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Bovine heart cytochrome c oxidase consists of 12 stoicheiometric polypeptide chains of at least 11 different 
types. The enzyme contains 14-16 cysteine residues; the distribution of nearly all cysteine residues over the 
subunits has been established. In native cytochrome c oxidase two thiol groups reacted rapidly and 
stoicheiometrically with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). These thiol groups are located in 
subunits I and III, respectively. This implies that suhunit I is not fully buried in the hydrophobic core of the 
enzyme. After dissociation of the enzyme by sodium dodecyl sulphate more thiol groups became available to 
DTNB, in addition to those in subunits I and III, at least one in subtmit II, two in fraction V/VI and one to 
two in the smallest subunit fraction. It is shown that separation of the subunits of cytochrome c oxidase by 
gel permeation chromatography in the presence of sodium dodecyl sulphate depends on the pH of the elution 
medium. The elution volume of subunits I, III and VII is dependent on pH, that of the others independenL 

Introduction 

Cytochrome c oxidase (ferrocytochrome c: 
oxygen oxidoreductase, EC 1.9.3.1) is a multi-sub- 
unit complex, asymmetrically located across the 
mitochondrial inner membrane [1]. Research on 
two-dimensional crystals by electron microscopy 
and image reconstruction has shown that cyto- 
chrome c oxidase resembles a lopsided 'Y'. Two 
domains which form the arms of the Y are located 
at the matrix side of the complex, whereas the 
stem of the Y protrudes far into the intermem- 
brane space of the mitochondria [2,3]. 

Yeast cytochrome c oxidase is composed of 
seven subunits, the three largest of which are 
synthesized inside the mitochondrion, the others 
products of cytoplasmic protein synthesis [4,5]. 

Abbreviations: DTNB, 5,5'-dithiobis(2-nitrobenzoic acid); SDS, 
sodium dodecyl sulphate; PCMB, p-chloromercuribenzoate; 
IAEDANS, N-iodoacetylamidoethyl- I -aminonaphthalene-5 - 
sulphonic acid. 

There is still no concensus about the exact number 
of polypeptides of mammalian cytochrome c 
oxidase. Most authors, following the subunit 
nomenclature of Downer et al. [6], adhere to a 
seven-subunit model [6-10]. Yu and Yu [l l] also 
accept a seven-subunit model, but their subunit 
nomenclature is different. Ludwig et al. [12] 
claimed that antibodies raised against a prepara- 
tion of cytochrome c oxidase, which was almost 
free of their so-called impurities (a, b and c), 
immunoprecipitated an enzyme containing seven 
different subunits (I-VII)  from detergent-solubi- 
lized mitochondria or submitochondrial particles. 
Other authors [13,14] purified a six-subunit en- 
zyme. Saraste et al. [ 13] claimed that their purified 
six-subunit enzyme, lacking some impurities and 
subunit III, had similar properties to the crude 
enzyme, but it did not catalyze net proton translo- 
cation. Recent evidence, however, showed that the 
bovine enzyme is more complex than the yeast 
enzyme [15]. Buse [16] and Merle and Kadenbach 
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[17] identified 12 polypeptide chains for bovine 
heart and rat liver cytochrome c oxidase, respec- 
tively. The latter group presented evidence that all 
12 subunits are present in the complex at 1:1 
stoicheiometric amounts. In a previous report [ 18], 
we showed that bovine heart cytochrome c oxidase 
contains 12 subunits, one copy each of subunits 
I -VI ,  two identical or non-identical chains in frac- 
tion VII and four chains in fraction VIII with 
three different amino termini (serine, isoleucine 
and phenylalanine). 

Much work has been done to elucidate the 
structure of the multi-subunit complex cytochrome 
c oxidase. The membrane-impermeable reagent di- 
azobenzene[35S]sulphonate was used by Eytan et 
al. [19] and Ludwig et al. [12] to label polypeptides 
from cytochrome c oxidase exposed in intact 
mitochondria, in submitochondrial particles (in- 
side-out particles) and the native enzyme. These 
studies showed amongst other things that subunit 
II was labelled from the cytoplasmic side of the 
mitochondrial inner membrane whereas subunit 
IV is located at the matrix side, confirming that 
the enzyme asymmetrically spans the membrane. 
Bisson et al. [20] incorporated cytochrome c oxidase 
into vesicles containing 14C-labelled azidophos- 
pholipids. After irradiating the vesicles, the sub- 
units surrounded by phospholipids and subunits 
projecting out of the membrane were identified. 
Although much insight was obtained from label- 
ling experiments, knowledge of the spatial struc- 
ture of the cytochrome c oxidase complex can be 
augmented by using protein-modifying reagents 
which are specific for a single type of amino acid. 

We chose a modification of the cysteine re- 
sidues because there are only a few such residues 
in cytochrome c oxidase [21] and these are scattered 
over the subunits. Moreover, cysteine residues in 
enzymes can be found either buried in a hydro- 
phobic environment, or exposed at the surface of 
the protein. Few authors have studied the reactiv- 
ity of the thiol groups in cytochrome c oxidase. 
The reagents used include PCMB [22], N-ethyl- 
maleimide [23,24], IAEDANS [25] and 2°3HGC12 
[26]. These studies do not give a uniform picture of 
the reactivity of thiol groups in cytochrome c 
oxidase. 

As an absolute specific cysteine-modifying rea- 
gent, we used in our study DTNB (Ellman's rea- 
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gent) [27]. From the results we conclude that bovine 
heart cytochrome c oxidase contains two highly 
reactive thiol groups, one in subunit I and one in 
subunit III, and several less reactive thiol groups 
which only become accessible to DTNB after dis- 
sociation of the enzyme by SDS. 

Materials  and Methods  

Bovine heart cytochrome c oxidase was purified 
according to the method of Fowler et al. [28] as 
modified in our laboratory [29]. The final prepara- 
tion was dissolved in 50 mM sodium phosphate 
(pH 7.8), 1% Tween 80 (polyoxyethylene sorbitan 
monooleate) (v/v).  For determination of the con- 
centration of cytochrome c oxidase a molar ab- 
sorption coefficient was used of 24.0 m M -  1. c m -  i 

at 605 nm (reduced minus oxidized) [30]. 

