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Abstract

The proton pumping activity of bovine heart cytochrome c oxidase (CcO) is completely inhibited

when all of the cardiolipin (CL) is removed from the enzyme to produce monomeric CcO

containing only 11 subunits. Only dimeric enzyme containing all 13 subunits and 2–4 cardiolipin

per CcO monomer exhibits a “normal” proton translocating stoichiometry of ~1.0 H+ per/e− when

reconstituted into phospholipid vesicles. These fully active proteoliposomes have high respiratory

control ratios (RCR=7–15) with 75–85% of the CcO oriented with the cytochrome c binding sites

exposed to the external medium. In contrast, reconstitution of CL-free CcO results in low

respiratory control ratios (RCR < 5) with the enzyme randomly oriented in the vesicles, i.e., ~50

percent oriented with the cytochrome c binding site exposed on the outside of the vesicle.

Addition of exogenous CL to the CL-free enzyme completely restores electron transport activity,

but restoration of proton pumping activity does not occur. This is true whether CL is added to CL-

free CcO prior to reconstitution into phospholipid vesicles, or whether CL is included in the

phospholipid mixture that is used to form the vesicles. Another consequence of CL removal is the

inability of the 11-subunit, CL-free enzyme to dimerize upon exposure to either cholate or the

cholate/PC/PE/CL mixture used during proteoliposome formation (monomeric, 13-subunit, CL-

containing CcO completely dimerizes under these conditions). Therefore, a major difference

between reconstitution of CL-free and CL-containing CcO is the incorporation of monomeric,

rather than dimeric CcO into the vesicles. We conclude that bound CL is necessary for proper

insertion of CcO into phospholipid vesicles and normal proton translocation.
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1. Introduction

Cardiolipin (CL) is a major mitochondrial glycerophospholipid that is localized exclusively

within the mitochondrial inner membrane [1,2,3]. CL is essential for the functional and/or

structural integrity of a number of mitochondrial inner membrane protein complexes

including cytochrome c oxidase (CcO) [4,5,6,7], cytochrome bc1 [8,9,10,11], succinate

dehydrogenase (complex II) [12], NADH:CoQ oxidoreductase (complex I) [13,14],

ADP/ATP carrier [15], and ATP synthase [16,17]. Among these proteins, CcO is the best

characterized mitochondrial complex that depends upon CL.

Bovine heart cytochrome c oxidase is a member of the heme-copper oxidase super-family. It

catalyzes the reduction of oxygen to water by ferrocytochrome c with coincident

translocation of protons across the mitochondrial inner membrane [18,19,20]. The structural

organization of bovine heart CcO is quite complicated. Within three dimensional crystals,

bovine CcO is a dimer of 13-subunit monomers [21,22]. This organization is believed to

reflect its structure within the inner mitochondrial membrane. Three of the thirteen subunits

are mitochondrially encoded, ten are nuclearly encoded [23]. Mitochondrially encoded

subunits I and II contain all four of the redox centers, (CuA, heme a, heme a3 and CuB), that

participate in individual electron transfer steps involved in the reduction of oxygen by

ferrocytochrome c [22]. The functional importance of the third mitochondrially encoded

subunit, subunit III, is currently not completely understood, although thought to be involved

in the proton pumping activity of CcO [24,25,26]. It also may function to stabilize the

enzyme. For example, within the Rhodobacter sphaeroides enzyme, subunit III stabilizes the

enzyme’s catalytic lifespan and thus prevents its suicide inactivation [27,28].

Purified, detergent-solubilized bovine heart CcO has a structural and functional requirement

for 3–4 CL that are tightly bound to the proteins within each monomer [5,6,29,30]. Two of

these CL are clearly visible in the crystal structure and are located between transmembrane

helices of adjacent protein subunits [21]. If CL is completely removed and replaced by

detergent or other phospholipids, electron transport activity decreases by 50–60 percent of

normal [5,6]. Full electron-transport activity is restored by exogenous CL, but not by other

phospholipids. Coincident with CL removal is the irreversible dissociation of subunits VIa

and VIb [5,6]. Removal of CL also destabilizes the association of subunits III and VIIa

making them more susceptible to dissociation by structural perturbants [6]. These effects are

