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ABSTRACT: Cytochrome c oxidase from bovine heart and liver was reconstituted in liposomes in the absence 
or presence of nucleotides. Intraliposomal ADP, and to a smaller extent intraliposomal ATP, increased 
the respiratory activity of the heart but not of the liver isozyme under uncoupled but not under coupled 
conditions, leading to increased respiratory control ratios. In a preceding publication [Anthony, G., Reimann, 
A., & Kadenbach, B. (1992) Proc. Nat l .  Acad. Sci. U.S.A. 90, 1652-16561, the stimulatory effect of 
intraliposomal ADP could be related to interaction with the matrix domain of subunit VIa-h (heart type). 
The data suggest a regulatory effect of matrix nucleotides in heart and skeletal muscle mitochondria on 
the efficiency of energy transduction in COX. 

The mammalian cytochrome c oxidase complex (COX) 
contains 13 different polypeptides including 10 “supersto- 
ichiometric” subunits which are absent in COX of bacteria 
(e.g., Paracoccus denitrificans), although both enzymes have 
almost identical electron-transfer and proton-pumping ac- 
tivities (Hendler et al., 1991; Pardhasaradhi et al., 1991). 
Also, other enzyme complexes of the respiratory chain from 
higher organisms contain additional subunits, not found in 
the bacterial analogs. However, only two superstoichiometric 
subunits of complex I11 could be ascribed a role: subunit I 
of cytochrome c reductase from Neurospora crassa (but not 
from yeast) was identified as a “processing enhancing protein” 
(PEP) (Schulte et al., 1989) and subunit I11 of cytochrome 
c reductase from potato as a “processing peptidase” (Braun 
et al., 1992). In yeast, the two COX isozymes, differing in 
the nuclear-coded subunit V isoform (Va or Vb), result in 
different turnover rates and rates of heme a reduction 
(Waterland et al., 1991). Until very recently (see below) the 
function of the superstoichiometric subunits of mammalian 
COX remained unknown. 

The three large subunits of mammalian COX are encoded 
on mitochondrial DNA while the superstoichiometric subunits 
are nuclear-coded and partly expressed in tissue-specific forms 
(Kadenbach, 1983; Kadenbach et al., 1987). The heart-type 
isoforms of subunits VIa, VIIa, and VI11 are expressed in 
heart and skeletal muscle, while the liver-type isoforms occur 
in most other tissues, e.g., liver, kidney, and brain (Schlerf et 
al., 1988; Anthony et al., 1990; Lightowlers et al., 1990; Seelan 
& Grossman, 1991). In smooth muscle, a different isoenzyme 
is expressed consisting of the liver types of subunits VIa and 
VI11 but the heart type of subunit VIIa (Anthony et al., 1990). 
However, species-specific expression of isoforms has also been 
observed. In rat heart, both isoforms of subunit VIa (Le., 
VIa-h and VIa-1) are expressed (Kadenbach et al., 1990) while 
in bovine heart only subunit VIa-h (heart type) has been found 
by protein sequencing (Yanamura et al., 1988). The heart 
type of subunit VI11 is expressed in the heart of rat (Kadenbach 
et al., 1990) and bovine (Yanamura et al., 1988), whereas in 
human heart only the liver type could be identified (Van 
Kuilenburg et al., 1988). 

The mitochondrial-coded subunits I and I1 are associated 
with the catalytic activity of the enzyme since they contain 
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the prosthetic groups: two heme a and three copper atoms 
(Capaldi, 1990). For the nuclear-coded subunits a regulatory 
function was proposed (Kadenbach, 1986) on the basis of 
tissue-specific differences between the activity of COX from 
bovine heart and liver (Merle & Kadenbach, 1982; Biige & 
Kadenbach, 1986; Van Kuilenberg et al., 199 l), and on effects 
of nucleotides (Hiither & Kadenbach, 1987), which were not 
found in COX from Paracoccus (Huther & Kadenbach, 1988), 
lacking thenuclear-coded subunits (Ludwig, 1987). Recently 
the regulatory function of an individual nuclear-coded subunit 
could be elucidated. Subunit VIa-h from bovine heart (but 
not VIa-1 from bovine liver) was shown to bind ADP at its 
N-terminal matrix-oriented domain, accompanied by an 
increase of the catalytic activity, as proven by competition 
with a monoclonal antibody (Anthony et al., 1992). 