Polyacrylamide gradient gel electrophoresis 
Electrophoresis was carried out according to the 

method of Laemmli and Favre [31] adapted to the 
use of slab gels of 30 × 15 × 0.2 cm containing a 
gradient running gel from 12 to 20% acrylamide, 
0.39-0.65% N,N'-methylenebisacrylamide and 
stacking gel of 4% acrylamide, 0.13% N,N'-meth- 
ylenebisacrylamide in a Bio-Rad GE-221 appara- 
tus. The gels were stained with Coomassie brilliant 
blue. 

Spectrophotometric determination of the amount of 
thionitrobenzoate released upon reaction of DTNB 
with cytochrome c oxidase 

A stock solution of 50 mM DTNB in de- 
oxygenated 50 mM sodium phosphate (pH 7.8), 1 
mM EDTA and 1% Tween 80 was prepared. Cy- 
tochrome c oxidase was diluted with the same 
buffer. The amount of thionitrobenzoate released 
per tool cytochrome c oxidase was determined 
spectrophotometrically on a Cary 17 apparatus at 
412 nm using tandem cells. One compartment of 
each cell (light path 2 × 0.437 cm) contained cy- 
tochrome c oxidase, the other DTNB. The con- 
tents of the measuring cell were mixed to initiate 
the reaction (the solutions in the reference cell 
were kept separate). The molar absorption coeffi- 
cient used to determine the amount of released 
thionitrobenzoate was 13.6 mM -~ • cm -~ at 412 
nm [27]. 
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Labelling cytochrome c oxidase with [14C2]DTNB 
100 #Ci of 5,5'-dithiobis(2-nitro[carboxyl- 

14 C]benzoic acid) ([ 14 C2 ]DTNB), purchased from 
Commisariat/t  l'Energie Atomique, France, with a 
specific activity of 19.2 mCi /mmol  were dissolved 
in 1.0 ml 100 mM sodium phosphate (pH 7.8), and 
2 mM EDTA under an N 2 atmosphere. 

Fractions containing radioactivity were mixed 
with Packard Emulsifier Scintillator 299 TM and 
counted in a Packard TriCarb Liquid Scintillation 
Spectrometer. Radioactivity in cpm was converted 
to dpm with the aid of InC-labelled external stan- 
dards quenched to various degrees by using the 
channel ratio method. 

In order to determine the recovery of protein- 
bound thionitrobenzoate after SDS dissociation, 
cytochrome c oxidase was labelled at pH 7.8 with 
an 80-fold excess of [14C2]DTNB. After 30 min 
reaction at 25°C, unbound label was removed by 
the centrifuged-column procedure according to the 
method of Penefsky [32]. This procedure also ex- 
changes cholate, if present in the enzyme prepara- 
tion, for Tween 80. The protein was dissociated at 
25°C by SDS (6 mg SDS/mg protein) at pH 7.8, 
7.2, 6.9 and 6.5. After 4 h dissociation, the label 
released during dissociation of the protein by SDS 
was removed by the centrifuged-column procedure 
and the protein-bound label was counted. 

Based on the results of these experiments, pH 
6.5 was selected for dissociation of the enzyme by 
SDS. Further experimental details are given in the 
legends to Figs. 3 and 4. 

Determination of amount of protein by amino acid 
analysis and from absorbance at 280nm 

Protein was determined (after SDS removal) by 
amino acid analysis according to the method of 
Moore et al. [33,34] on a Beckman Multichrom M. 
The concentration of a subunit with a known 
number of tryptophan and tyrosine residues, and 
therefore the amount of that subunit in a particu- 
lar fraction, was determined from the absorbance 
at 280 nm as described previously [18]. For sub- 
units I and III absorption coefficients at 280 nm 
based on tryptophan and tyrosine contents (as 
derived from mtDNA sequence [35]) of 115 and 80 
m M -  1. cm-  1, respectively, were used, The results 
obtained with the two methods are in close agree- 
ment [18]. 

Determination of amino terminal residues 
Edman degradation as modified by Tarr [36,37] 

was used, followed by identification of phenyl- 
thiohydantoin amino acids by thin-layer chro- 
matography as described before [18]. 

Chemicals 
Acrylamide, N, N'-methylenebisacrylamide,  

N ,N ,N ' ,N ' - t e t r ame thy le thy lened iamine ,  am- 
monium persulphate and Coomassie brilliant blue 
of electrophoretic purity were purchased from Bio- 
Rad. SDS, specially pure, was purchased from 
British Drug Houses, DTNB and Tween 80 from 
Sigma and Tris from Boehringer. Chemicals used 
for amino acid sequencing were from Pierce 
(sequanal grade). All other chemicals were of ana- 
lytical grade. 

Results 

Cholate- and lipid-depleted cytochrome c 
oxidase can be dissociated by SDS into its sub- 
units which are numbered according to their order 
of elution upon gel chromatography [18,38,39]. 
Some subunit fractions (e.g., VII), however, can be 
separated into more polypeptides, as shown on the 
SDS-polyacrylamide gradient gel (Fig. 1) where 
peak fractions of a subunit separation on an 
Ultrogel AcA 54 column eluted at pH 8.2 [18] are 
compared with the subunits of the cytochrome c 
oxidase as obtained by gel electrophoresis. 

Previously, we calculated the M r of cytochrome 
c oxidase, which is close to 200000 [18]. After 
performic acid oxidation [40,41], we found 0.94 
mol% cysteic acid in the purified cytochrome c 
oxidase preparation. This is equivalent to the pres- 
ence of 14-16 cysteine residues in the enzyme. 

Sequence data (protein and mtDNA) [35,42-48] 
and our cysteic acid determinations in isolated 
subunits enable us to determine the distribution of 
cysteine residues in the subunits as shown in 
Table I. The table demonstrates that nearly all 
cysteine residues can be assigned to the various 
subunits. 