consistent with the fact that CL is bound adjacent to subunits III, VIb, and VIIa, while

subunit VIIa rests on top of subunit VIIb [21]. Cardiolipin stabilizes all of these interactions

by forming strong ionic interactions between the negatively charged polar head group of CL

and the positively charged side chains of the protein while the fatty acid tails contact apolar

amino acids. A direct consequence of CL removal and dissociation of subunits VIa and VIb

is the inability of the CcO monomers to dimerize since subunits VIa and VIb participate in

major protein contacts at the dimer interface. CL, therefore, acts as a type of “glue” that

stabilizes the quaternary structure of CcO. CL has been suggested to serve a similar role in

the formation of super-complexes within the mitochondrial inner membrane [31,32].

The importance of dimeric CcO to its function has been the subject of debate for several

decades and is still not completely understood. Dimerization clearly is not essential for
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normal electron transfer activity since monomeric CcO has the same activity as the dimer.

However, the possibility that dimerization plays a critical role in proton-translocation

remains a topic of discussion. To address this problem, we have analyzed the effect of CL

removal on proton translocation activity of CcO. Because CL removal prevents CcO self-

association, these studies should help address the question whether such structural changes

restrain alter, or inhibit the proton pumping activity of the enzyme.

2. Materials and Methods

2.1. Materials

Bovine cardiolipin (1,3-diphosphatidyl-sn-glycerol); dioleoylphosphatidylcholine (1,2-

dioleoyl-sn-glycero-3-phosphocholine, DOPC); and dioleoylphosphatidylethanolamine (l,2-

dioleoyl-sn-glycero-3-phosphoethanolamine, DOPE), each in chloroform, were obtained

from Avanti Polar Lipids, Inc. Dodecyl maltoside (DM) was obtained from Anatrace. Horse

heart cytochrome c (type III); Crotalus atrox venom; N,N,N',N'-tetramethyl-1,4-

benzenediamine dihydrochloride (TMPD); carbonyl cyanide 3-chlorophenylhydrazone

(CCCP); valinomycin; phenol red; sodium ascorbate; and sodium cholate were obtained

from Sigma Chemical Co. Bio-Beads SM-2 were purchased from Bio-Rad Laboratories. All

other chemicals were reagent grade.

2.2. Methods

Bovine cytochrome c oxidase was isolated from Keilin-Hartree particles [33] by the method

of Fowler et al. [34] with modifications described previously [35]. HiTrapQ anion-exchange

column chromatography was subsequently used to remove small amounts of contaminating

cytochrome bc1 and all phospholipids except for 2–4 CL that remain tightly bound to the

enzyme [5]. The purified complex had a molecular activity of 340 – 370 s−1 when assayed

spectrophotometrically by following the pseudo-first order rate of ferrocytochrome c (30

µM) oxidation by 1.8 nM CcO in 50 mM phosphate buffer pH 7.2 containing 2 mM DM as

described by Dale and Robinson [36]. Cardiolipin free detergent-solubilized CcO was

obtained by treatment of CL–containing CcO with phospholipase A2 (PLA2) [6].

Incorporation of cytochrome c oxidase into liposomes—CcO-containing vesicles

were prepared by a minor modification of the method of Casey [37]. The procedure was as

follows: a suspension of 50 mg of phospholipids (defined below) in 1 mL of 0.1 M HEPES

buffer, pH 7.4, containing 2% sodium cholate was sonicated on ice under nitrogen using a

Branson model 250 Sonifier, until the solution became clear (~5 min). Unless otherwise

specified, the suspension of phospholipids contained 25 mg DOPC and 25 mg DOPE (1:1

w/w). The purified CcO was exposed to Bio-Beads SM-2 to remove excess dodecyl

maltoside before it was mixed with the phospholipid mixture. The procedure was to add 150

mg of Bio-Beads SM-2 per mL of CcO (2 mg/mL), stir the mixture for 15 min at 25 °C, and

then remove the Bio-Beads by brief centrifugation [38]. The resulting detergent-depleted

CcO was subsequently added to the phospholipid-cholate mixture described above at a final

protein concentration of 1 mg/mL and a final protein to phospholipid ratio 1:40 (mg/mg). At

the high molar ratio of phospholipid to protein that were used to prepare either CL-rich, or

CL-free proteoliposomes, all of the enzyme was incorporated into the vesicles as indicated
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by the elution of a single peak when the products were analyzed by gel filtration

chromatography (data not shown). The CcO-containing proteoliposomes were then formed

by extensive dialysis of the CcO-phospholipid-cholate solution against 0.1 M HEPES, pH

7.4 for 8 hours; 10 mM HEPES, 40.0 mM KCl, 50.0 mM sucrose, pH 7.4 for 12 hours; and

finally against 1 mM HEPES, 44.0 mM KCl, 55.0 mM sucrose, pH 7.4 for 8 hours.

