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Abstract 

The presence of additional subunits in ¢ytochrome oxidase distinguish the 
muIticellular eukaryotic enzyme from that of a simple unicellular bacterial 
enzyme. The number of these additional subunits increases with increasing 
evolutionary stage of the organism. Subunits I-III of the eukaryotic enzyme 
are related to the three bacterial subunits, and they are encoded on mito- 
chondrial DNA. The additional subunits are nuclear encoded. Experimental 
evidences are presented here to indicate that the lower enzymatic activity of the 
mammalian enzyme is due to the presence of nuclear-coded subunits. Disso¢ia- 
tion of some of the nuclear-coded subunits (e.g., Via) by laurylmaltoside and 
anions increased the activity of the rat liver enzyme to a value similar to that 
of the bactefial enzyme. Further, it is shown that the intraliposomal nucleotides 
influence the kinetics of ferrocytochrome c oxidation by the reconstituted 
enzyme from bovine heart hut not from P. denitrificans. The regulatory 
function attributed to the nuclear-coded subunits of mammalian cytochrome 
c oxidase is also demonstrated by the tissue-specific response of the reconstituted 
enzyme from bovine heart hut not from bovine liver to intraliposomal ADP. 
These enzymes from bovine heart and Iiver differ in the amino acid sequences 
of subunits Via, VIIa, and VIII. The results presented here are taken to 
indicate a regulation of cytochrome c oxidase activity by nuclear-coded sub- 
units which act like receptors for allosteric effectors and influence the catalytic 
activity of the core enzyme via conformational ehanges. 

Key Words: Cytochrome c oxidase evolution; subunit composition; regulation 
of activity; adenine nucleotides; allosterie effectors. 

Introduction 

A f t e r  t he  a d v e n t  o f  m o l e c u l a r  o x y g e n  in  t he  a t m o s p h e r e ,  d u e  to  w a t e r  

c l e a v a g e  b y  p h o t o s y s t e m  I I  o f  p h o t o s y n t h e t i c  b a c t e r i a ,  o x i d a s e s  e v o l v e d  
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which used dioxygen as electron acceptor for energy-yietding or other oxi- 
dative reactions. Among various oxidases which could transfer one, two, or 
four electrons to oxygen, respectively, those yielding two molecules of water, 
by translocating four electrons to dioxygen, were chosen as terminal electron 
transferases of the respiratory chain of aerobic organisms. These bacteria 
produce ATP by oxidative phosphorylation. The energy-conserving reaction 
is connected with the ability of the membrane-bound oxidases to translocate 
protons across the membrane. A large variety of such four-electron trans- 
locating oxidases have evolved, and present-day oxidases of bacteria differ in 
their electron donor (reviewed by Ludwig, 1980, 1987; Poole, 1983; Yamanaka 
et al., 1985; Fee et al., 1986). Thus the E. coli cytochrome b0 complex accepts 
electrons from a quinol (Saraste et al., 1988), cytochrome caa3 from Thermus 
thermophilus and Baeillus PS3 (Fee et al., 1986, 1988) accept electrons from 
cytochrome cl, which is tightly associated with the enzyme complex, and cyto- 
chrome aa3 from Paracoecus denitrifieans accepts electrons from soluble 
cytochrome c (Ludwig and Schatz, 1980; Albracht et al., 1980), although in 
the latter case the physiological electron donor is thought to be a membrane- 
bound cytochrome c»52 (Bolgiano et al., 1989). Recently a second oxidase, 
cytochrome ba3, was isolated from T. thermophilus (Zimmermann et al., 
1988). In P. denitrificans up to five different oxidases have been identified 
(Ludwig, 1987). The energy-transducing oxidases appear to have evolved 
from a common precursor protein, because the amino acid sequences show 
homology (Steffens et al., 1983), which amounts to 37% between the largest 
subunit of the far related quinol oxidase cytochrome b0 of E. coli and the 
cytochrome c oxidase from P. denitrificans (Saraste et al., 1988). 