The SDS-polyacrylamide gradient gel depicted 
in Fig. 1 shows that our fraction VII, containing 
two stoicheiometric polypeptide chains [18], sep- 
arates into two bands and thus represents two 
different polypeptides, referred to as VIIa and 
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Fig. 1. (A) Polyacrylamide gradient gel electrophoretogram of 
the subunits of cytochrome c oxidase obtained by gel chro- 
matography at pH 8.2. (B) Subunit separation on Ultrogel AcA 
54 (for details see Ref. 18). At OX the dissociated holoenzyme 
was applied. Conditions of the gradient gel are given in Materi- 
als and Methods. 

VIIb. This extends the conclusion of our report on 
the stoicheiometry to 12 stoicheiometric poly- 
peptide chains being present of at least 11 differ- 
ent types. 

Polypeptide VIIa, corresponding to subunit VII 
of the group of Buse [46], contains four cysteine 
residues. We find only 2.32 mol% cysteic acid in 
polypeptide VIIa plus VIIb (Table I), which would 
imply that polypeptide VIIb does not contain cy- 
steine. 

The question arises as to which of these cysteine 
residues in cytochrome c oxidase are exposed as 
thiol groups at the surface of the molecule, which 
are hidden inside the complex and whether cyto- 
chrome c oxidase contains any disulphide bonds. 
To solve this problem we did experiments in which 
cytochrome c oxidase reacted with the water-solu- 
ble thiol reagent DTNB [27]. 

In order to establish the number of exposed 
thiol groups we measured the release of thionitro- 
benzoate during reaction of detergent-solubilized 
cytochrome c oxidase with DTNB at pH 7.8. The 
increase in absorbance at 412 nm as a function of 
time was followed spectrophotometrically (Fig. 2A) 
and the number of thiol groups that reacted per 
cytochrome c oxidase molecule was plotted as a 
function of the DTNB concentration (Fig. 2B). As 
can be concluded from Fig. 2A, two thiol groups 
rapidly reacted with DTNB; additional thiol 
groups only tended to react when higher con- 
centrations of DTNB were added. 

In a specific experiment, we compared the re- 
lease of thionitrobenzoate upon reaction of DTNB 
with cytochrome c oxidase with the amount of 
radioactivity incorporated into the protein when 
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TABLE I 

DISTRIBUTION OF CYSTEINE RESIDUES IN THE SUBUNITS OF BOVINE HEART CYTOCHROME c OXIDASE 

n.d., not determined. 

Subunit M r ( ×  10-3) Number of cysteine Data obtained from 
residues 

I ( fMet- )  57 [35,52] 1 cysteic acid 
II ( fMet- )  26 2 sequence [43] 
III (Met - )  30 [35,42] 2 cysteic acid 
IV (Ala-)  17 0 sequence [44] 
V a (Ala-)  12 1 sequence [45] 
VI a (Ala-)  12 2-3 cysteic acid 
VIIa b (NacAla-)  10 4 sequence [46] 
VIIb b (Ala-)  10 0 cysteic acid 
Vl l la  (Ser-)  5 0 sequence [47] 
Vll Ib  ( l ie- )  5 0 cysteic acid 
VIIIc (Phe-)  6 n.d. - 

a 1.64 mol% cysteine in V / V I  fraction. 
b 2.32 mol% cysteine in VII fraction. 

[~4C2]DTNB was used. The total content of the 
spectroscopic cell was passed through a Sephadex 
G-25 superfine column and the protein-bound.label 
was counted. With the spectrophotometric method 
an average of 2.75 thiol groups per cytochrome c 
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Fig. 2. (A) Rate of formation of thionitrobenzoate anion de- 
termined spectrophotometrically using tandem cells. 5 /~M 
cytochrome c oxidase was incubated with 50/~M DTNB in 50 
mM sodium phosphate (pH 7.8), 1 mM EDTA and 1% Tween 
80 (v/v). (B) Number of detectable thiol groups per cyto- 
chrome c oxidase determined after 45 rain as a function of 
DTNB concentration. Conditions as in A. 

oxidase molecule was found and with the label 
incorporation method 2.65 thiol groups per cyto- 
chrome c oxidase molecule. The amount of re- 
leased thionitrobenzoate equals that of protein- 
bound reagent which shows that there is no aspe- 
cific binding of DTNB to cytochrome c oxidase. 

In order to locate the subunits containing the 
two highly reactive thiol groups, the stability of 
the formed mixed disulphides during dissociation 
by SDS had to be investigated. For this purpose, 
samples of cytochrome c oxidase were labelled 
with a large excess of [14C2]DTNB at pH 7.8 and 
dissociated by SDS at several pH values, after 
which the amount of label retained in the protein 
fraction was counted. Table II shows that the 

TABLE II 

STABILITY OF PROTEIN-THIONITROBENZOATE 
BOND AS A FUNCTION OF THE pH AFTER 4 h  DIS- 
SOCIATION OF CYTOCHROME c OXIDASE BY SDS 

pH of dissociation by SDS % protein-bound label 
retained after SDS 
dissociation 

7.8 49 
7.2 78 
6.9 82 
6.5 90 
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Fig. 3. Labelling pattern ( . . . . . .  ) after reaction of native 
cytochrome c oxidase with an 80-fold excess of [,4 C2 ]DTNB at 
pH 7.8 and 25°C as shown by the chromatogram of the 
subunits of cytochrome c oxidase ( ) on Ultrogel AcA 54 
(2.5 × 150 cm column), pretreated as described previously [18]. 
Unbound label was removed prior to dissociation of the protein 
by SDS (6 mg SDS/mg protein, dissociation during 4 h at pH 
6.5 and 25°C). Sample: 66 nag protein in 6.5 ml. Elution with 
3% SDS, 50 mM sodium phosphate (pH 6.5), 1 mM EDTA and 
0.01% NaN 3 at 2.3 cm/h. 

bound label was most stable when the dissociation 
of the protein by SDS was performed at pH 6.5, 
the lowest pH at which cytochrome c oxidase can 
be kept in solution for several hours. A possible 
explanation for the loss of label during dissocia- 
tion by SDS at the higher pH values is that thiol 
groups which become available upon dissociation 
of the enzyme by SDS cause protein cross-links 
with release of thionitro[|4C]benzoate. This reac- 
tion requires a negatively charged thio ! group and 
is, therefore, enhanced at high pH values [49]. 

