°er”‘ ;
a given mixed valence CO-liganded oxidase molecule; as a '
consequence, further reduction of the second metal (2

EiR(II) : :‘

s ¢ ;
H+/Cughemea =: 0.72 -1,20: -0.83 -0.48 0.20 0.38 : 0.65

electron equivalents/COX) will not result in further"Hin : ; H
this case the Hhemea, Cu coupling number will be given — 108, e
by

Ficure 1: Measurements of scalartHransfer associated with
consecutive stepwise reductienoxidation of CO-liganded cyto-
chromec oxidase. A total of 2..M of purified bovine cytochrome
c oxidase was suspended in 0.15 M KCI, 0.1 mM EDTA and
supplemented with 1.@M cytochromec, 0.2 mg/mL frozen
thawed, broken beef heart mitochondria, and @g5of rotenone/
; ; mL (pH 7.2). The suspension was bubbled first with nitrogen and
molecule§ with reduction of only one of th(_a two centers. then with pure CO. A combined pH electrode was inserted in the
~ In addition to the above treatments, which relate to the ¢yette containing the CO-saturated suspension, and this was then
initial statistical distribution of all the possible combinatory layered with deaerated mineral oil. Addition of 5 mM succinate to
classes of the oxidase molecules, the situation was also dealthe CO saturated COX caused formation of the fully reduced CO-
with in which all the molecules of the CO-liganded oxidase “%a“dedHCVLOChrome OI)'(kl)datS%m':tLhe:[ 15 {“'d“|_(|2cll) Tlhi_sohdtgacée ted
o . shows pH changes, calibrated with titrate solutions; the dotte
generated upon addition of the OX'd."?mt. or the redulctant curve shows the results of spectral deconvolution of redox changes
reached the same Nernst redox equilibrium through inter- of hemea after removal of the mutual optical overlapping of
molecular cytochrome-mediated electron transfer. cytochromec and hemeaz—CO (see Materials and Methods and
ref 21). The fully reduced CO-liganded enzyme was supplemented
with 0.1 uM antymicin A plus 0.3uM myxothiazol and pulsed
with 6.0uM ferricyanide. The mixed valence CO-ligandaa, so
generated, was first rereduced and then reoxidized by consecutive
additions of hexammineruthenium(ll) and ferricyanide (sub-
stoicheiometric with respect to sum of the equivalents ofccyt
Cua + hemea), respectively.

H*/hemea, Cu,= (NN, + nN.)/(N, + 0.5N,)  (3)
whereNg is the number of oxidase molecules with bothaCu
and hemea reduced and\, is the number of the oxidase

RESULTS

Measurements of the'ttheme a, CyRatios in the Soluble
Cytochrome ¢ Oxidase (COXJigure 1 shows the time
course of oxidation of heme in CO-inhibited reduced COX,
upon addition of an amount of ferricyanide equivalent to 95%
of the sum of Cw, hemea, and added cytochrone These that in these oxidereduction titrations, hema and Cuy,
centers were previously fully reduced by succinate by meanswere always oxidized/reduced to the same extent), their
of a trace of broken mitochondria, followed by the addition oxidation was initiated again by successive additions of
of myxothiazol plus antimycin A, which completely blocked substoicheiometric amounts of ferricyanide. The first addition
any further delivery of electrons from succinate. Ferricyanide of ferricyanide, giving 21% oxidation of henae(and Cuy),
gave, under these conditions, permanent oxidation of hemeresulted in an Fifhemea, Cu ratio of only 0.20. Successive
a as well as of Cy and added cytochronee(see also Table  additions of ferricyanide, giving further oxidation of the metal
1). Oxidation of the metal centers was accompanied by a centers, resulted in proton release with/lkemea, Cu, ratios
rapid release of 0.72 Hhemea, Cu, after which there was  which progressively increased, until a value of 0.65 was
no further pH change. Measurement of the stoicheiometry reached upon the last addition of ferricyanide, which
balance of the reaction showed that the sum of the oxidation completed the oxidation of the redox centers of CO-inhibited
extents of cytochrome, Cu,, and hemea corresponded  COX (see also Figure 2). A similar pattern of decreasing
exactly to the oxidizing equivalents of ferricyanide added H*/hemea, Cu, ratios, from values above to below 1 for
(Table 1). These measurements thus excluded any contribuproton uptake, upon progressive reduction of the metal
tion to proton release of spurious acidification reaction, like centers, and of increasingthemea, Cu, ratios for proton
oxidation of ubiquinol, in the trace of broken mitochondria release, upon progressive reoxidation of the metal centers,
as suggested by Verkovsky et &) or oxidation of CO to were experimentally obtained when increasing amounts of
HCO;™ by ferricyanide. The traces in Figure 1 show that hexamminerutheniun (1) and ferricyanide were respectively
the H' release associated with oxidation of and hemea added to separate samples of CO-inhibited COX (not shown).
was reversed upon stepwise rereduction of the metal centers Evidence has been provide@lj showing that oxide-
by successive additions of substoicheiometric amounts of reduction of both hema and Cu is linked to K shifts of
hexammineruthenium(ll). It can, however, be noted that the two acid—base groups, at least, in CO-inhibited COX. A
first addition of hexammineruthenium, producing only 19% consequence of this interactive l¢~ cooperative coupling

