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Cytochrome c oxidase has been isolated from beef heart mitochondria and labeled with the fluorochrome 
eosin-5-maleimide (EMA) after pretreatment with mersalyl. On SDS-polyacrylamide gels, EMA fluor- 
escence and absorption occurred at a single band corresponding to subunit III. Since only Cys 115 of the 
two cysteinyl residues of subunit III had been shown to be reactive towards water-soluble SH-reagents, it 
was concluded that this residue was the one labeled by EMA. The EMA/enzyme ratio was about 1. Gel 
filtration experiments have shown that upon treatment with dicyclohexylcarbodiimide, subunit III was 
loosened from the complex; this result suggests that the inhibitory effect of dicyclohexylcarbodiimide on 

the H+-translocation activity may be related to such a phenomenon. 

Cytochrome oxidase Subunit III Eosin-5-maleimide 

1. INTRODUCTION 

Subunit III of cytochrome c oxidase is the se- 
cond largest polypeptide of the whole complex (12 
or 13 subunits) having an M, of 29918, as 
calculated from the DNA-inferred amino acid se- 
quence [ 11. This polypeptide has been suggested to 
be involved in the H+-translocation function of the 
enzyme based on the following evidence. Inhibi- 
tion of the H+-pump by DCCD has been found to 
be associated with a parallel labeling of subunit III 
[2] whose removal from the complex resulted also 
in the loss of the H+-transfer activity [3,4]. DCCD 
was shown to bind in the subunit III of the beef 
heart enzyme to the glutamyl residue 90 [5]. This 
subunit also contains 2 cysteinyl residues (Cys 115 
and 218), which, contrary to glutamyl 90 or the 
cysteinyl residues 196 and 200, were not evolu- 
tionarily conserved. Cys 115 of subunit III was 
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Selective labeling N,N-Dicyclohexylcarbodiimide 

shown to be located at the cytoplasmic face of the 
inner mitochondrial membrane and to be accessi- 
ble to water-soluble SH-reagents such as 
iodoacetamide and dithionitrobenzoate [6]. On the 
other hand, it was not possible to label Cys 218 
even after dissociation and partial denaturing of 
subunit III by SDS [7]. In order to obtain struc- 
tural information on membrane-bound proteins, 
eosin derivatives were largely used. Eosin is a very 
useful reporter group, since it can be used as a 
chromophore, as a fluorophore, and because of its 
high extinction coefficient and its suitable excita- 
tion and emission bands. 

Eosin derivatives have been used to label band 3 
in erythrocyte membranes [8], (Ca’+-Mg’+)- 
ATPase in sarcoplasmic reticulum [9], the coupl- 
ing factor CFl in spinach chloroplasts [lo] and the 
ADP/ATP translocator in beef heart mitochon- 
dria [ 11,121. Here we present a method for specific 
labeling of subunit III of cytochrome oxidase with 
EMA (fig.1). EMA was used to selectively modify 
the cysteinyl residue 115 of subunit III, the only 
one which was shown to be reactive towards water- 
soluble SH-reagents. The association of subunit III 
with cytochrome c oxidase was followed using the 
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Eosin-5-makimide MW=742 

Fig. 1. Molecular structure of eosind-maleimide. 

eosin-labelled enzyme; it was found that binding of 
DCCD to the enzyme resulted in the loosening of 
subunit III. 

2. MATERIALS AND METHODS 

Bovine heart cytochrome oxidase was prepared 
as in [ 131. The heme a content was calculated from 
spectra (dithionite-reduced minus air-oxidized) 
taken with an Aminco DW-2a spectrophotometer 
using aAe605-630~ = 13.5 mM_’ *cm-‘. EMA was 
dissolved in 100 mM sodium phosphate buffer (pH 
7.2) and then diluted to 0.5 mg/ml (0.673 mM). 
The EMA concentration was calculated from spec- 
tra using a &530_6OOnm = 8.3 X 10e4 M-‘*cm-’ 
t141. 