In the present study, we have investigated the kinetics and 
specificity of the stimulatory effect of intraliposomal nucle- 
otides on the activity of reconstituted COX. Intraliposomal 
ADP increases the KM for cytochrome c; it stimulates the 
uncoupled activity and improves the respiratory control ratio 
of the reconstituted enzyme from bovine heart but not from 
bovine liver. Other nucleotides, including ATP, have a smaller 
effect. It is proposed that in heart and skeletal muscle 
intramitochondrial ADP controls the efficiency of energy 
transduction. 

MATERIALS AND METHODS 

COX from bovine heart and liver was prepared from isolated 
mitochondria as described before (Kadenbach et al., 1986). 
Asolectin (L-a-phosphatidylcholine, type 11-s from soybean) 
and cytochrome c (95% pure, from horse heart) were obtained 
from Sigma. Before use, asolectin was purified by the method 
of Kagawa and Racker (197 1). Valinomycin and CCCP were 
bought from Boehringer, Mannheim. 

Reconstitution of COX. COX was reconstituted in lipo- 
somes by the adsorption method. Asolectin (40 mg/mL) was 
first sonicated 4 X 2 min (Branson sonifier, microtip, 30% 
yield) in 1.5% sodium cholate, 10 mM K-Hepes, pH 7.4, and 
40 mM KC1; then COX was added to a final concentration 
of 3 pM, together with nucleotides or salts, when indicated. 
The detergent was removed by adsorption to purified Amberlite 
XAD-2 (Serva, Heidelberg) (Schechter & Bloch, 1971) by 
incubation for 22 h at 4 OC under shaking with 50 mg/mL 
polymeric adsorbent. The orientation of COX in the vesicles 
was calculated from the reduced spectrum obtained by 

0 1993 American Chemical Society 



8500 Biochemistry, Vol. 32, No. 33, 1993 Rohdich and Kadenbach 

200 
In 

I 
7 

v, 
\ 
z 
I- 

- 

I O 0  

Cytochrome c ( p M )  

0 
0 50 100 I50 200 i 50 

TN ( s - ' )  

FIGURE 1: Influence of intraliposomal ADP and ATP on the polarographic activity of reconstituted COX from bovine heart. Proteoliposomes 
were prepared in the absence (open circles) or presence of 10 mM ADP (closed circles) or ATP (triangles), and the activity was measured 
under uncoupled conditions at increasing concentrations of cytochrome c in the absence or presence of 0.7 mM TMPD, as indicated. Main 
panel: EadieHofstee plot of the kinetics of ferrocytochrome c oxidation in the absence of TMPD. Insert: Dependence of activity on the 
concentration of cytochrome c. The activity is presented as turnover number (TN = moles of cytochrome c for mole of cytochrome aa3 per 
second). S = concentration of cytochrome c. For further details, see Materials and Methods. 

impermeant (ascorbate and cytochrome c )  and permeant 
(TMPD) reducing agents in the presence of cyanide as 
described by Casey et al. (1982). 

Measurement of COX Activity. The activity of reconsti- 
tuted COX was measured polarographically at 25 OC with a 
Clark-type electrode according to Ferguson-Miller (1978) in 
10 mM K-Hepes, pH 7.4,40 mM KCl, 25 mM Tris-ascorbate, 
20 nM reconstituted COX (oriented right-side-out), 0 .0240 
pM cytochrome c with the uncoupler valinomycin (1 p g /  
mL), and CCCP (3 pM) when indicated. Where indicated, 
TMPD was added at 0.7 mM with 0.1 mM EDTA, final 
concentrations. The activity under coupled conditions (ab- 
sence of valinomycin and CCCP) was measured with 170 nM 
reconstituted COX. COX activity is presented as turnover 
number [TN = nmol of cytochrome c s-l (heme aa&l]. 