reduction of heme (and Cu), resulted in proton uptake
giving an H/hemea, Cu, ratio of 1.2 (see also Figure 2).
Successive additions of hexammineruthenium(ll), producing
further reduction of the two metal centers, resulted in proton
uptake with progressively decreasing/Hemea, Cu, ratios
(see also Figure 2). Once hengeand Cu were fully
rereduced by hexammineruthenium(ll) (it should be noted

is that reduction of either henaeor Cu, in one molecule in

a population of CO-inhibited COX is enough to cause
maximal protonation, at the given pH, of the two aclthse
group(s) (Figure 7). Reduction of the second metal center
in the same COX molecule will not cause any further H
uptake. Release of the *Hbound to the reduced COX
molecule will take place only when both £and hemea in
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Table 1: Analysis of Ferricyanide-Induced Redox Transitions of the Metal Centers in the CO-Liganded Reduced CytocDxatase and
Associated H Releas#

1 2 3 4
ferriCN cytc hemea Cua Htr/hemea,
added oxidized oxidized oxidized 2+3+4 1/(2+3+4) az—CO ag—CO + FerriCN Clua
6.00 1.02 2.54 2.50 6.06 0.99 2.98 2.95 0.72

aThe experimental conditions are those described in the legend of Figure 1. The values jmblicaiacentrations of cytochromg hemea,
and Cuy that are oxidized upon addition of ferricyanide—CO anda;—CO + ferriCN indicate the concentrations of tlg?*—CO compound,
before and after the addition of ferricyanide, respectiveli 4 proton release associated with oxidation of the harmed Cu. The concentrations
of COX and cytochrome were 2.5 and M, respectively.

1,60 — reduced COX, are essentially the same as those reported,
3 . under these conditions, by Verkovsky et &7, The present
1,40 21500 o9 | K e L
Z ool o o * observations show that, under the prevailing conditions of
1,20 | % T the redox titrations, low and high #hemea, Cu, ratios
0 can be obtained depending on the oxidatioeduction state
® 1,00 * MHCIeded of the COX molecules and provide additional independent
E 080 evidence for the occurrence of interacting coupling of two
= (or more) acid-base groups with oxidereduction of both
T 0,60 hemea and CuA.
0,40 It can be noted that the experimental and simulated
(continuous curves in Figure 2)'tthemea, Cu, ratios for
0.20 proton release and uptake associated with oxidation and
0,00 [ reduction of these centers, respectively, refer to the initial