It was decided to perform the label experiments 
for identification of the reactive thiol groups in the 
subunits witil the aid of column chromatography 
and not with SDS-polyacrylamide gel electro- 
phoresis for the following reasons: 

The mixed disulphides formed are not likely to 
be stable at high pH; SDS-polyacrylamide gel 
electrophoresis is normally performed at pH 8.8, 
whereas columns can be eluted at pH 6.5; 

working with larger amounts of protein facili- 
tates accurate determination of the ratio of bi- 
nding of thionitrobenzoate per subunit; 

it would be possible to isolate the labelled sub- 
units and to locate the site of the label in the 
sequence. 

In order to locate the two reactive thiol groups 
as well as the less reactive thiol groups, experi- 
ments were performed in which cytochrome c 
oxidase reacted with excess [14C2]DTNB. After 
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the reaction the enzyme was dissociated with SDS 
at pH 6.5 and the subunits were separated on 
Ultrogel AcA 54 at pH 6.5. Fig. 3 shows the ab- 
sorbance elution profile at 280 nm and the ~4C- 
label profile of the cytochrome c oxidase subunits. 
Elution at pH 6.5 causes overlap of some subunit 
peaks which are clearly separated when elution is 
performed at pH 8.2, as will be shown later. 

A large amount of label was found in the 
aggregate fraction, subunit I contained label and 
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Fig. 4. Labelling pattern ( . . . . . .  ) after reaction of SDS-disso- 
ciated cytochrome c oxidase (6 mg SDS/mg protein, dissocia- 
tion during 4 h at pH 7.8 and 25°C) with an 80-fold excess of 
[t4C2]DTNB at pH 7.8 and 25°C as shown by the chromato- 
gram of the subunits of cytochrome c oxidase ( ) on 
Ultrogel AcA 54 (2.5 × 150 cm column), pretreated as described 
previously [18]. (A) Sample: 63 mg protein in 5.2 ml. Elution 
with 3% SDS, 50 mM sodium phosphate (pH 6.5), 1 mM 
EDTA and 0.01% NaN 3 at 2.5 cm/h. Fractions a-e  were used 
for the polyacrylamide gel depicted in Fig. 5. (B) Sample: 108 
mg protein in 6.9 ml. Elution with 3% SDS, 50 mM Tris-H2SO 4 
(pH 8.2), 1 mM EDTA and 0.01% NaN 3 at 1.5 cm/h. 
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TABLE lII 

mol T H I O N I T R O B E N Z O A T E  B O U N D  PER mol S UB UNIT  U N D E R  D I F F E R E N T  CONDITIONS OF REACTION OF 
[ 14 C2 ]DTNB WITH C Y T O C H R O M E  c OXIDASE 

Calculations were based on the experiments depicted in Figs. 3 and 4. The given pH values refer to the pH of the elution buffer used 
in the subunit  separation. Two methods  for calculation were used: (A) via planimetry, label area per subunit  as fraction of the total 
label area; and (P) in peak fractions, tool thionitrobenzoate bound per mol subunit  in that fraction, n.d., not determined 

Incubation pH  Calcula- Subunit Oxidase 
sequence tion sample 

method O + I + III I III II IV V + VI VII VIII + haem before 
separation 

Cytochrome c 
oxidase A 2.0 0.3 0.1 0.3 0.7 

DTNB 6.5 
SDS P 0.9 0.8 0.2 0.1 n.d n.d 

Cytochrome c 
oxidase 6.5 A 2.1 0.9 0.1 2.2 2.0 

P 1.0 1.0 0.6 0.1 1.9 1.6 
SDS 8.2 A 2.4 1.0 0.2 1.8 1.8 
DTNB P 1.2 1.0 0.9 0.2 n.d. n.d. 

3.5 

7.3 

7.2 

in subunit I I I  there is a label maximum. The latter 
subunit elutes at p H  6,5 as a shoulder after sub- 
unit II. Some label was found scattered over the 
smaller subunits. In a previous paper  [18], we 
showed that the aggregate fraction (peak 'O '  in 
Fig. 3) mainly contains subunit III ,  whereas under 
more rigorous conditions during dissociation of 
the enzyme by SDS the amount  of subunit I in the 
aggregate fraction increases. 

Under  the conditions used, 3.5 mol thionitro- 
benzoate remained bound per mol cytochrome c 
oxidase, which is reflected in the total area of the 
label profile. Using planimetry, the label area per 
subunit as a fraction of the total label area can be 
calculated and thus the ratio of bound thionitro- 
benzoate per subunit, taking into account the 1 : 1 
ratio for the subunits [18]. An alternative calcu- 
lation was made for some peak fractions where the 
ratio of bound thionitrobenzoate per subunit in 
tha t  p a r t i c u l a r  f r ac t ion  was d e t e r m i n e d  
(thionitrobenzoate by the total amount  of radioac- 
tivity in the peak fraction and protein by amino 
acid analysis and from absorbance at 280 nm). 

The results are given in the upper part  of Table 
III .  We conclude that 2 mol thionitrobenzoate are 
bound per mol cytochrome c oxidase, 1 mol in 
subunit I and 1 mol in subunit III,  whereas much 

smaller amounts of thionitrobenzoate are bound to 
subunit II  and the smaller subunits. 

It  is evident  that after dissociation of the en- 
zyme by SDS more thiol groups become exposed 
to DTNB. Cholate-depleted cytochrome c oxidase 
was dissociated by SDS and subsequently in- 
cubated with labelled DTNB at pH 7.8. Two sam- 
ples treated in this way were applied to Ultrogel 
AcA 54 columns; one was eluted at pH 6.5 (Fig. 
4A), the other at pH 8.2 (Fig. 4B). In both cases a 
large amount  of label was found in the aggregate 
fraction and in subunits I and III.  There is more 
label in subunit II  as compared to the reaction of 
D T N B  with the holoenzyme and the amount of 
label in the smaller subunits has also increased 
(label was found in fraction V / V I  and also in 
subunit VIII).  