RESULTS 

COXActivity Is Stimulated by Intraliposomal Nucleotides. 
COX from bovine heart was reconstituted in liposomes in the 
presence or absence of 10 mM ADP or ATP, and the activity 
was measured polarographically with or without N,N,N',N'- 
tetramethyl-p-phenylenediamine (TMPD) at increasing con- 
centrations of cytochrome c. Under the applied steady-state 
conditions (25 mM ascorbate), cytochrome c is largely reduced 
(also without TMPD more than 95%, not shown). Intrali- 
posomal ADP stimulates the activity, when measured in the 
presence of uncoupler but in the absence of TMPD, at all 
concentrations of cytochrome c by about 25% (see insert of 
Figure 1). Intraliposomal ATP has also a stimulatory effect, 
but to a smaller extent than ADP. Addition of TMPD 
stimulates the oxygen uptake of the enzyme in particular at 
lower concentrations of cytochrome c. In the presence of 
TMPD, the relative stimulation by ADP is lower, and a slight 
decrease of activity is observed by ATP. In the main panel 
of Figure 1 is shown the EadieHofstee plot of one repre- 
sentative titration, measured in the absence of TMPD. The 

Vmax (TNmax) and apparent KM values for the high- and low- 
affinity phases of cytochrome c oxidation were graphically 
determined according to Ferguson-Miller et al. (1976, 1978) 
from curves with average data of seven independent titrations. 
The maximal variations of T N  and TN/S values of individual 
data in the Eadie-Hofstee plot were below 10%. The apparent 
KM value for the high-affinity phase of ferrocytochrome c 
oxidation is more decreased by intraliposomal ADP (0.037 
pM) than by intraliposomal ATP (0.060 pM), as compared 
to control vesicles (0.076 pM). The TN,, values for the 
high-affinity phase are the same for control (1 6 s-l), ATP (1 7 
s-l), or ADP-containing proteoliposomes (16 s-l). The 
apparent KM value for the low-affinity phase of cytochrome 
c oxidation is almost the same for control (4.38 pM), ATP 
(3.97 pM), and ADP-containing proteoliposomes (4.03 pM). 
The TN,, of the low-affinity phase of cytochrome c oxidation 
(control = 210 s-l) is slightly increased by intraliposomal 
ATP (230 s-I) and even more by intraliposomal ADP (248 

The increase of activity by intraliposomal nucleotide is not 
due to different orientations of the COX vesicles. From seven 
independent reconstitutions in the absence and in the presence 
of 10 mM ADP, the following average turnover numbers and 
standard deviations were obtained with 40 pM cytochrome c 
in the presence of uncoupler: 194 f 10.1 (without ADP) and 
239 f 13.5 (with ADP). The percentage stimulation by 
intraliposomal ADP is calculated to 23.5% f 0.89%. The 
orientations of COX in these proteoliposomes were the same 
in the absence (65.4% f 2.1%) and in the presence of 10 mM 
intraliposomal ADP (64.8% f 3.0%). 

Increasing concentrations of TMPD diminish or abolish 
the effects of ADP and ATP, respectively, as shown in Figure 
2. It was assumed by Ferguson-Miller et al. (1978) that 
dissociation of ferricytochrome c represents the rate-limiting 
step of COX activity in the absence of TMPD. In the presence 
of TMPD, electron transfer from ascorbate via cytochrome 

s-1) * 
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FIGURE 2: Stimulatory effect of intraliposomal nucleotides on the 
activity of reconstituted COX from bovine heart is abolished by 
TMPD. The activity of proteoliposomes, prepared in the presence 
or absence of 10 mM ADP or ATP, was measured with 40 rM 
cytochrome c in the presence of uncoupler at the indicated concen- 
tration of TMPD. Presented in the figure is the percentage stimulation 
of activity by intraliposomal ADP (circles) or ATP (triangles). 
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FIGURE 3: Intraliposomal ADP and ATP do not stimulate the activity 
of reconstituted COX from bovine liver. The activity of COX from 
bovine liver, reconstituted in the absence (open circles) or presence 
of 10 mM ADP (closed circles), was measured in the presence of 
uncoupler without TMPD at increasing concentrations of cytochrome 

c to COX was suggested to occur without dissociation of 
ferricytochrome c from COX (Ferguson-Miller et al., 1978). 
The effect of ADP on the low-affinity phase of cytochrome 
coxidation, shown in Figure 1 (increased TN,,and unaltered 
KM), supports the previous assumption that ADP increases 
thedissociation of ferricytochrome c from the enzyme (Hiither 
& Kadenbach, 1987). In contrast, theeffect of intraliposomal 
ADP on the high-affinity phase of cytochrome c oxidation 
(unaltered TN,,, and decreased KM) suggests increased 
substrate binding at  low ferrocytochrome c concentrations. 
Thus, the molecular mechanism of the ADP effect is complex 
and not fully understood. 