0 20 ;0 50 80 100 proton translocation obtained upon addition of the oxidant
or of the reductant when different oxigmeduction classes
FiIGURE 2: H™ release associated with stepwise reduetiveidative Ofdthe.OXId?Se are fger? eratg(;j. The.lllmgal different Oﬁdo. h
titration of Cyy and heme in CO-liganded cytochromeoxidase. reduction classes of the oxidase will, however, reach wit
The experimental conditions are those described in the legend totime the same Nernst redox equilibrium through inter-
Figure 1. The measuredhemea, Cu, ratios for proton uptake molecular cytochrome-mediated electron transfer. It can
Hirations with hexamminerutheniumi and foricyanide are shown D¢ Predicted on the basis of the model presented in Figure
by black and white squares, respectively. Simulation of thé H 7, and egs 2 and 3_’ that gytochromenedlqted Intermo-
hemea, Cua ratios is shown by small black circles for reductive lecular electron redistribution between oxidase molecules
titration and small white circles for oxidative titration. The bars on having both hema and Cu reduced with those with both
the symbols (where given) indicate the standard errors of the meancenters oxidized will cause, up to an overall oxidation extent

value of three to four measurements. The inset shows measurement 0 P
of the buffering capacityd) of 10 uM cytochromec oxidase Bf 50% of hemea and ClA, reuptake .Of the pr.OthS initially
suspended in the reaction medium in the absence (white Cirdes)released upon the addition of the oxidant. This intermolecular

and in the presence (black circles) of &B1 cytochromec plus electron redistribution among the different classes of oxidase
0.4 mg mitochondria/mL. It can be noted that the buffering power mpolecules, whose only detectable sign is given by the

remained constant upon titration with increasing amounts of addEdreuptake of the protons initially released, was, however
HCI. For other details concerning the mathematical procedure and . o ! !
found to be extremely slow (Figure 3). Witht of around

the equations used for the simulation, see Materials and Methods. e AR el
3 min, it did not affect significantly the initial Hrelease

the same COX molecule are oxidized (Figure 7). Conse- associated with oxidation of henzeand Cuy, which has a
quently the initial H/hemea, Cua ratios for proton uptake w2 Of less than 1 s. The same conclusion can be reached
and release upon reduction and oxidation of the CO-inhibited from the simulation (not shown) of the situation arising when
COX population, respectively, will vary, under these condi- intermolecular Nernst equilibrium is reached (see also the
tions, with the extent of reduction and oxidation of these model in Figure 7). This simulation shows, in fact, that in
centers attained during the redox titration. The simulation the stepwise oxidative titration, at equilibrium, the partial
curves for the H/hemea, Cu, ratios that can be calculated H*/hemea (or H*/Cu,) ratios for proton release will be zero
by applying the probability eqs 2 and 3 (see Materials and till 50% oxidation of hemea (and Cu) is reached. Then
Methods) for progressive oxidation and reduction of COX any further oxidation step will produce maximafemea
molecules, respectively, are presented in Figure 2. The(or H"/Cua) ratios of 0.75. Conversely, in the stepwise
simulation curves show how the calculatet/kemea, Cua reductive titration, at equilibrium, the #hemea (or H*/
ratios decrease with increasing extents of reduction of the Cua) ratios for proton uptake will be constantly 1.5 till 50%
metal centers and increase with increasing extents of oxida-reduction of hemea (and Cu) is reached. Any further
tion of the metal centers in GECOX. The experimentally ~ reduction step will result in Fhemea (or H*/Cua) ratios
determined H/hemea (or H/Cu,) ratios practically coin-  of zero. This pattern is thus inconsistent with thé&/lkéme
cided with those obtained from these simulation curves. It a, Cua ratios experimentally obtained which, on the other
can also be noted that the"hhemea, Cu, ratios, measured  hand, fit perfectly the simulation curves obtained on the basis
or simulated in the present work for partial -300% of the initial generation of different oxidereduction classes
oxidation of hemea (and Cu) in the CO-inhibited pre-  of the oxidase molecules (egs 2 and 3) (Figure 2).