The terminal oxidase of the respiratory chain of mitochondria of all 
eukaryotic organisms is similar to cytochrome c oxidase of P. denitrificans. 
Mitochondria are suggested to originate from an endosymbiotic event 
between a urkaryote (an anaerobic bacterium) and an eubacterium (an 
aerobic bacterium capable of oxidative phosphorylation and/of photo- 
synthesis) (Yang et aI., 1985; Darnell and Doolittle, 1986). While most of the 
genes of the aerobic eubacterium have been transferred to the nucleus during 
evolution of the eukaryotic cell, few remained in the mitochondrial DNA, 
including the genes for the subunits I, II, and III of cytochrome c oxidase 
(COX). Thus large amino acid sequence homology exists among the sub- 
units I, II, and III of COX from mitoehondria and P. denitrificans as well as 
T. thermophilus (Steffens et al., 1983; Raitio et al., 1987; Buse et al., 1989). 
Correspondingly many similarities in the functional properties of the two 
enzymes are observed (Ludwig, 1987), including the possible occurrence of a 
third copper atom (Steffens et al., 1987; Bombelka et al., 1986). The function 
of subunit I is to bind the two heme a groups and CuB (Müller et al., 1988), 
and possibly the third copper (Steffens et al., 1987) and to react with dioxygen. 
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Subunit II contains Cu A and binds cytochrome c (Bisson et al., 1982), 
whereas subunit III is suggested to participate in proton translocation 
(Prochaska and Fink, 1987; Püttner et al., 1985) and was shown to be 
essential for assembly of COX from P. denitrificans (Haltia et al., 1989). 

The most intriguing difference between COX from P. denitrificans and 
mitochondria is the occurrence of additional subunits associated with the 
eukaryotic enzyme, which are coded by nuclear DNA. The number of 
nuclear-coded subunits increased with increasing evolutionary stage of the 
organism from 4 in Dictyostelium discoideum (Bisson and Schiavo, 1986, 
1988), 5 in Neurospora crassa (Werner, 1977), 6 in yeast (Power et al., 1984), 
7-9 in birds and fishes (Montecucco et al., 1987), to 10 in mammals (see 
Kadenbach et al., 1983, 1987a, for review). Although the individual function 
ofeach nuclear-coded subunit is still unknown, some of the following results 
clearly demonstrate regulation of mammalian COX activity via nuclear- 
coded subunits. 

Valinomycin Binds Equally to Bacterial and Mammalian COX 

In a previous study we have shown a specific and stoichiometric binding 
of valinomycin to isolated as well as reconstituted COX from bovine heart. 
The enzyme-bound valinomycin was shown to induce proton translocation 
in proteoliposomes, because a maximal H+/e - stoichiometry was obtained 
when 1 mol of valinomycin was added per mole of reconstituted bovine heart 
COX (Steverding and Kadenbach, 1989). In Fig. 1 is shown the spectral 
change of the oxidized 7-band of COX from P. denitrificans induced by 
valinomycin. The spectral change is almost identical to that found with the 
bovine heart enzyme (Steverding and Kadenbach, 1989). Also a partial 
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Fig. I. Spectral changes of COX from P. denitrificans by valinomycin. Two cuvettes were filled 
with 1.24#M isolated COX from P. denitrificans (two subunit enzyme) in 100mM K-HEPES, 
50 mM KC1, and 0.05% laurylmaltoside, pH 7.4, and 10 #M valinomycin in 1/A ethanol (sample 
cuvette) or 1 #1 ethanol (reference cuvette) were added. After 10 min the difference spectrum was 
recorded. 
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Fig. 2. Titration of the spectral change of isolated COX frorn P. denitrifieans with valinomycin. 
For further details see legend to Fig. 1. 

saturation of the spectral change is obtained at I mole of valinomycin added 
per mole of COX, similar to the bovine heart enzyme, as presented in Fig. 2. 
No spectral change was found in the absence of potassium ions (not shown). 
These data indicate that in subunit Ior  II of COX a highly conserved binding 
site for K +-complexed valinomycin exists, which enables the bound iono- 
phore to translocate K + ions through the membrane via the enzyme complex. 