Determination of the ratio of bound thionitro- 
benzoate per subunit was performed as described 
before and the results are summarized in the lower 
part  of Table III .  We conclude that 7.2-7.3 mol 
thionitrobenzoate are bound per mol cytochrome c 
oxidase, again 1 mol in subunit I and 1, mol in 
subunit III ,  a significant amount of label being 
bound to subunit II. 2 mol thionitrobenzoate are 
bound to fraction V / V I  and 1-2 mol in fraction 
VIII .  The amount  of label preserved, in contrast to 



what might be expected, was not dependent on the 
pH at which the elution was performed, which 
would indicate that the label is only lost during 
dissociation of the enzyme by 12% SDS at pH 7.8 
(Table II) and not during elution in the presence 
of 3% SDS at pH 8.2. It is clear that after dissocia- 
tion of the enzyme by SDS the number of thiol 
groups reactive to DTNB has increased, but still 
half of the total cysteine content of the enzyme 
cannot be accounted for, either because the cy- 
steine residues are inaccessible or because they are 
present as disulphide bridges, or because of both 
reasons. Elution at pH 8.2 as shown in Fig. 4B 
gives a better resolution of subunit III and there- 
fore strengthens the evidence for binding of DTNB 
to subunit III. 

Comparison of the elution profiles at 280 nm at 
pH 6.5 and 8.2 (Fig. 4A and B) reveals that some 
subunits show pH-dependent elution behaviour 
upon gel permeation chromatography. Analysis of 
a large number of gel filtration experiments be- 
tween pH 6.5 and 9.6 showed that the elution 
volumes of subunits II and IV were pH indepen- 
dent (not shown). The migration velocity and 
therefore the apparent molecular mass of subunits 
I and III was found to be larger upon elution at 
pH 6.5 than at pH 8.2. At pH 6.5 subunit I 
overlaps with the aggregate fraction (peak O) and 
monomeric subunit III with subunit II, whereas at 
pH 8.2 subunits I and III are both resolved. 
Anomalous behaviour of the very hydrophobic 
subunits I and III has also been demonstrated on 
SDS-polyacrylamide gel electrophoresis [4,7,50- 
52]. The absorbance at 280 nm associated with 
fraction V/VI was much higher at pH 6.5 than at 
pH 8.2, which suggests that one of the smaller 
subunits also has a pH-dependent elution be- 
haviour. 

Fig. 5 shows an SDS-polyacrylamide gradient 
gel of some fractions of the column depicted in 
Fig. 4A. The shoulder after subunit II (lane a) 
clearly is subunit III. It is evident that the fraction 
normally called V/VI (lane c) in this case also 
contains subunits VIIa and VIIb (and even a trace 
of VIII). Lane d only contains subunit VIII, 
whereas the fraction called e only contains haem 
which in this experiment elutes after the smallest 
subunits. Capaldi et al. [53] showed that in SDS- 
polyacrylamide gel electrophoresis in the presence 
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Fig. 5. Polyacrylamide gradient gel electrophorcsis of relevant 
peak fractions of the separation shown in Fig. 4A. The sample 
slots are marked by letters a-e  corresponding to those in Fig. 
4A. At OX the dissociated holoenzyme was applied. Conditions 
of the gradient gel are given in Materials and Methods. 
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or absence of urea, his subunits V and VI ex- 
change positions. Recently, Jones et al. [54] de- 
picted an SDS-polyacrylamide electrophoretogram 
showing that the mobility of their component c 
(our VIIa) was pH dependent. We now show that 
this phenomenon is not restricted to SDS-poly- 
acrylamide gels but can also be observed on gel 
permeation chromatography. 

As an additional proof for the assignment of 
the smaller subunits, we analyzed amino terminal 
residues of the fractions called c, d and e from the 
column depicted in Fig. 4A. For fraction c, the 
first Edman degradation cycle resulted in alanine 
and serine, the second in histidine and serine. For 
fraction d, the first Edman cycle resulted in serine, 
isoleucine and phenylalanine, whereas glutamic 
acid and histidine were found for the second cycle. 
In fraction e, no amino terminal residue was found, 
consistent with the absence of Coomassie blue 
stain in Fig. 5. According to the SDS-polyacryla- 
mide gradient gel from Fig. 5, lane c contains 
subunits V, VI and VIIa and VIIb; this is in 
agreement with the results of the Edman degrada- 
tion [16,45,46]. Lane d, which shows an unresolved 
band on the SDS-polyacrylamide gradient gel, 
contains the three polypeptide chains which are 
known to constitute the heterogeneous subunit 
fraction VIII [18,38,39,47]. These data indicate 
that the elution behaviour of subunit fraction VII, 
like that of subunits I and III, is dependent on pH. 
At pH 6.5, subunit fraction VII comigrates with 
fraction V /VI  whereas at pH 8.2 it is more re- 
tarded. Since the amount of label found in fraction 
V / V I  is approximately the same at both pH val- 
ues, it is concluded that subunit VIIa, which con- 
tains four cysteine residues, is not involved in 
DTNB binding. 

Discussion 

Reactive thiol groups in native and SDS-dissociated 

cytochrome c oxidase 

The total number of 14-16 cysteine residues 
which we determined for cytochrome aa 3 is in 
agreement with an early report of Matsubara et al. 
[21] who found seven cysteine residues per haem a. 
A subsequent study of the group of Okunuki [55] 
showed that some thiol groups were more reactive 
towards AgNO 3, HgC12 and PCMB than others. 

Furthermore, the number of titratable groups in- 
creased upon addition of SDS; this was also ob- 
served in our experiments with DTNB. Now that 
the distribution of cysteine residues over the sub- 
units of cytochrome c oxidase is largely known 
(Table I), the question is raised in which subunits 
the reactive thiol groups are located. 