% of reduction (or oxidation) of heme a
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Ant. A 4.35 M
+ Myxoth. 3.8 uM Aabs Ferricyanide (a)
Ferricyanide 0.0117 H*/FIC = 1.24
l 1 605-630 nm AHtiheme a = 0.80

605-630 nm 'y
100 s
. —t
A Abs: 0.010 3.5uMH
1
v (b)
? l‘ H*/heme a, Cu,= 0.51 (47% heme a oxidation) p .
0.5 uM H* s ., P S . H*/FIC=1.26
_E AL PO .. t,;, of equilibration= 3.4 min A H¥ihome a = 0.89
H* trace ': ............. H*/heme a = 0.89
100 s
—> ' ; ' (c)

Ficure 3: Measurement of scalar'Hransfer associated with partial
oxidation of reduced CO-liganded cytochromeoxidase. The
experimental conditions are those described in the legend of Figure
1. The amount of ferricyanide added was chosen in order to cause
around 50% oxidation of herree(and Cy, not shown). The time
course of the pH change was reconstructed from the original trace

H*/FIC = 1.26

A H'/heme a=0.89
H*/heme a = 0.94

N k ) . Antimycin A
point by point at interval timesfd s and corrected for a constant + mni;(r::,hy'azol o
baseline drift; note the much larger time scale with respect to that ‘ Ferricyanide
of Figure 1. * Ferricyanide

Measurements of HHheme a, CuA Ratios in Liposome (d)
Reconstituted Cytochrome ¢ Oxida3ée vectorial nature
of the protor-electron coupling at herree Cu, was analyzed
by following pH changes in the external bulk phase associ-
ate,d with OXIdO-i.’edUCt!On. of the centers in the CO-!Iganded Ficure 4: Analysis of the sidedness of the"Wransfer associated
oxidase reconstituted in liposomes (COV). The oxidase was ith redox transitions of metal centers in the CO-liganded cyto-
brought into the reduced CO-inhibited state by succinate chromec oxidase vesicles. A concentration of uM COV was
oxidation, mediated by a trace of broken mitochondria and suspended in 0.15 M KCI and supplemented with 18I
cytochromec. The spectrophotometric and potentiometric Cytochromec, 1 ug/mL valinomycin, and 0.1 mg/mL frozen
traces presented in Figure 4 show that the oxidation of hemethawed beef heart mitocondria, pH 7.4. The suspension was gently
; . bubbled first with nitrogen and then with CO for 2 min and then
a(Cua and cytochrome not shown) induced by the addition  covered with a layer of mineral oil to prevent further gas exchange.
of an amount of ferricyanide equivalent to the sum of the Addition of 3 mM succinate produced anaerobiosis and full

cytochromec, hemea, and Cy was accompanied by a rapid ~ reduction of cytochrome oxidase in 16-15 min. Where indicated,
H* release, which continued, as expected, during the anaerobic 4.3gM ferricyanide was added and hemabsorbance

. - . and pH changes monitored simoultaneously as described in Materi-
rereduction of the metal centers by succinate oxidation. The 45 and Methods and in the legend to Figure 1: (a) no malonate

rapid acidification phase could be better separated from thepresent; (b) and (c) in the presence of 1.0 and 1.5 mM malonate,
latter in the experiments depicted in Figure 4 parts b and c respectively. In (d) the addition of ferricyanide was preceded by
in which the succinate oxidation was slowed by the addition mga}ﬂggtcig?egft?{gl%ﬁ)n;iEg&génptlﬁz (t)é%é?ﬂa%ﬁ?%gé:;g g
of malongte. Practically the same ra.lp.'(.j a(_:ldlflcatlon, but following the oxidation/reduction cycle and the amount of oxidizing
suppression of the second slow acidification phase, wasequivalents added as ferricyanidet,fiemea indicates the ratios
observed before when adding ferricyanide myxothigetos between the initial proton release associated with the rapid oxidation
antimycin A, which blocked further succinate oxidation of metal centers elicited upon addition of ferricyanide and the
(Figure 4d). Mathematical resolution of the proton translo- ﬁg&%@tnofhgxfﬁfad Q?QgséHV:{tner:‘eiaegd't%atﬁfe tg%éﬁg?sof
cation phase_s (Figure 5) Showe?' _tl_qat the _SIOW f':lqif:iiﬁc_ation ferricyanide added and the amount of hgmmdergoing oxide
reaction, which followed the initial rapid acidification eduction.
associated with oxidation of henszeand Cuy, exhibited the
same kinetic constant as that for the rereduction of hame observed at all the malonate concentrations, which exceeded
(and Cu). The overall acidification process, after having the amount of ferricyanide added, the ratio™ kelease/
reached a maximum upon completion of the rereduction of ferricyanide added amounting to 1:20.25. This extra
the metal centers, showed a slow and small reversal,acidification, referred to the extent of henae(and Cu)
evidently due to pH equilibration between the outer and inner oxidized, gave an Hoxidase ratio of 0.750.85. The same
space of COV. H*/hemea, Cu ratio of around 0.80 could be calculated
In Figure 6 the H release/ferricyanide ratios measured from the initial rapid acidification associated with the
in a series of experiments as those presented in Figure 4, inoxidation of hemea and Cu. These results thus show that
which the rate of succinate oxidation was progressively the transient oxidation of henge(and Cw) results in rapid
inhibited by increasing amount of malonate, are presented.H™ release in the outer bulk phase; i.e., the Bohr protons
The overall reduction of added ferricyanide by succinate associated with the oxidation of hera@nd Cuy are released
should have resulted in the 1:1 stoichiometrit telease in from the oxidase in the external aqueous space. If the redox
the external medium. An extra acidification was, however, Bohr protons released in the external phase were then taken