It was also shown that valinomycin increases the respiration of recon- 
stituted COX from bovine heart not only via degradation of the membrane 
potential, but also at least in part, by direct interaction with the enzyme 
protein (Steverding and Kadenbach, 1990). 

Nuclear-Coded Subunits of Mitochondrial COX Depress Its 
Catalytic Activity 

In previous studies we have shown a biphasic effect of anions on the 
aetivity of laurylmaltoside-dissolved COX from pig heart (Kadenbach, 1986), 
bovine heart (Reimann et al., 1988), and rat liver (Kadenbach et al., 1987b, 
1988). At low ionic strength the activity increased, and at high ionic strength 
it decreased, with increasing anion concentrations. With COX from 
P. denitrificans no increase but only a decrease of activity was found with 
increasing anion concentrations (Kadenbach et al., 1987b, 1988). In contrast, 
only a slight stimulation of activity at low, but a large decrease of activity at 
high anion concentrations was found with rat liver mitochondria or mitoplasts 
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Fig. 3. Comparison of the anion sensitivity of COX in rat liver mitochondria and membranes 
from P. denitrificans and of the laurylmaltoside-dissolved enzymes. The activity of COX was 
measured polarographically with 7 mM ascorbate, 0.014mM EDTA, 0.7 mM TMPD, 40BM 
cytochrome c, l/~g/ml valinomycin, and 3#M CCCP in 250mM sucrose, 10mM HEPES, 
pH 7.6, and 4.5 nM COX either in the presence (o, zx) or absence (o, zx) of 0.042% lauryl- 
maltoside at the indicated concentration of potassium phosphate, pH 7.6. Rat liver mitochondria: 
e, O; P. denitrißcans membranes: A, zx. 

(Kadenbach et al. 1987b) and with the reconstituted enzyme from bovine 
heart (Kadenbach et al., 1988; Kossekova et al., 1989; Steverding et al., 1990) 
in the absence of detergents. The inhibition of  soluble as well as membrane-  
bound COX at high ionic strength is apparently due to weakening of the 
electrostatic interactions between ferrocytochrome c and COX (Koppenol 
and Margoliash, 1982). 

The strong stimulation of  the laurylmaltoside-dissolved mammalian 
COX, hut not of  the bacterial COX, by low phosphate concentrations is 
shown in Fig. 3. In the absence of anions the basal activity of  the bacterial 
enzyme is 4-fold higher than the activity of  the mammalian enzyme. A 
turnover number  of  only 65s -1 was measured with fresh isolated rat liver 
mitochondria in the presence of uncoupler (CCCP) using ascorbate /TMPD 
as substrates (Yamazaki,  1975). Solubilization in laurylmaltoside does not 
change the activity of  both, the mitochondrial and the bacterial COX, in the 
absence of anions. 

The strong stimulation of activity of  the laurylmaltoside-dissolved mam- 
malian COX at low phosphate concentrations is suggested to be caused by 
dissociation of  some of the nuclear-coded subunits from the catalytic core of  
the enzyme. This suggestion is based on the following results: (a) Affinity 
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Fig. 4. Influence of increasing phosphate concentrations on COX activity of rat liver mito- 
chondria in the presence and absence of  laurylmaltoside or octylglycoside. The polarographic 
assay of  COX activity was performed as described in the legend to Fig. 3 in the absence or 
presence of either 0.04% laurylmaltoside or 0.4% octylglycoside as indicated, 