Intraliposomal Nucleotides Interact Tissue-Specific. In 
contrast to COX from bovine heart, the activity of COX from 
bovine liver is not stimulated by intraliposomal ADP. This 
is demonstrated in Figure 3, where the activity was measured 
polarographically in the presence of uncoupler but in the 
absence of TMPD. Also, intraliposomal ATP does not 
influence the activity of COX from bovine liver (not shown). 
This result, which corroborates the data presented in the 
preceding publication (Anthony et al., 1992), demonstrates 
that the ADP effect is tissue-specific. 

Concentration Dependence of Nucleotide Effects. The 
concentration dependences of the effects of intraliposomal 
ADP and ATP are shown in Figure 4. COX from bovine 
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FIGURE 4: Concentration dependence of the effect of intraliposomal 
nucleotides and phosphateon the activityof reconstituted COX from 
bovine heart. Proteoliposomes were prepared at the indicated 
concentrations of ADP (open circles, two independent experiments), 
ATP (closed circles), or phosphate (squares). The activity was 
measured with 40 1M cytochrome c under uncoupled conditions 
without TMPD as described under Materials and Methods. Presented 
is the percentage stimulation of activity compared to that of 
proteoliposomes prepared without additions. 
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FIGURE 5: Concentration dependence of the effect of intraliposomal 
ADP in the presence of ATP on the activity of COX from bovine 
heart. Proteoliposomes were prepared in the presence of 10 mM 
total nucleotides (ADP + ATP) but at the indicated percentage of 
ADP. The activity was measured with 40 p M  cytochrome c under 
uncoupled conditions without TMPD as described under Materials 
and Methods. The data of twoindependent experiments are presented. 

heart was reconstituted in the presence of the indicated 
concentrations of ADP, ATP, or phosphate, and the activity 
was measured in the presence of uncoupler and the absence 
of TMPD. Half-maximal stimulation of activity is obtained 
at  20 mM intraliposomal ADP as well as ATP. Above 0.1 
mM nucleotide concentrations, no further stimulation of COX 
activity is obtained. While the maximal stimulation by ADP 
is 24%, that obtained by ATP-which has a higher ionic 
strength than ADP-is only 14.5%. Intraliposomal phosphate 
has no effect on the activity at  low concentrations, but 
stimulates the activity at  10 mM to a small extent (5%) .  No 
stimulation of COX activity was obtained with 48 mM 
intraliposomal NaCl (not shown). These results demonstrate 
that the stimulation of COX activity by intraliposomal 
nucleotides is not due to unspecific ionic effects. 

When the concentration dependence of the ADP effect is 
measured in the presence of ATP at 10 mM total intraliposomal 
nucleotides, half-maximal stimulation of activity is obtained 
at  about 5% intraliposomal ADP (Figure 5 ) .  If both 
nucleotides bind at  the same site and have the same affinity 
(see Figure 4), half-maximal stimulation should be expected 
at  50% ADP. The maximal stimulation of activity by ADP 
in the presence of ATP is only 8%, indicating no additive 
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FIGURE 6: Effect of intraliposomal ADP on the kinetics of 
reconstituted COX from bovine heart under coupled conditions. COX 
was reconstituted in the absence (open circles) or presence of 10 mM 
ADP (closed circles). The activity was measured in the absence of 
uncouplers and TMPD at increasing concentrations of cytochrome 
c as described under Materials and Methods. Main panel: Eadie- 
Hofstee plot. Insert: Dependence of activity on cytochrome c 
concentration. 

effects by ADP and ATP. These results cannot be simply 
explained. Neither a single binding site for both nucleotides 
nor two independent binding sites would correspond to the 
data. Instead, complex conformational changes may be 
induced by the nucleotides. 

