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Cytochrome oxidasewas prepared from Neurospora crassa by chromatography on oleyl poly
methacrylic acid resin and separated into seven polypeptides by polyacrylamide gel electropho
resis in the presence of sodium dodecylsulfate. Incorporation oflabelled amino acids into the single 
polypeptideswas investigated after a pulse labelling in the absence and presence of chlorampheni
col, and afterwashing out the inhibitor. 

Chloramphenicol (4 mgfml) inhibited amino acid incorporation into all polypeptides 90-95°/0• 

while labeHing of the whole membrane protein was inhibited only 30°f0 • Mter washing out the 
inhibitor and further growth of the cells. the four smaller polypeptides were highly labelled, where
as the other polypeptides showed only a. small increase in radioactivity. It is concluded that the 
four small-sized polypeptides of cytochrome oxidase are synthesized but not integrated into the 
functional enzyme under the action of chloramphenicol. 

In a previous paper it was shown that the apo
protein of a cytochrome oxidase preparation from 
N eurospora crassa is comprised of several polypeptides. 
one with an apparent molecular weight of 18000 
showing an elevated Ievel of cyclohexim.ide-resistant 
incorporation of radioactive amino acids [1]. This 
result suggested that part of cytochrome oxidase is 
provided by the mitochondrial protein-synthesizing 
system. 

In order to prove that the polypeptide represented 
by this radioactivity is an essential component of the 
complex enzyme, the inhibition of amino acid in
corporation by chloramphenicol was investigated. 
In contrast to cycloheximide this antibiotic inhibits 
mitochondrial but not extramitochondrial protein 
synthesis [2-4]. 

In the pulse labeHing experimentstobe described 
here, chloramphenicol inhibited amino acid incorpora
tion not only into the polypeptide with a molecular 
weight of 18000 but also into all other polypeptides. 
This offered the possibility of studying the assembly 
of the protein part of cytochrome oxidase. 

MATERIALS AND METHODS 
NeuroBpora crasBa, wild-type 74 A, was grown in 

Vogels minimal medium [5] supplemented with 2°/0 
sucrose under aeration [1]. The growth times of the 
cultures and the labelling procedures are described 
in the legends to the tables. 

D-(- )Chloramphenicol (Bayer, Leverkusen, Ger
many) was dissolved in 50°/0 ethanol and 10 ml of 

Enzyme. Cytochrome oxidase or ferrocytochrome c: 0 2 
oxidoreductase (EC 1.9.3.1). 

the solution was added to 11 of culture. The final 
concentrations are given in the legends to the tables. 
For washing out the chloramphenicol the hyphae 
were filtered by suction and resuspended in fresh 
culture medium. This procedure was repeated five 
times. The specific radioactivities of the 3H and 
140-labelled L-amino acids were 150-1000 Cifmol. 

Cytosolic proteins, mitochondrial membrane pro
tcins and cytochrome oxidase were prepared as 
described [ 1]. The purity of cytochrome oxidase was 
checked by measuring the absorbancies at 280 nm 
of the o.xidized form and at 443 nm of the dithionate
reduced form. The ratio of these absorbancies was 
2.1-2.4. The heme a contents were determined from 
difference spectra (reduced minus oxidized) using a 
millimolar absorbance coefficient .de6o5nm = 24mM-1 

cm-1 [18]. 
Polyacrylamide gelelectrophoresis in sodium do

decylsulfate was performed as described [1], with 
the following modifi.cations. A 15°/0 gel was poly
merised with 3°/0 crosslinker. The samples were 
dissolved by incubating the protein for 2 h at 0 °0 
in 5°/0 sodium dodecylsulfate, 5°/0 mercaptoethanol 
and 0.1 M Tris-HCI, pH 8.5. at a concentration of 
3 mgfml. The gel was loaded with 30 to 50 !Lg protein. 

The apparent molecular weights of the proteins 
were determined by running in parallel on the same 
gel slab a mixture of bovine serum albumin, Iactate 
dehydrogenase, trioseph.osphate isomerase, Iactalbu
min and cytochrome c, with molecular weights of 
68000, 34000, 27000, 18500 and 11700 respectively. 