chromatography of laurylmaltoside-dissolved COX from rat liver results in 
removal of subunit III and of nuclear-coded subunits (mainly subunits VI) 
(Thompson and Ferguson-Miller, 1983; Thompson et  al., 1985; Hill and 
Robinson, 1986; Gregory and Ferguson-Miller, 1988). (b) Treatment of COX 
from bovine heart with 0.1% Triton X-100 in 0.375 M Tris/glycinate at pH 
9.5 leads to removal of subunits III, Via, VIb, and VIIa (see Fig. 3.4 in 
Wikström et  al., 1981; see also Capaldi et  al., 1983). (c) The laurylmaltoside- 
dissolved rat liver enzyme (Thompson and Ferguson-Miller, 1983) and the 
Triton X-100 treated enzyme from bovine heart (Penttilä et  al., 1979) reveal 
an elevated enzymatic activity. (d) The increased activity cannot be due to the 
removal of subunit III, because the membrane-bound bacterial enzyme, 
containing subunits I, II and III (Raitio et  al., 1987; Haltia et  al., 1989), 
exhibits approximately the same high activity as the laurylmaltoside- 
dissolved and phosphate-stimulated mammalian enzyme, and this activity 
cannot be stimulated by phosphate after solubilization in laurylmaltoside 
(Fig. 3). 

Most of the nuclear-coded subunits contain a hydrophobic membrane 
spanning domain [IV, Via, VIc, VIIa, VIIc, VIII (Kadenbach et  al., 1987a) 
and VIIb (Lightowlers et  al., 1989)] and are assumed to be tightly associated 
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to the catalytic subunits I and II via hydrophobic uinding and electrostatic 
interactions of charged amino acids (Kadenbach et al., 1987b, 1988). 
Dissociation of nuclear-coded subunits from the active core may thus require 
both, separation of membrane domains as well as abolition of charge inter- 
actions. The highest activity of mammalian COX, obtained in the presence 
of laurylmaltoside (Rosevear et al., 1980) and anions (Fig. 3), could thus be 
due to optimal dissociation of membrane-spanning domains, similar to the 
dissociation by SDS, which also contains a hydrophobic dodecyl-rest and 
has a negative charge, but less drastic than dissociation by SDS. This 
conclusion is further supported by the different effects of anions on the 
laurylmaltoside- and octylglucoside-dissolved rat liver COX, shown in 
Fig. 4. The octylglucoside-dissolved enzyme cannot be stimulated by anions. 
Its hydrocarbon-rest may be too short for dissociation of nuclear-coded 
subunits from the active core of the enzyme. 

Regulation of eukaryotic COX via Nuelear-Coded Subunits 

Nucleot ides  Influence the M a m m a l i a n  but  not  the Bacterial  E n z y m e  

Many catalytic properties of COX from P. denitrificans and bovine heart 
are the same (reviewed in Ludwig, 1987). Thus, it was previously assumed 
that at least some of the 10 nuclear-coded subunits of the mammalian enzyme 
may not be essential for its catalytic function. In yeast it could be shown, 
however, that mutation of any of the six nuclear-coded subunits of the COX 
is accompanied by complete or partial loss of respiratory activity (McEwen 
et al., 1986; Poyton et al., 1988). We have suggested that the additional 
subunits, not found in the bacterial enzyme, have a regulatory function by 
binding allosteric effectors like hormones, nucleotides, and anions and 
changing the rate of respiration and efficiency of energy transduction via 
conformational change of the catalytic center (Kadenbach and Merle, 1981; 
Kadenbach 1986; Kadenbach et al., 1987a). A modulation of COX activity 
by ATP (Montecucco et al., 1986; Rigoulet et al., 1987; Bisson et al., 1987; 
Malatesta et al., 1987; Hüther and Kadenbach, 1986, 1988; Antonini et al., 
1988), ADP (Hüther and Kadenbach, 1987, 1988), phosphate (Malatesta 
et al., 1987; Büge and Kadenbach, 1986) and free fatty acids (Labonia et al., 
1988; Thiel and Kadenbach, 1989) has in fact been demonstrated, but could 
not be related to a specific interaction of the effector with one subunit. The 
specific labelling of subunits IV and VIII of soluble bovine heart COX by 
8-azido-7-32p-ATP, described by Montecucco et al. (1986), could not be 
demonstrated in other investigations (Hüther et al., 1988; Reimann et al., 
1988). 
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The regulatory function of nuclear-coded subunits became evident from 
the influence of intraliposomal nucleotides on the kinetics of ferrocyto- 
chrome c oxidation of the reconstituted bovine heart enzyme but not on the 
reconstituted COX from P. denitrificans (Hüther and Kadenbach, 1988). 
Figure 5 shows that 10 mM intraliposomal ATP increases, and 10 mM intra- 
liposomal ADP decreases, the Km for cytochrome c of the reconstituted 
bovine heart enzyme. In contrast, even 15 mM intraliposomal ATP or ADP 
had no influence on the reconstituted two-subunit enzyme from P. denitri- 
ficans. It should be pointed out that the medium of the spectrophotometric 
assay was free of nucleotides. Since cytochrome c interacts with COX from 
the extraliposomal side, the nucleotides taust have changed the binding 
domain for cytochrome c via conformational change through the lipid 
bilayer. 