Recently, several authors [23,24,26] studied the 
reactivity of thiol groups in cytochrome c oxidase 
by trace labelling the subunits, whereas we labelled 
the thiol groups under conditions where quantita- 
tive modification of cysteine-containing subunits 
could be obtained, thus facilitating their identifi- 
cation. Upon reaction of native bovine heart cyto- 
chrome c oxidase with DTNB, the hydrophobic 
subunits I and III were both rapidly and stoicheio- 
metrically labelled, whereas only a low amount of 
label was found in subunit II and the smaller 
subunits. After dissociation of the enzyme by SDS, 
subunit II bound up to 1 mol thionitrobenzoate. 

McGeer et al. [24] labelled isolated and mem- 
brane-bound bovine heart cytochrome c oxidase 
with N-ethylmaleimide. When the reaction was 
performed with the solubilized enzyme they found 
label in subunit III and in their fraction Via (VI in 
our nomenclature). With the membrane-bound en- 
zyme, label was also found in subunit I and rela- 
tively more label was observed in subunit III, but 
none in fraction Via. The amount of label, how- 
ever, was not stoicheiometric. According to an 
earlier report of Kornblatt  et al. [56], label was 
also found in subunit I when the isolated enzyme 
was labelled with Noethylmaleimide. The results of 
these authors are in fair agreement with ours ob- 
tained with DTNB. 

Fraction V/VI,  reacting with a sub-stoicheio- 
metric amount of DTNB in the native enzyme, 
bound 2 mol thionitrobenzoate after SDS dissocia- 
tion. This shows that these thiol groups are hardly 
accessible in the intact enzyme. At pH 6.5, sub- 
units VIIa and VIIb comigrated V/VI  without 
leading to an increase in detectable thiol groups, 
indicating that the four cysteine residues in sub- 
unit VIIa are either present as disulphide bridges 
or remain buried in the protein. The first possibil- 
ity is more likely because Darley-Usmar and Wil- 
son [26] found that this fraction bound labelled 
mercury after reduction with 2-mercaptoethanol. 
As mentioned before, subunit VIIb does not con- 
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tain cysteine (Table I) and therefore cannot bind 
DTNB. Subunit V has one cysteine residue [45] 
and, according to our cysteic acid determination, 
fraction VI contains at least two. The latter is in 
agreement with reports of other investigators 
[24,26,57]. It cannot yet be decided which of the 
polypeptides of fraction V /VI  is involved in DTNB 
binding. 

After SDS dissociation a ratio of up to 2.0 mol 
thionitrobenzoate per mol oxidase was found in 
fraction VIII. Two of the different polypeptide 
chains in fraction VIII do not contain cysteine 
(Table I). The third polypeptide with amino termi- 
nal phenylalanine must contain at least one cy- 
steine residue, in agreement with the observation 
of Darley-Usmar and Wilson [26] that the smallest 
subunit fraction binds label upon the reaction of 
2°3HGC12 with native bovine heart cytochrome c 
oxidase. These authors found a high amount of 
label in subunit II and in their component a (our 
VI). The label in subunit II is probably due to 
displacement of copper by mercury. Moderate la- 
belling was found in their fraction VII (our VIII) 

and a low amount of label in subunits III and V, 
whereas no label was found in subunit I. The 
discrepancy between their results and ours might 
be attributed to different properties of HgC12 and 
DTNB as thiol reagents. 

The position of cysteine residues in the mitochondri- 
ally synthesized subunits L 11 and 111 

The position of cysteine residues in the large 
subunits is known from sequence data (protein 
and mtDNA). The group of Tzagoloff [58-60] 
sequenced yeast mtDNA. For the bovine enzyme 
the protein sequence of subunit II was determined 
[43] and used for alignment with the mtDNA 
sequence [48]. The mtDNA sequences of human 
cytochrome c oxidase became available through 
the work of the group of Sanger [42] who also 
determined the base sequence of bovine subunits I 
and III [35]. With these sequence data Table IV 
was composed, which shows the distribution of 
cysteine residues in the sequences of yeast, bovine 
and human subunits I, II and III, respectively. 

We found a reactive thiol group in bovine sub- 

TABLE IV 

DISTRIBUTION OF CYSTEINE RESIDUES IN THE SEQUENCES OF SUBUNITS 1, I1 AND III OF YEAST, BOVINE AND 
HUMAN CYTOCHROME c OXIDASE, RESPECTIVELY 

Data for yeast subunits I, II and III are taken from Refs. 58-60, for bovine subunit II from Ref. 43, for human subunits I, II and III 
from Ref. 42 and data for bovine subunits I and III from Ref. 35. 

NH 2 COOH 

Subunit I yeast 

bovine 

human 

yeast 

Subunit II bovine 

human 

yeast 

Subunit III bovine 

human 

1 110 510 
fM .C S 
1 498 514 
fM C - - K  
1 498 513 
fM C - - S  
1 23 107 221 225 251 

C C C - - C  Q 

1 
fM 
1 
fM 
1 

fM 

1 
M. 
1 
M 

196 200 227 
C - - C  L 

35 196 200 227 
C C - - C  L 

123 184 269 
C C V 

115  218 261 
C. C S 

218 261 
C S 
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unit I, which is not present in yeast [23,25], the 
cysteine residue in bovine subunit I being located 
in the carboxy terminal region of the protein, 
whereas the corresponding yeast subunit has its 
cysteine residue near the anaino terminal part of 
the sequence. In contrast to the wide-spread opin- 
ion that the hydrophobic subunit I is buried inside 
the protein complex [ 12,19,20], we conclude that at 
least the carboxy terminal part is exposed. This is 
in agreement with the results of Kawato et al. [61] 
who reported that subunit I of bovine heart cyto- 
chrome c oxidase is reactive towards a maleimide 
derivative. From labelling experiments with di- 
azobenzenesulphonate and N-(4-azido-2-nitro- 
phenyl)-2-aminoethane sulphonate with the bovine 
enzyme, Prochaska et al. [62] concluded that part 
of subunit I is exposed, but that this part does not 
contain cysteine. McGeer et al. [24] found label in 
subunit I after reaction of N-[t4C]ethylmaleimide 
with the membrane-bound bovine cytochrome c 
oxidase but not when the solubilized enzyme was 
used. 