Protein and radioactivity were determined as 
described [ 1]. 
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RESULTS 

Double Labelling 

Throughout the experiments double-labeHing 
procedures were used. Generally, the hyphae were 
mcubated for 1 h with [14C]leucine, [UC]isoleucine and 
[14C]phenylalanine. Thereafter the same amino acids 
labe~e~ with 3H were incorporated under special 
cond1t10ns. The general 140-label of the proteins is 
found to be stable. The specific 140 radioactivity 
decreases only due to dilution by newly synthesized 
proteins during growth. Even in the presence of 
cyclohexim.ide no measurable breakdown of proteins 
takes place [6]. After a certain time of labelling, 
whole oytosolio protein and whole mitochondrial 
m~mbrane protein of the exponentially growing oells 
gam the same speoific 140 radioactivity. Deviations 
fro~ this specific radioactivity occur with proteins, 
which have a large pool of precursor protein. This 
ha~ been found for some polypeptides of cytochrome 
OXIdase [6]. Nevertheless, in a fi.rst approximation the 
140 Iabel may be assumed to be proportional to the 
protein content. In consequenoe the calculated 3Hf 
140 ratios should have a similar meaning to specific 
radioactivity. 

Kinetics of Amino-Acid lncorporation 
in the Presence of Ohloramphenicol 

As seen in Fig.l, a pulse labelling of the cellular 
proteins is obtained after adding low concentrations 
of radioactive leucine, isoleueine and phenylalanine 
to the culture. The radioactive amino acids are 
rapidly taken up into the fast-growing cells of 
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Fig.1. Labelling kinetics of cytosolic protein and mitochondrial 
memhrane protein in the presence of chloramphenicol. Hyphae 
groW? for .17 h were incubated for 1 h with [l'C]leucine, 
[14C]tso)eucme and [14C]pheny)a)anine. Then 4 mg chlor
amp~enico~ per ml was added and 5 min later [3H]leucine, 
[ 3H]1SOleucme and [3H]phenylalanine. At the times indica.ted, 
aliquots were mixed with ice and the cytosolic protein (0) 
and the whole mitochondrial membrane protein ( e) were 
isolated. All 3H values were related to the 14C Iabel, and the 
maximal 3Hf'C ratio of the cytosolic protein was taken as 

100°/0 

N eurospora cra&8a [7] , and the cellular pools of these 
amino acids are low [8]. 

LabeHing of the whole cytosolio proteins is 
finished after 10 min. Mter 2 min the Iabel has reach
ed 85°/0 of the final value. 

In the absence of chloramphenicol similar label
ling kinetics of the cytosolic proteins are found. 
Here it was shown, that already after 5 min only 
2.5°/0 of the added radioactivity is present in the 
cellular amino acidpoolandin the culture medium [6). 

By the action of chloramphenicol the labelling 
of whole mitochondrial membrane protein is reduced 
compared to the cytosolic proteins. This has been 
described alrcady for other organisms and has been 
explained by inhibition of synthesis of the products of 
mitochondrial protein synthesis (9]. 

Inhibition of the Labelling of Cytochrome Oxidase 
in the Presence oj Different Ooncentrations 

of Ohloramphenicol 

In the a.bsence of chlorampheniool (Table 1. 
first column), after 30 min cytosolic and mitochon-

Table 1. Labelling of eytosolic protein, mitochondrial membrane 
protein and cytochrome oxi.da8e in the presence of different 

concentrations of chloramphenicol 
Hyph.ae grown for 17 h in a 4 I culture were divided into four 
1-l cultll:res and ~ach w~s incubated for 1 h with 12.5 tJ.Ci 
[l4.C]Jeucme, [14C]1soleum.ne and [14C]phenylalanine each. 
Thereafter chlora.mphenicol was added in the oonoontrations 
indi~ated .. 5 min later, to each flask 250 tJ.Üi [SH]Ieucine 
[ 3H]1soleucme and [3H]phenylalanine each were added. 
30 min a.fter the addition of the 3fl-labelled amino acids the 
cultures were poured on ice and the different fractions were 
isolated. The specific 14C radioactivities of the cytosolic 
protein and whole the mitochondria.l membrane protein 
were 85 000 counts X min-1 X mg-1 at all chloramphenicol 
concentrations. The uc ra.dioactivities of cytochrome oxidase 
were 8600, 8100, 7900 and 8200 counts x min-1 X nmol-1 
heme a at the chloramphenicol concentrations of 0, 0.5, 1.0 

and 2.0 mgfml respectively 

'HfHC ratios at ehlora.mphenlcol concn of 
Cellular fractlon 

Cytosolic protein 
Whole mitochon

drial membrane 
protein 

Total protein of 
cytochrome 
oxidase 

Polypeptides of 
cytochrome 
oxidase with 
molecular 
weights 

0 

6.25 

6.3 

5.4 

36000 5.5 
28000 6.3 
18000 6.4 
13000 3.0 
11000 2.1 
8000 5.3 

0.5 1.0 

6.3 6.5 

5.9 5.7 

3.1 2.1 

2.0mg/ml 

6.45 

5.5 

0.8 

0.31 
0.62 
0.72 
0.61 
0.59 
0.79 
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Fig. 2. Distribution of control label a11Wn{J electrophoretic frac
tions of cytochrome oxidase. The cytochrome oxidase prepara
tion was separatedas described in the first column of Table 1. 
(0) 140 radioactivity; ( e) 3H radioactivity incorporated 