Characterization of proteoliposomes—The orientation of CcO that had been

incorporated into vesicles was determined using visible difference spectroscopy (ΔA606–630)

after reduction of cytochrome a within a CcO-CN complex [39]. Two impermeant electron

donors (5 mM sodium ascorbate and 3.5 µM cytochrome c), were added followed by the

addition of a permeant electron donor (2.5 mM TMPD). The ratio of ΔA606–630 before and

after addition of TMPD yields the fraction of CcO with its cytochrome c binding site

exposed on the external surface of the proteoliposome. The RCR of reconstituted CcO was

calculated from the ratio of the rate of oxidation of ferrocytochrome c before and after the

addition of 3 µM CCCP plus 30 µM valinomycin recorded at 550 minus 540 nm [18].

Measurement of proton translocation—Proton pumping activity of CcO incorporated

into vesicles was measured spectrophotometrically using phenol red as the absorption pH

indicator. Extra-vesicular pH changes were detected at 600 nm minus 564 nm [40].

Absorbance changes were calibrated using a standard solution of HCl. The H+/e- ratio was

calculated by dividing the moles of protons extruded by the moles of cytochrome c added.

Cytochrome c oxidase subunit composition analysis—The content of the three

mitochondrially encoded subunits was determined by quantitative scanning of Coomassie

brilliant blue stained SDS-PAGE gels. The content of the 10 nuclearly encoded CcO

subunits was determined using C18 reversed phase HPLC as described by Sedlák and

Robinson [6] (Figure 1).

Sedimentation velocity—All analytical ultracentrifugation experiments were performed

in a Beckman Optima XL-A analytical ultracentrifuge at the Center for Analytical

Ultracentrifugation of Macromolecular Assemblies of the University of Texas Health

Science Center at San Antonio. The sample preparation and experimental conditions were

essentially the same as described previously [41,42]. CcO samples in dodecyl maltoside/

cholate, or PL/cholate mixtures were prepared by dilution of CL-containing or CL-free

enzyme (1 mg/mL) with the 20 mM Tris-SO4 buffer, pH 7.4, containing 2 mM sodium

cholate and either: 1) 2 mM dodecyl maltoside; or 2) 20 mM PC/PE/CL (45% : 45% : 10%)

mixture. The resulting solutions were then dialyzed for 12–16 h against buffer containing

0.2 mM dodecyl maltoside and 2 mM sodium cholate prior to centrifugation at 40 000 RPM

in a Beckman XL/A centrifuge as described previously [42]. The resulting data were

analyzed by the method of van Holde and Weischet using the UltraScan software developed

by B. Demeler at Department of Biochemistry UTHSC at San Antonio and described in

detailed at http://www.cauma.uthscsa.edu/
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3. Results

The addition of ferrocytochrome c to reconstituted CL-containing CcO results in very rapid

acidification due to CcO proton translocation activity followed by much slower

alkalinization (Figure 2, left panel). The rapid acidification is too rapid to be detected using

this experimental approach, but can be determined by extrapolation of the slower

alkalinization to the time of cytochrome c addition. The proton pumping stoichiometry is

calculated from the magnitude of the rapid acidification. The slower alkalinization phase is

due to proton leakage back into proteoliposomes [18]. The alkalinization phase exists

whether proton translocation occurs or not due to chemical consumption of 1 H+/e− from the

interior of the vesicle during the reduction of oxygen to water with subsequent equilibration

of the alkaline vesicle interior with the bulk phase. The rate of alkalinization depends only

upon how well vesicles are sealed, not upon the proton pumping activity of the enzyme.