Environmental-Specißc COX Isozymes Occur in Unicellular Eukaryotes 

In COX of Dictyostelium discoideum two isozymes have been found 
which differ in the smallest subunit VII. One type is expressed at the exponen- 
tial (VIIe), the other at the stationary growth phase (VIIs) (Bisson and 
Schiavo, 1986, 1988). It could be demonstrated that the different expression 
is triggered by the oxygen concentration. 

A similar oxygen-dependent expression of two genes for COX subunit V 
in yeast, which corresponds to subunit IV of the mammalian enzyme, was 
described by Poyton and coworker (Cumsky et al., 1987; Trueblood and 
Poyton, 1987; Poyton et al., 1988). It was concluded that the nuclear-coded 
subunits are modulators of COX activity in eukaryotes and that this modu- 
lation is effected by the differential expression of their genes in response to 
environmental and/or developmental signals (Poyton et al., 1988). 

Expression of  Tissue-Specißc Isoforms of  Nuclear-Coded Subunits 
in Mammals 

Further indication for the regulatory role of nuclear-coded subunits 
comes from the occurrence of tissue-specific isoforms for subunits Via, 
VIIa, and VIII of the mammalian enzyme, based on N-terminal amino acid 
sequences (Kadenbach et al., 1982; Yanamura et al., 1988) and two different 
cDNAs for COX subunit Via of the rat (Schlerf et al., 1988) and subunit VIII 
of bovine (Lightowlers et al., 1990). Recently two isoforms of subunit VIIa 
have also been identified in COX from human skeletal muscle by HPLC 
separation and N-terminal amino acid sequencing (Van Beeumen et aI., 
1990). The tissue-specific expression of the isoforms appears to be species- 
specific. In bovine only the liver-type (1) or the heart-type (h) of subunits Via, 
VIIa, and VIII are expressed in liver and heart, respectively (Yanamura et al., 
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Fig. 5. Effect of intra- and extraliposomal ATP and ADP on the kinetics of ferrocyto- 
chrome c oxidation of  reconstituted COX from bovine heart and P. denitrißcans (Hüther and 
Kadenbach, 1988). Isolated COX from bovine heart was reconstituted in the presence of  10 mM 
(bacterial COX, 15 mM) ATP or ADP (in) or absence of ATP (out). The activity was measured 
spectrophotometrically at various concentrations of  ferrocytochrome c (1-80 #M) in the absence 
(in) or presence of  10 mM (bacterial COX, 15 mM) ATP (out). The molecular turnover (TN) is 
presented in a reversed Eadie-Hofstee plot. 

1988). In the rat both subunits, Via-1 and Via-h, are expressed in the heart, 
whereas in liver only Via-1 is expressed (Schlerf et al., 1988; Kadenbach et  al., 
1990). Thus in rat heart at least two different isozymes of COX are expressed 
(VIa-1/VIII-h and VIa-h/VIII-h), which differ from the liver isozyme 
(VIa-I/VIII1). One isozyme of the heart (VIa-1/VIII-h) which is not found in 
skeletal muscle (Schlerf et  al., 1988) was also found in COX of brown fat 
tissue (Kadenbach et  al., 1990). In human heart only the liver type of subunit 
VIII is expressed (Van Kuilenberg et  al., 1988; Kadenbach et  al., 1990), which 
contrasts the expression of subunit VIII-h in the heart of rat, pig, bovine and 
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Fig. 6. Subunit pattern of isolated cytochrome c oxidase from bovine heart, liver, stomach 
smooth muscle, skeletal muscle, and diaphragm. The enzymes were separated by the system of 
Schägger and von Jagow (1987) using 16.5% acrylamide and 0.5% bisacrylamide (A) or 
Kadenbach et al. (1983) (B). The proteins were silver-stained (B) or stained with Coomassie blue 
(A). The double band of subunit VIIa of the muscle enzymes and the variable appearance of 
subunit Vb in A are due to the occurrence of SH groups in these subunits (Stroh and Kadenbach, 
1986). 