Yeast, bovine and human subunits II have an 
invariable region around the two cysteine residues 
in the carboxy terminal region; one of these re- 
sidues is a putative copper ligand [43]. Subunit II 
is far exposed at the cytoplasmic side of the mem- 
brane [12,19,62], but for the bovine enzyme only 
reacts with DTNB after dissociation of the enzyme 
by SDS, which displaces copper. This is in line 
with an earlier study of Tsudzuki et al. [22] who 
showed that SDS was I~quired to displace copper 
from a thiol group in the enzyme. In yeast cy- 
tochrome c oxidase the most reactive thiol group is 
located in subunit II [23,25,63], in contrast to the 
results found for the bovine heart enzyme. Subunit 
II of yeast cytochrome c oxidase is able to bind 
N-ethylmaleimide, iodoacetamide [23] and the flu- 
orophore IAEDANS [25]. This difference between 
the yeast and the bovine enzyme is explained by 
the presence of two additional cysteine residues in 
the sequence of yeast subunit II. 

Subunit III of bovine cytochrome c oxidase 
binds 1 mol DTNB; the second cysteine residue in 
subunit III is not labelled even after SDS dissocia- 
tion of the enzyme. Apparently, the latter cysteine 
residue is not accessible to the reagent. Yeast 
subunit III also contains two cysteine residues, but 
these are not reactive towards thiol reagents, al- 

though one of them could be coupled to a di- 
sulphide derivative of yeast iso-l-cytochrome c 
[23,63]. One of the two cysteine residues in subunit 
III of bovine heart cytochrome c oxidase is in a 
position that is the same as that of yeast subunit 
III, which suggests that the other (position 218) is 
the reactive one. This can be investigated by study- 
ing the reaction of DTNB with human cytochrome 
c oxidase, because human subunit III lacks one of 
the two cysteine residues present in bovine subunit 
III. To answer the question as to whether the 
reactive cysteine residues are relevant to the cata- 
lytic mechanism of the enzyme, the interaction of 
cytochrome c with thiol-modified cytochrome c 
oxidase will be studied. 

Acknowledgements 

The authors are grateful to Dr. Eperon for 
kindly providing our research group with parts of 
the base sequence of the bovine mtDNA prior to 
publication. The authors wish to thank Mr. A.W. 
de Winter for his aid in spectrophotometric de- 
terminations and Mr. H.N. Kaandorp for his aid 
in polyacr3,1amide gel electrophoresis experiments 
and end-group determination. Our thanks are also 
due to Mr. J.K.P. Post for performing amino acid 
analyses. This work was supported by a grant 
from the Netherlands Organization for the Ad- 
vancement of Pure Research (Z.W.O.) under the 
auspices of the Netherlands Foundation for Chem- 
ical Research (S.O.N.). 

References 

1 Hackenbrock, C.R. and Miller Hammon, K. (1975) J. Biol. 
Chem. 250, 9185-9197 

2 Henderson, R., Capaldi, R.A. and Leigh, J.S. (1977) J. Mol. 
Biol. 112, 631-648 

3 Fuller, S.D., Capaldi, R.A. and Henderson, R. (1979) J. 
Mol. Biol. 134, 305-327 

4 Poyton, R.O. and Schatz, G. (1975) J. Biol. Chem. 250, 
752-761 

5 Schatz, G. and Mason, T.L. (1974) Annu. Rev. Biochem. 
43, 51-87 

6 Downer, N.W., Robinson, N.C. and Capaldi, R.A. (1976) 
Biochemistry 15, 2930-2936 

7 Tracy, R.P. and Chan, S.H.P. (1979) Biochim. Biophys. 
Acta 576, 109-117 

8 Hare, J.F., Ching, E. and Attardi, G. (1980) Biochemistry 
19, 2023-2030 

9 Azzi, A. and Casey, R.P. (1979) Mol. Cell. Biochem. 28, 
169-184 



10 Fry, M. and Green, D.E. (1981) J. Bioenerg. Biomembranes 
13, 61-87 

11 Yu, C.-A. and Yu, L. (1977) Biochim. Biophys. Acta 495, 
248-259 

12 Ludwig, B., Downer, N.W. and Capaldi, R.A. (1979) Bio- 
chemistry 18, 1401-1407 

13 Saraste, M., Penttil~t, T. and WikstrSm, M. (1981) Eur. J. 
Biochem. 115, 261-268 

14 Ros6n, S. (1978) Biochim. Biophys. Acta 523, 314-320 
15 Poyton, R.O., McKemmie, E. and George-Nascimento, C. 

(1978) J. Biol. Chem. 253, 6303-6306 
16 Buse, G. (1980) in Biological Chemistry of Organelle For- 

mation (BOcher, T., Sebald, W. and Weiss, H., eds.), pp. 
59-70, Springer, Berlin 

17 Merle, P. and Kadenbach, B. (1980) Eur. J. Biochem. 105, 
499-507 

18 Verheul, F.E.A.M., Draijer, J.W., Dentener, I.K. and 
Muijsers, A.O. (1981) Eur. J. Biochem. 119, 401-408 

19 Eytan, G.D., Carroll, R.C., Schatz, G. and Racker, E. 
(1975) J. Biol. Chem. 250, 8598-8603 

20 Bisson, R., Montecucco, C., Gutweniger, H. and Azzi, A. 
(1979) J. Biol. Chem. 254, 9962-9965 

21 Matsubara, H., Orii, Y. and Okunuki, K. (1965) Biochim. 
Biophys. Acta 97, 61-67 

22 Tsudzuki, T., Orii, Y. and Okunuki, K. (1967) J. Biochem. 
62, 37-45 

23 Birchmeier, W., Kohler, C.E. and Schatz, G. (1976) Proc. 
Natl. Acad. Sci. U.S.A. 73, 4334-4338 

24 McGeer, A., Lavers, B. and Williams, G.R. (1977) Can. J. 
Biochem. 55, 988-994 

25 Dockter, M.E., Steinemann, A. and Schatz, G. (1978) J. 
Biol. Chem. 253, 311-317 

26 Darley-Usmar, V.M. and Wilson, M.T. (1981) Biochem. 
Biophys. Res. Commun. 99, 51-'57 

27 Ellman, G. (1959) Arch. Biochem. Biophys. 82, 70-77 
28 Fowler, L.R., Richardson, S.H. and Hatefi, Y. (1962) Bio- 

chim. Biophys. Acta 64, 170-173 
29 HartzeU, C.R., Beinert, H., Van Gelder, B.F. and King, T.E. 