Proteoliposomes prepared using CL-containing CcO exhibited “normal” proton

translocating activity of ~1.0 H+/e−. The proteoliposomes are well sealed with a slow first-

order rate constant for alkalinization of k = 0.061 s−1, RCR value of 10–12, with CcO

asymmetrically inserted, i.e., 75–85% of the CcO is oriented with the cytochrome c binding

sites exposed to the external medium (Table 1).

In contrast to the results obtained with CL-containing CcO, CL-free enzyme did not exhibit

any measurable proton translocation activity, i.e., the rapid acidification phase due to proton

translocation was not detected (Figure 2, right panel). Only the slower alkalinization phase

occurs, but at a rate ten times more rapidly than with the CL-containing CcO, i.e., k = 0.50

s−1. Occasionally a rate of alkalinization for reconstituted CL-free CcO was comparable to

that observed for reconstituted CL-containing CcO, but proton pumping activity still was not

detected. We, therefore, conclude that the rather large proton “leakage” rate observed for the

CL-containing proteoliposomes is not responsible for the lack of an observable acidification

phase. However, proteoliposomes prepared from CL-free CcO have a number of defects.

They have very low RCR values (2–4) and are inserted in a random, rather than ordered

orientation (i.e., only 45–50% of the cytochrome c binding sites of CcO are exposed to the

exterior medium). If CL-free CcO does not pump protons, its poor RCR value is the result of

translocation of only one electric charge across the membrane instead of the two charges by

CL-containing CcO. The decreased number of translocated charges would make the CL-free

enzyme much less sensitive to control by membrane potential. Occasionally slightly better

RCR values of 5–7 were observed, but these preparations still did not exhibit any

measureable proton pumping activity.

Addition of exogenous CL to detergent solubilized CL-free CcO restores normal electron

transport activity, i.e., kcat is restored to ~90 percent of normal (320–340 s−1) from an initial

value that is 45–50 percent of normal [6]. For this reason, the ability of exogenous CL to

restore full proton pumping activity to CL-free CcO was tested. Inclusion of CL in the

preparation of the proteoliposomes, i.e., vesicles made from 45% DOPC and 45% DOPE

and 10% CL, had a positive effect since the orientation of CcO in the vesicles was improved

by about 10 percent with either type of enzyme (Table I). Inclusion of CL also increased the

RCR for CL-free CcO by about 2 fold (RCR = 5–7); however, it had no observable effect
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upon RCR values for CL-containing CcO. Nevertheless, inclusion of CL did not improve the

proton pumping stoichiometry for either CL-containing, or CL-free CcO (Table I); the

former remained at 0.93 H+/e−, while the latter could not be detected.

The self-association state of CL-free CcO was determined in dodecyl maltoside solution and

under conditions known to induce dimerization of CL-containing CcO, i.e., a mixture of

dodecyl maltoside and cholate. Dodecyl maltoside solubilized CL-free CcO sediments

predominately as a monomer with approximately 70% of the enzyme having an s20,W of

10.5 S (Figure 3, filled circles). The rest of the enzyme population generates a slightly larger

species with sedimentation coefficients ranging from 10.5 to 12 S, most likely due to a small

amount of nonspecific aggregation. Inclusion of sodium cholate induces dimerization of 13-

subunit, monomeric CcO [42] with s20,W of 15.5 – 16 S (Figure 3, open triangles). However,

inclusion of cholate does not induce dimerization of the CL-free CcO (Figure 3, open

circles). Of course, CL-free CcO is also missing subunits VIa and VIb, which almost

certainly are required for dimerization; therefore, it is unclear whether removal of CL alone

is sufficient to prevent dimerization. Essentially the same result was obtained when the

aggregation state of CL free enzyme was analyzed in cholate/PC/PE/CL mixture (data not

shown), a condition known to induce dimerization of the 13-subunit, CL-containing enzyme

[42].

Discussion

Cardiolipin has been resolved within the crystal structure of several of the electron transfer

complexes: two CL’s within CcO [21,43]; one CL within cytochrome bc1 [9,44,45,46]; and

one CL, within succinate dehydrogenase (Complex II) [47]. Protein bound CL has also been

resolved in the three-dimensional structure of mitochondrial creatine kinase [48], as well as

the Rhodobacter sphaeroides photosynthetic reaction center [49]. In each case, the CL is

buried in crevices between transmembrane helices. It has been shown, at least for CcO and

cytochrome bc1, that bound cardiolipin is important for the structural and functional

integrity of the CL-containing enzymes. However, a conclusive mechanism by which this

phospholipid might be directly or indirectly involved in either electron transfer and/or

proton translocation is not evident.