H*/heme a = 0.88
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Ficure 5: Mathematical deconvolution of proton transfer associated 1,4
with oxidation/rereduction of hem&in CO-liganded cytochrome
c oxidase vesicles. The experimental conditions are those described 1,2
in the legend of Figure 4. Mathematical treatment was applied, as ©
an example, to the traces shown in Figure 4b. The time courses for 2 1.0 ’!!!Q e @ e 8
the oxidation/rereduction cycle of hera@nd the associated proton £ 48] 0°
release were fitted in both cases with equations resulting from the g ’ > o
sum of two exponentials as follows\Abssos-s30nm= A((1 — exp- s 06
(—Koxt)) — (1 — exp(=kat))"), H" = B(1 — exp(—kot)) + C(1 — r
exp(—kqt))", whereA represents the final absorbance level of heme w04
a in the rapid initial oxidation phaseB is the final H" release 02
associated with the rapid initial oxidation pha€kis the final Hf ’
release associated with the slow rereduction phagandk, are 0,0 ‘
the exponential constants for the rapid oxidation and slower 0 50 100 150 AntA

rereduction phases, respectively, arid an exponential introduced
to improve the fitting of the traces because of the presence of a lag
in the slow phase. The white and black circles are the extents of FIGURE 6: Analysis of H transfer linked to redox transitions of
the absorbance and pH changes taken at different interval times,the metal centers in CO-liganded cytochromexidase vesicles.
respectively. Continuous lines are the best fits of the experimental The experimental conditions are those described in the legend of
points; for the fitting of the pH trace, all the points collected after Figure 4. The rate of rereduction of the metal centers, expressed
the completion of the rereduction of hermevere omitted; dashed ~ astiz, was varied by changing the concentration of malonate. The
lines show the resolution of the overall pH fit into the two phases experiments were performed in the absence (A) and in the presence
of pH changes. (B) of 3uM CCCP: black circles, H/FIC, i.e., the ratio between

the total amount of H released following the oxidation/reduction
up by the oxidase from the same space upon rereduction oifgr‘?!gy?ifn';ggﬁ ﬁ‘iped é?aemaor?ﬁ:“;ﬂeoégg'?g e?hUéVgﬁgtz :t(\j/\?ezdnas
h‘?mea and Cu by suc_cmat_e, no net excess of krelease, the initial proton release associated with the rapid oxidation of metal
with respect to the ferricyanide added, should have been leftcenters elicited upon addition of ferricyanide and the amount of
when hemea and Cu were fully rereduced. Reuptake of oxidized hemes; white circles AH/hemea, i.e., the ratio between
the Bohr protons did, instead, occur with a considerable delaythe extra H release with respect to the amount of ferricyanide
after rereduction of the redox centers (see Figure 5). These2dded and the amount of hemendergoing oxidereduction. The