chicken (Kadenbach  et al., 1981, 1990). This indicates that  tissue-specific 
expression o f  C O X  isozymes varies in different species. 

The variation o f  C O X  isozyme expression in different bovine tissues is 
presented in Fig. 6. The gel-electrophoretic pat tern includes isolated enzymes 
from liver, heart, d iaphragm, skeletal muscle, and smooth  muscle (stomach). 
In liver, in heart  or skeletal muscle, and in smooth  muscle three different 
COX isozymes are found, based on different apparent  molecular weights of  
subunits Via, VIIa,  and VIII .  

Tissue-Specißc Regulation of Mammalian COX Activity 

The kinetics o f  fer rocytochrome c oxidation were found to be different 
with COX from bovine heart  and liver (Merle and Kadenbach,  1982). Also 
the phospholipid composi t ion o f  liposomes had a different influence on the 
activity o f  reconstituted COX from bovine heart and liver, and intraliposomal 
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Fig. 7. Influence of intraliposomal ADP and ATP on the kinetics of ferrocytochrome c 
oxidation by reconstituted COX from bovine heart and bovine liver under uncoupled conditions. 
Proteoliposomes were prepared in the absence (o) or in the presence of 10mM ADP («) or 
10 mM ATP (Il), respectively, by the cholate-dialysis method. The spectrophotometric assay was 
performed with 4 nM COX from bovine heart or bovine ]iver and 2--60 #M ferrocytochrome c 
in a buffer containing 10 mM K-Hepes, pH 7.4, 40 mM KC1, 3 #M CCCP, and 1 #g/tal valinomycin 
by computer-driven data collection. The data were evaluated using a mixed-exponential 
fit-function. 

phosphate modified the Km for cytochrome c and changed the Vmax of 
reconstituted COX from the two tissues into opposite directions (Büge and 
Kadenbach, 1986). A partial decrease of the respiratory control ratio of  
reconstituted COX by nonesterified fatty acids was found with the enzyme 
from bovine heart (Labonia et al., 1988) hut not from bovine liver (Thiel and 
Kadenbach, 1989), suggesting the involvement of the heart but not of the 
liver in nonshivering thermogenesis. 

A further difference between COX from bovine heart and liver is shown 
in Fig. 7, which presents the influence of intraliposomal ATP and ADP on 
the Vm~ x and K m for cytochrome c of the reconstituted enzymes from bovine 
heart and liver. In contrast to Fig. 5, where only the low-affinity phase of 
ferrocytochrome c oxidation is presented, both phases are seen on this figure, 
because the spectrophotometric recordings were stored on-line in a computer 
and thus allowed to measure the kinetics at low ferrocytochrome c concen- 
trations (high-affinity phase). While the intraliposomal ATP changed the K m 
for cytõchrome c at the low-affinity phase of both enzymes, the intraliposomal 
ADP decreased the Km for cytochrome c of the heart but not of the liver 
enzyme, at the low-affinity phase of ferrocytochrome c oxidation. 

Taken together, these data clearly indicate a different modulation of the 
catalytic activity of COX from bovine heart and liver by allosteric effectors. 
Since the two enzymes only differ in the structure of nuclear-coded subunits 
Via, VIIa, and VIII, the allosteric effectors taust interact via these tissue- 
specific subunits. The specific interaction of an allosteric effector with one 
subunit, however, remains yet to be established. 
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