Cytochrome oxidase was labeled with EMA as 
follows: 1 nmol mersalyl was added to 1 nmol 
cytochrome oxidase in a buffer composed of 
50 mM sodium phosphate (pH 7.2), 1% Na- 
cholate, and incubated for 30 min on ice; then 
1 nmol EMA per nmol oxidase was added to the 
pretreated enzyme and incubated for 2 h on ice in 
the dark. The reaction was stopped by adding 
mercapto- 1,3-propanediol in excess. SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed according to Kadenbach et al. [ 151, 
however without addition of bromphenol blue in 
the sample buffer. 

Fluorographic pictures were obtained by 
photographing, through cut-off filters, the 
fluorescence emission of slab gels illuminated with 
UV light from below. An analysis of the same gel 
was performed using a special attachment for the 
Aminco DW-2a spectrophotometer [ 161 recording 

the EMA absorbance at the wavelength pair 
530-600 nm. The slab gel was then fixed for 1 h 
with an aqueous solution composed of 25% 
ethanol and 14% formaldehyde [17]. Staining and 
destaining were performed conventionally using 
Coomassie brilliant blue. 

Cytochrome c oxidase was labeled with DCCD 
(1: 100 molar ratio) for 45 min at 20°C in the same 
buffer used for gel filtration experiments, com- 
posed of 75 mM glycine, 375 mM Tris-Cl, 0.5 M 
NaSCN, 0.1% Triton X-100, 0.1% C12Ei0 (pH 
9.5) at 20°C. Gel permeation was performed on 
Fractogel TSK, HW-55(S) at 5.4 ml/h in a 1 x 
30 cm column and fractions were collected each 
15 min after the application of the sample (4-5 
nmol enzyme). Protein content was determined 
using the method of Lowry et al. [17]. 

EMA was from Molecular Probes (Junction Ci- 
ty, OR); mersalyl from Mann Res. Labs (New 
York); DCCD, Triton X-100 from Fluka AG 
(Buchs, Switzerland); CizE10 from Sigma (St. 
Louis, MO); Fractogel TSK HW-55(S) from 
Merck (Darmstadt, FRG). 

3. RESULTS AND DISCUSSION 

Fig.2A shows the results of the EMA labeling of 
cytochrome oxidase solubilized in 3% SDS. The 
labeling was performed at an EMA/oxidase molar 
ratio of 30, to ensure that the reagent would be in 
excess over the 17 cysteinyl residues per mol of the 
whole complex [ 191. The absorbing or fluorescent 
bands of the molecular mass subunits could not be 
assigned to the known cytochrome c oxidase 
polypeptides because, after EMA labeling, a 
somewhat different electrophoretic pattern was 
observed. Since the electrophoretic migration of 
the largest subunits was not largely affected, an 
assignment in this case was possible. When the 
labeling was performed using the intact enzyme 
solubilized in cholate and pretreated with mersalyl, 
practically only subunit III was labeled (fig.2B,C). 
Additional high-molecular mass components la- 
beled by EMA to a small extent may represent con- 
taminants and/or small polypeptides aggregated 
with subunit III. The amount of unspecific label 
varied with the enzyme preparation. Additional gel 
filtration chromatography purification reduced the 
unspecific labeling to minor levels (<5%). 
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Fig.2. SDS-PAGE of cytochrome oxidase labeled with 
EMA. (A,B) Densitometric traces of the slab gel 
measured after electrophoresis. EMA absorbance was 
recorded at 530-600 nm. Each lane contained about 
1 nmol enzyme. The numbers indicate the subunit 
sequence. In (A), cytochrome oxidase was dissolved in 
3% SDS prior to its labeling with EMA (1:30 molar 
excess). In (B) the labeling was performed in 1% cholate 
as described in section 2. (C) Fluorography of (B) taken 

before the densitometric analysis. 