Effect of Nucleotides on Respiratory Control Ratios. The 
effect of intraliposomal nucleotides on the activity of recon- 
stituted COX from bovine heart was also measured in the 
absence of uncoupler. The coupled respiration of COX from 
bovine heart is hardly stimulated by intraliposomal ADP, as 
shown in the insert of Figure 6. The Eadie-Hofstee plot of 
the data (main panel of Figure 6) indicates very strong biphasic 
behavior of COX kinetics under coupled conditions. The high- 
and low-affinity phases of ferrocytochrome c oxidation, which 
represent almost straight lines, are strongly separated by a 
narrow intermediate phase. Intraliposomal ADP decreases 
the KM for the high-affinity phase of ferrocytochrome c 
oxidation (0.012 pM as compared to 0.033 pM of thecontrol), 
but has no influence on the low-affinity phase. Thus, the 
affinity of COX for its substrateis stimulated by intraliposomal 
ADP under coupled as well as uncoupled conditions. 

The lower stimulation of COX activity by intraliposomal 
ADP under coupled as compared to uncoupled conditions 
results in an increased respiratory control ratio (RCR). Figure 
7 presents the RCR values measured at  increasing concen- 
trations of cytochrome c.  Apparently, the RCR value is not 
constant, but shows a biphasic dependenceon theconcentration 
of cytochrome c, i.e., the rate of respiration. The RCR value 
has a maximum at about 0.7 pM cytochrome c. Under all 
concentrations of cytochrome c, intraliposomal ADP increases 
the RCR value, but the highest stimulation is found at  low 
respiratory rates. The increase of the RCR indicates a more 
efficient energy transduction in the presence of intraliposomal 
ADP. ATP does not stimulate the RCR at low and high 
concentrations of cytochrome c, but shows some stimulation 
around the maximal RCR value of the control. Under all 
concentrations of cytochrome c, the stimulation of RCR by 
intraliposomal ADP is higher than by ATP. 

Effect of Other Nucleotides. Finally we investigated the 
specificity of the nucleotide effect. COX from bovine heart 
was reconstituted in the presence of 10 mM ADP, GDP, IDP, 
ATP, or CTP. Intraliposomal GDP and IDP stimulated the 
activity, measured with 40 pM cytochrome c in the presence 
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FIGURE 7: Intraliposomal ADP stimulates the respiratory control 
ratio of reconstituted COX from bovine heart. Proteoliposomes were 
prepared in the absence (open circles) or presence of 10 mM ADP 
(closed circles), and the activity was measured without TMPD at 
increasing concentrations of cytochrome c in the presence and absence 
of uncoupler as described under Materials and Methods. Presented 
is the respiratory control ratio (RCR = ratio of the rate of oxygen 
uptake in the presence to that in the absence of uncoupler). 

of uncoupler, almost to the same degree as intraliposomal 
ADP (93 and 90% from the stimulation by ADP, respectively), 
while ATP and CTP stimulated to a lesser extent (6 1 and 42% 
from the stimulation by ADP, respectively). Thus, it may be 
concluded that both the base of the nucleotide (purine or 
pyrimidine) and the number of phosphate groups influence 
the degree of stimulation of COX activity by intraliposomal 
nucleotides. 

DISCUSSION 

ADP and ATP Znfluence the Activity of COX. The effects 
of nucleotides on the activity of COX have been described in 
the literature repeatedly (Ferguson-Miller et al., 1976; Robert 
& Hess, 1977; Huther & Kadenbach, 1986, 1987, 1988; 
Rigoulet et al., 1987; Malatesta et al., 1988; Hiither et al., 
1988). It was difficult, however, to distinguish between the 
interaction of nucleotides with the COX enzyme or with its 
substrate cytochrome c.  In addition, nucleotides could interact 
with the cytosolic as well as with the matrix domain of the 
enzyme. From kinetic studies with reconstituted COX vesicles 
where the nucleotides could be added either from the outside 
(cytosolic) or during reconstitution from the intraliposomal 
(matrix) space, we could demonstrate an effect of ATP from 
thecytosolic side (Huther & Kadenbach, 1986; Huther et al., 
1988), and of ADP and ATP from the matrix side (Huther 
et al., 1987, 1988). The effect of ATP on the redox state of 
COX in yeast mitochondria was due to interaction from the 
cytosolic side (Rigoulet et al., 1987). 