(1978) Methods Enzymol. 53, 54-66 
30 Van Gelder, B.F. (1966) Biochim. Biophys. Acta 118, 36-46 
31 Laemmli, U.K. and Favre, M. (1973) J. Mol. Biol. 80, 

575-599 
32 Penefsky, H.S. (1979) Methods Enzymol. 56, 527-530 
33 Moore, S., Spackman, D.H. and Stein, W.H. (1958) Anal. 

Chem, 30, 1185-1190 
34 Spackman, D.H., Stein, W.H. and Moore, S. (1958) Anal. 

Chem. 30, 1190-1206 
35 Anderson, S., De Bruijn, M.H.L., Coulson, A.R., Eperon, 

I.C., Sanger, F. and Young, I.G. (1982) J. Mol. Biol. 156, 
683-717 

36 Tarr, G.E. (197-5) Anal. Biochem. 63, 361-370 
37 Tarr, G.E. (1977) Methods Enzymol. 47, 335-357 
38 Verheul, F.E.A.M., Boonman, J.C.P., Draijer, J.W. Muijsers, 

A.O., Borden, D., Tarr, G.E. and Margoliash, E. (1979) 
Biochim. Biophys. Acta 548, 397-416 

39 Steffens, G.J. and Buse, G. (1976) Hoppe-Seyler's Z. Phys- 
iol. Chem. 357, 1125-1137 

!29 

40 Schram, E., Moore, S. and Bigwood, E.J. (1954) Biochem. J. 
57, 33-37 

41 Moore, S. (1963) J. Biol. Chem. 238, 235-237 
42 Anderson, S., Bankier, A.T., Barrell, B.G., De Bruijn, 

M.H.L., Coulson, A.R., Drouin, J., Eperon, I.C., Nierlich, 
D.P., Roe, B.A., Sanger, F., Schreier, P.H., Smith, A.J.H., 
Staden, R. and Young, I.G. (1981) Nature 290, 457-465 

43 Steffens, G.J. and Buse, G. (1979) Hoppe-Seyler's Z. Phys- 
iol. Chem. 360, 613-619 

44 Sacher, R., Steffens, G.J. and Buse, G. (1979) Hoppe-Seyler's 
Z. Physiol. Chem. 360, 1385-1392 

45 Tanaka, M., Haniu, M., Yasunobu, K.T., Yu, C.-A., Yu, L., 
Wei, Y.-H. and King, T.E. (1979) J. Biol. Chem. 254, 
387~1-3885 

46 Steffens, G.C.M., Steffens, G.J. and Buse, G. (1979) 
Hoppe-Seyler's Z. Physiol. Chem. 360, 1641-1650 

47 Buse, G. and Steffens, G.J. (1978) Hoppe-Seyler's Z. Phys- 
iol. Chem. 359, 1005-1009 

48 Young, I.G. and Anderson, S. (1980) Gene 12, 257-265 
49 Torchinsky, Y.M. (1981) Sulfur in Proteins, pp. 3-142, 

Pergamon Press, Oxford 
50 Briggs, M., Kamp, P.-F., Robinson, N.C. and Capaldi, R.A. 

(1975) Biochemistry 14, 5123-5128 
51 Hundt, E. and Kadenbach, B. (1977) Hoppe-Seyler's Z. 

Physiol Chem. 358, 1309-1314 
52 Groot, G.S.P., Grivell, L.A., Van Harten-Loosbroek, N., 

Kreike, J., Moorman, A.F.M. and Van Ommen, G.J,B. 
(1977) in Structure and Function of Energy Transducing 
Membranes (Van Dam, K. and Van Gelder, B.F., eds.), pp. 
177-186, North-Holland, Amsterdam 

53 Capaldi, R.A., Bell, R.L. and Branchek, T. (1977) Biochem. 
Biophys. Res. Commun. 74, 425-433 

54 Jones, G.D., Wilson, M.T. and Darley-Usmar, V.M. (1981) 
Biochem. J. 193, 1013-1015 

55 Orii, Y., Tsudzuki, T. and Okunuki, K. (1965) J. Biochem. 
58, 373-384 

56 Kornblatt, J.A., Baraff, G.A. and Williams, G.R. (1973) 
Can. J. Biochem. 51, 1417-1427 

57 Yasunobu, K.T., Tanaka, M., Haniu, M., Sameshima, M., 
Reimer, N., Eto, T., King, T.E., Yu, C.-A., Yu, L. and Wei, 
Y.-H. (1979) in Cytochrome Oxidase (King, T.E., Orii, Y., 
Chance, B. and Okunuki, K., eds.), pp. 91-101, 
Elsevier/North-Holland, Amsterdam 

58 Bonitz, S.G., Coruzzi, G., Thalenfeld, B.E., Tzagoloff, A. 
and Macino, G. (1980) J. Biol. Chem. 255, 11927-11941 

59 Coruzzi, G. and Tzagoloff, A. (1979) J. Biol. Chem. 254, 
9324-9330 

60 Thalenfeld, B.E. and Tzagoloff, A. (1980) J. Biol. Chem. 
255, 6173-6180 

61 Kawato, S., Ikegami, A., Yoshida, S. and Orii, Y. (1980) 
Biochemistry 19, 1598-1603 

62 Prochaska, L., Bisson, R. and Capaldi, R.A. (1980) Bio- 
chemistry 19, 3174-3179 

63 Moreland, R.B. and Dockter, M.E. (1981) Biochem. Bio- 
phys. Res. Commun. 99, 339-346 