In the present, work we have demonstrated that the removal of CL from bovine CcO prior to

its incorporation into phospholipid vesicles, decreases the respiratory control ratio of the

resulting proteoliposomes, prevents asymmetric insertion of CcO into the vesicles, and

completely destroys proton translocation activity. CL, therefore, must either directly or

indirectly alter or perturb the proton pumping apparatus. To analyze the possible

explanation(s) of these phenomena, the localization and possible role of individual CL’s

bound to CcO needs to be clarified.

Cytochrome c oxidase bound cardiolipin

Two molecules of CL are visible in the CcO crystal structure [21,43]. The first CL (CL1) is

located between subunit VIa on one monomer and subunit III on the other monomer, and

probably stabilizes the dimeric structure. The second CL (CL2) is localized between

subunits VIIa and I. In our preparation of purified bovine heart CcO 3–4 CL are tightly
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bound to the enzyme. Analysis of the subunit labeling pattern with arylazido-CL photo-

labels suggests that a third molecule of CL (CL3) is bound between subunits VIIa and VIIc

near the entrance to the D-channel [30]. In addition, not one but two CL’s are possibly

bound with lower affinity at the dimer interface of CcO near subunit VIa. Removal of these

two CL’s near the dimer interface has very little or no effect upon electron-transport activity,

but occurs coincident with the dissociation of both subunit VIa and VIb (Figure 1) [6].

Because subunits VIa and VIb form the major monomer to monomer contacts at the CcO

dimer interface, their dissociation would be expected to disrupt the CcO dimer and produce

an 11-subunit monomer. The 11-subunit monomer remains fully capable of catalyzing

normal electron transfer [6]. Currently it is not known whether subunits VIa and VIb

dissociation occurs coincident with CL removal, or whether CL removal destabilizes the

enzyme so that these subunits are removed during purification of the enzyme by HiTrap Q,

anion-exchange chromatography. What is known is that other subunits are not affected. The

remaining two CL’s, those near subunit VIIa, can be removed only by phospholipase A2

digestion, which produces a CL-free preparation of CcO [6]. These latter two CL’s bind

with high affinity near a group of subunits including VIIa and VIIc. One of these CL’s is

almost certainly nestled between subunits VIIa and III and is visible in the crystal structure.

The other, which is not visible in the crystal structure, is the one we proposed to be bound

near the entrance to the D-channel between subunits VIIa and VIIc [30]. Together, these two

CL’s near subunit VIIa are required for maximum electron-transport activity of CcO,

possibly by regulating the import of protons into the D-channel. The removal of these 2

CL’s causes a 50–60% loss of electron-transport activity that is completely restored by re-

association of one or two CL [5,6]; their removal, however, completely and irreversibly

destroys proton pumping (present work).

How removal of bound cardiolipins affects cytochrome c oxidase proton pumping

Incorporation of CL-free CcO into liposomes results in a low fraction of enzyme

incorporated with the cytochrome c binding site exposed to the bulk solution, a low RCR,

and a complete absence of any proton translocation activity. The addition of CL to the

DOPC-DOPE vesicles has little or no effect on either the orientation of incorporated

enzyme, RCR value, or proton pumping. This is in contrast to the effect that CL has upon

the electron transfer activity which is fully restored by addition of exogenous CL to

detergent-solubilized CL-free CcO. This result can only be explained by the unique

positions and properties of the bound CL’s. Indeed, coarse-grain molecular dynamic

simulations [7] have confirmed the proposal of Sedlák et al. [30] that two CL bind with high

affinity near the entrance to the D - and H-channels. It is well-known that even a small

perturbation near CcO proton pathways can significantly affect the functionality of the

enzyme. For example, site-directed, single-point, mutagenesis of amino-acids within the D-

channel decouples proton translocation within CcO having either “normal” or high turnover