ADP and ATP Bind to the Same Site at Subunit Vla-h. 
Recently the binding site for intraliposomal ADP at the 
N-terminal matrix domain of subunit VIa-h (heart type) was 
identified with the help of a specific monoclonal antibody 
(Anthony et al., 1992). This interaction site is tissue-specific, 
as corroborated in the present study, where no effect of 
intraliposomal nucleotides could be found with COX from 
bovine liver. In a recent publication, we have titrated COX 
from bovine heart with trinitrophenyl-ATP and identified two 
binding sites for ATP with a KD value of 1.6 pM (Reimann 
& Kadenbach, 1992). It was proposed that the two binding 
sites at  COX from bovine heart are located on both sides of 
the transmembranous enzyme complex. The present results 
describe the effects of “matrix nucleotides” on COX from 
heart. Intraliposomal ADP and ATP (and to a lesser extent 
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other nucleotides) appear to bind at  the same site (located at  
subunit VIa-h), because the stimulatory effects on respiration 
are not additive. Although both nucleotides stimulates 
respiration and decrease the K M  for cytochrome c, the 
magnitude of the effect is higher with ADP, indicating high 
specificity and excluding unspecific ionic effects. 

ADP Decreases the K,u f o r  Cytochrome c (High-Affinity 
Phase). In a previous publication, the effect of intraliposomal 
nucleotides could only be measured with the spectrophoto- 
metric, not with the polarographic, method of assay in the 
presence of TMPD (Huther & Kadenbach, 1987). Here we 
show that the effects of intraliposomal nucleotides can also 
be measured polarographically if TMPD is omitted. In the 
previous study, opposite effects of ADP and ATP on the KM 
for cytochrome c were obtained by the spectrophotometric 
assay, in which only a single phase of cytochrome c oxidation 
was obtained. The present results show a decrease of the KM 
for cytochrome c by ADP as well as ATP, but only for the 
high-affinity phase. The lack of biphasic kinetics in the 
previous study is due to accumulation of product between the 
start of the reaction and the recording of the rates by the 
manual spectrophotometric method, since ferricytochrome c 
was shown to change the multiphasic into monophasic COX 
kinetics (Reimann et al., 1992). 

ADP Increases the Efficiency of COX from Heart. ADP 
stimulates more strongly the uncoupled than the coupled 
respiration of reconstituted COX from bovine heart, resulting 
in an improved respiratory control ratio (RCR). The RCR 
shows a strong dependence on the concentration of cytochrome 
c (Le,, rate of respiration). This result is in accordance with 
thevariable proton-pumping activity of COX in mitochondria 
(Papa et al., 1991) and in proteoliposomes (Capitanio et al., 
199 1). Both the RCR and the H+/e- ratio reveal a maximum 
at intermediate rates of respiration. Therefore, we suggest 
that the RCR is a measure of the proton-pumping efficiency 
of COX. A variation of proton-pumping efficiency (or 
‘slippage” of proton pumping) has been shown recently by 
chemical modification of isolated COX from bovine heart 
(Steverding & Kadenbach, 199 l ) ,  and after removal of subunit 
I11 from COX of Paracoccus (Steverding et al., 1993). Under 
all rates of respiration, intraliposomal ADP stimulates the 
RCR of reconstituted COX (Figure 7). Therefore, “matrix 
ADP” could act as a regulator of the efficiency of COX from 
heart and skeletal muscle. 

The increased efficiency of COX by ADP could have a 
physiological meaning. It was suggested that the heart 
participates in nonshivering thermogenesis of vertebrates 
(Puchalski et al., 1987). At high workload, the heart produces 
severalfold more heat than under resting conditions, if the 
efficiency of energy metabolism is constant. The decrease of 
efficiency of oxidative phosphorylation at  low work load (high 
concentrations of ATP) would improve heat production under 
resting conditions (maintenance of body temperature), while 
the increase of efficiency at  high work load (increased 
concentrations of ADP) would diminish the excess amount of 
heat generated under high beating rates. 
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