. . ..._columns indicate the Hhemea ratio obtained in the presence of
observations show that the Bohr protons associated WIthantimycin A plus myxothiazol and refer to the overalf elease

rereduction of hema and Cu are taken up from the inner  associated with the permanent oxidation of hemdhe values
aqueous space. This was confirmed by the observation thatare means of at least three different determinations and the bars
in the presence of CCCP, which equilibrates the inner and indicate SEM; the difference between thé#FIC measured in
outer pH changes, the same initial rapid acidification was the coupled and uncoupled conditions is highly statistically

observed upon oxidation of hengeby ferricyanide, as in significant @ = 0.0005).

the coupled system, but r_:lt_the qomple?ion of the rereduction giq not exhibit, for both hema and Cuy, any detectable
of heme a no extra-acidification, with respect to the geyiation from regular Nernstian plots of degree of reduction
ferricyanide added, was observed (Figure 6B). versus Eh (data not shown). This was, in fact, expected as
hemea and Cy were found to have, in the pH range
DISCUSSION explored (6.6-8.5), the same Em value2). A second
The results presented in this paper provide additional, consequence of this interactive fd~ cooperative coupling
independent evidence of cooperative coupling in cytochromeis that while the one electron reduction of the iemea
c oxidase of the redox state of both hemand Cu with center is sufficient to induce maximal protonation, at the
the protonation state of common aeidase groups. The given pH of the coupled acitbase groups, release of the
interaction of both hem& and Cy with two (or more) H* bound to the fully reduced oxidase will take place only
common acie-base groups results, under the equilibrium when both heme and Cuy are oxidized (Figure 7).
conditions of the redox titration, in a pH dependence of the  The results obtained with the oxidase reconstituted in
Em of both redox centers smaller thar?9 mV/pH unit liposomes show that the proton transfer resulting from the
increase?l). It can incidentally be noted that redox titrations redox Bohr effects linked to hema and Cuy displays

t 1/2 of re-reduction (s} *+ myxoth.



15460 Biochemistry, Vol. 39, No. 50, 2000

fully reduced

Fea [t
|
Cu,

2™ reducing
equivalent

1%t oxidising
equivalent

emi-oxidised

2 oxidising

equivalents
2 reducing nH*
equivalents

nH*

1%t reducing
fully oxidised  equivalen

Fea |[(5%)

L

2 oxidising
equivalent

nH*

Ficure 7: Model of interactive proton release/uptake coupled with

oxidation/reduction of Cuand heme in CO-inhibited cytochrome
c oxidase.

vectorial asymmetry; i.e., the protons are taken up from the 11.
inner space, upon reduction of these centers, and released
in the external space, upon their oxidation. This direction of
the proton uptake and release is just what is expected from

a direct involvement of this cooperative linkage atsGund
hemea (redox Bohr effect) in the proton pump of the

that also in the unliganded cytochroro@xidase the redox
Bohr effect coupled to hema and Cu displays the same
vectorial asymmetry35b).

It should be recalled that the proton release in the external 16.
phase and the proton uptake from the inner space, coupled

to oxidation and reduction of henaeand Cuy, respectively,

represent reactions each associated with half-turnover of these
centers. Itis conceivable that in the turning over unliganded 19,
oxidase in the membrane in the respiring steady state, upon

transfer of each electron by @@and heme a in sequence,
from cytochromec to the binuclear hemeas—Cus center,
up to about 1 Ft will be taken up from the inner aqueous

space and translocated to the outer phase, directly or after

transient trapping by acitbase group(s), whoseKp are
linked to the chemistry of oxygen reduction to® at the
binuclear hemas;—Cug center. The latter reaction plays, in

fact, a primary role in the energy-yelding process and
possibly in the step of Hrelease in the outer aqueous phase ,,

(36—38). Work is in progress in our laboratory to identify
the chemical nature of the acitbase groups, whoseKg
are linked to oxide-reduction of hemea and Cu. The

crystallographic data available show possible proton input 25.

pathways leading from the inner aqueous space {0 regions 5 \sichell, R. (1991) The Nature and Significance of the pH-

close to hemea (39, 40. Different pathways for proton

release from the environment of the redox centers of the
oxidase into the outer aqueous phase have, on the other hand 27.

been proposed3p, 40.
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