[50,51]. Therefore, removal of CL from CcO appears to generate an enzyme with similar

properties. If CL is bound near the entrance to the proton channels, and if its removal

perturbs proton uptake, this would support the idea that phospholipid actively participates in

proton trapping [52]. Very recently, using molecular dynamic simulation, essentially the

same conclusion about CL’s unique position and possible role in proton uptake of

cytochrome bc1 was made by Armarez et al. [10] and Pöyry et al. [11].
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The alternative explanation, that only a CcO dimer can function as a proton pump, is less

likely. Indeed, bacterial CcO is clearly capable of proton translocation although there is no

evidence that it forms dimers. Additional support that monomeric CcO is sufficient for

normal proton translocation is evident from studies on the structural organization of

mammalian and yeast supercomplexes [53,54]. Only a single copy of CcO, i.e. a CcO

monomer, is present within a functional supercomplex consisting of monomeric Complex I,

dimeric Complex III, and monomeric CcO. Therefore, if these respiratory supercomplexes

truly represent the functional units within the mitochondrion, CcO can be fully functional in

a monomeric state. The proton pumping machinery does not depend upon a dimeric enzyme.

In summary, the present work examines the requirement of CcO for tightly bound CL for

normal proton pumping activity. The experimental results provide evidence for either a

direct or indirect participation of CcO bound CL in proton pumping. Removal of CL from

CcO results in a number of irreversible changes that completely destroy the proton

translocation ability of CcO; the electron transfer activity of CL free enzyme, however, is

about half of normal CcO activity, and is completely restored by exogenous CL [5,6, present

work]. The most plausible explanation is that the removal of CL’s (CL2 and CL3) perturbs

the entrance to the D-channel preventing normal proton pumping. Such structural

perturbation would have to be irreversible since the inhibition of proton translocation is

irreversible and cannot be restored by the reassociation of CL. While some questions remain

about the exact mechanism by which CL is involved in proton movement, our results

indicate that bound CL is absolutely necessary for proper insertion of CcO into phospholipid

vesicles and is essential for normal proton pumping translocation.
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Abbreviation

CcO bovine heart cytochrome c oxidase

CL cardiolipin

RP-HPLC reversed phase high-performance liquid chromatography

RCR respiratory control ratio

PLA2 phospholipase A2

PC phosphatidylcholine

PE phosphatidylethanolamine

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

TMPD N,N,N’,N’-tetramethyl-ρ-phenylenediamine

CCCP carbonyl cyanide m-chlorophenylhydrazone
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Research highlights

• Role of bound cardiolipin in cytochrome c oxidase proton pumping was

investigated

• Cardiolipin removal eliminates cytochrome c oxidase proton pumping activity

• Cardiolipin removal prevents cytochrome c oxidase dimerization

• The possible direct or indirect role of cardiolipin is discussed
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Figure 1. Separation of cytochrome c oxidase nuclear-encoded subunits by C18 reversed-phase-
HPLC before (upper thin chromatogram) and after (lower thick chromatogram) cardiolipin
removal
In both cases 1.5 µM of cytochrome c oxidase was analyzed. The arrows indicate dissociated

subunits VIa and VIb.
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Figure 2. Proton pumping activity of reconstituted 13-subunit cardiolipin-containing cytochrome
c oxidase (left panel) and 11-subunit cardiolipin-free cytochrome c oxidase (right panel)
Concentration of CcO reconstituted into DOPC-DOPE vesicles was 0.1 µM. Rapid

acidification occurred upon addition of 1 µM ferrocytochrome c to CL-free CcO (left panel).

Unexpected alkalinization after addition of the same amount of ferrocytochrome c was

observed with CL-free CcO (right panel). Rapid alkalinization was also observed in both

cases in the presence of 5 µM CCCP (not shown). pH changes were calibrated by addition of

standard HCl. Experimental results are in red; and fitted curves are dashed black lines.
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Figure 3. Cardiolipin-free cytochrome c oxidase does not dimerize
CcO self-association was quantified by sedimentation velocity at 40 000 rpm and 20 °C.

Both CL-containing (triangles) and CL-free CcO (circles) were analyzed in 20 mM Tris-SO4

buffer, pH 7.4, containing only 2 mM dodecyl maltoside with (filled symbols) or 2 mM

dodecyl maltoside and 2 mM sodium cholate (open symbols).
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