Pretreatment of the enzyme with higher 
amounts of mersalyl (5: 1 molar ratio) or with 
thionitrobenzoate-activated yeast, cytochrome c 
abolished completely the EMA labeling. This is an 
additional indication that subunit III was the la- 
beled subunit by EMA. 

Upon binding to the enzyme, EMA showed a 
typical spectral shift of the absorption maximum 
from 525 to 532 nm [14], and to 529 nm when the 
complex was denatured by SDS. 

The stoichiometry of eosin binding to the native 
cytochrome oxidase in detergent solution was 
calculated from absorption spectra of the labeled 
enzyme (fig.3). It was found that the EMA/en- 
zyme molar ratio was approx. 1. Such a finding 
confirms that only one cysteinyl residue of 
cytochrome oxidase subunit III was labeled under 
the above conditions. Comparison of the den- 
sitometric traces of subunit III labeled in SDS 
(fig.2A) and in cholate (fig.2B) showed an almost 
equivalent absorbance indicating that only one 
residue was reactive even in the partly denatured 
protein. Malatesta and Capaldi [6] demonstrated 
that cysteinyl 115 was the only modified cysteinyl 
residue in subunit III; Verheul et al. [7] found that 
even after dissociation in SDS only one cysteine 
was modified. From these results it is possible to 
conclude that EMA labeled cysteinyl residue 115. 

Taking advantage of the possibility to monitor 
selectively subunit III, gel permeation experiments 
with intact and DCCD-modified enzymes were 
performed to detect a possible effect of the car- 
bodiimide on the association of this subunit with 
the enzyme. The composition of the elution buffer 
[3] including 0.5 M NaSCN and 0.1% CizElo was 
chosen to achieve a better resolution of subunit III 
from the whole complex. Fig.4 shows the elution 
profiles of the untreated (dotted line), and DCCD- 
treated enzyme (solid line) followed by the EMA 
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Fig.3. Absorption spectra of EMA-labeled cytochrome c 
oxidase. Solid line, air oxidized enzyme; dotted line, 
dithionite-reduced enzyme. The central peak is the 
absorption maximum of EMA (532 nm). The EMA/ 

enzyme molar ratio was calculated to be about 1. 
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Fig.4. Gel filtration of EMA-labeled cytochrome c 
oxidase on Fractogel TSK HW-55(S). The column was 
equilibrated with 375 mM Tris-Cl, 75 mM glycine, 
0.5 M NaSCN, 0.1% Triton X-100, 0.1% CrzEro (pH 
9.5). The dotted line shows the elution profile of 
untreated enzyme, whereas the solid line shows that of 
DCCD-treated enzyme (DCCD 100: 1 molar excess, 
45 min at 20°C). The absorbance of eosin measured in 
the elution profiles, is an indicator of the presence of 
subunit III which was specifically labeled with EMA. 
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Fig.5. Absorption spectra of fractions 12 and 19 of fig.4, 
DCCD-treated enzyme. Fraction 12 exhibited only EMA 
absorption. Fraction 19 showed mainly heme absorp- 
tion. The blue shift of heme absorption ,was due to the 

presence of NaSCN at pH 9.5. 

absorbance. The peaks of fraction 12 contained 
mainly subunit III, in such an aggregated state that 
it was impossible to separate this material on SDS 
polyacrylamide gels. The use of larger amounts of 
SDS, urea, hexylsulfate and different types of 
organic solvents did not bring about the dissolu- 
tion of the aggregated material which was found 
by SDS gel electrophoresis in the stacking gel 
and/or on the top of the running gel. Further 
evidence that DCCD treatment lowered the con- 
tent of subunit III associated with the complex, 
could be obtained by the analysis of fraction 19, in 
which an equal heme absorbance was present, yet 
much less eosin absorbance than in the control 
(fig.5). 

This observation may suggest that one of the 
possible effects of DCCD on the enzyme is that of 
loosening the interactions between subunit III and 
the rest of the complex. 
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