during a 30 min labelling period 

drial membrane proteins are labelled to the same 
extent. This is not the case with cytochrome oxidase. 
To determine the 3H/14C ratio of the single polypepti
des, cytochrome oxidasewas subjected to gel electro
phoresis_ The distribution of radioactivities among the 
electrophoretic fractions is shown in Fig. 2. The 
8Hf14C ratios calculated from Fig.2 are presented in 
Table 1 (first column). Only the polypeptides with 
molecular weights of 28000 and 18000 reach the 
3Hf14C ratio of the whole mitochondrial membrane 
protein, whereas the ratio of the polypeptides with 
molecular weights of 13000 and 11000 are lower by 
a factor of about 2. The inhomogeneaus labelling 
of the different polypeptides may be explained by 
different pool sizes for the different precursor pro
teins, as described elsewhere [6]. 

With increasing concentrations of chlorampheni
col the la belling of the cytosolic proteins is not affected, 
while incorporation into the mitochondrial membrane 
protein is slightly diminished. In contrast, incorpora
tion into cytochrome oxidase is inhibited to a large 
extent. At a concentration of 2 mg chloramphenicol 
per ml, labeHing of cytochrome oxidase is inhibited 
850/0• A still higher inhibition is found for the single 
polypeptides, because in the whole preparation a 

low percentage of uninhibited protein is present as 
contamination. 

Recovery of Polypeptides of Cytockrome Oxidase 
witk Cklorampkenicol-Resistant Labelling, 

after Washing out tke Inhibitor and Further Growtk 
oftke Oells 

At a concentration of 4 mg chloramphenicol per 
mllabelling of cytochrome oxidase is inhibited 95°/0, 

as seen in Table 2 (first column). The distribution of 
the uc and 8H radioactivities among electrophoretic 
fractions of this preparation are shown in Fig.3A . 
The 3Hf14C ratios of the individual polypeptides 
calculated from Fig. 3 A are presented in Table 2. 
The inhibition by chloramphenicol is nearly equal 
for the different polypeptides. 

After washing out the chloramphenicol and fur
ther growth of the hyphae, the absolute values of the 
specific 14C radioactivities of the cytosolic and the 
membrane protein decrease somewhat, as shown in 
the legend of Table 2. The 3H/14C ratios remain 
nearly constant. In contrast, the 3Hf14C ratio of 
cytochrome oxidase inoreases more than threc-fold. 

Table 2. Labelling of eytochrome oxidase in the presence of4 mg 
chloramphenicol per ml and changea in the labelling pattern 
after washing the cells free of the inhibitor and further growth 

for 1 h 
A 4-1 culture of hyphae grown for 17 h was Iahelied for 1 h 
with 50 EJ.Üi [14C]leucine, [l'C]isoleucine and [14C]phenylala
nine each. Thereafter 4 mg chloramphenicol per ml was 
added and 5 min Iater 1 mCi [3H]leucine, [3H]isoleucine and 
[ 3H]phenylalanine each. 30 min after adding the 3H-labelled 
amino acids 2 1 of the culture were poured one ice. The other 
2 I were washed free of the chloramphenicol and incubated 
for another hour before isolation of the different fractions. 
The specific 14C radioactivity of the cytosolic protein and 
the whole mitochondrial membrane proteinwas 80000 cpm/ 
mg before and 68 000 counts X min-1 X mg-1 after washing 
out the inhibitor. The uc radioactivities of the cytochrome 
oxidase were 7800 counts X min-1 X nmol heme a-1 before 
and 7100 counts X min-1 Xnmol hemc a-1 after washing out 

1H/11C ratlos 

Cellular fractions before after 
washing out 

of chloramphenicol 

Cytosolio protein 5.0 5.3 

'Vhole mitochondrial membrane 
protein 3.5 3.7 

Total protein of cytochrome oxidase 0.26 0.85 

Polypeptides of cytochrome oxidase 
with molecular weights 

36000 0.2 0.3 
28000 0.18 0.4 
18000 0.21 0.35 
17000 _a 2.0 
13000 0.25 2.2 
11000 0.26 2.3 
8000 0.34 1.5 

"'The polypeptide with molecular weight of 17000 is seen clearly 
only in the wash-out experlment. 
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Fig. 3. Distribution of radioactivity among electrophoretic 
fractions of cytochrome oxidase before anß afterwashing out of 
chloramphenicol. The cytochrome oxidase preparations were 
separated as described in Table 2. (0) 14.C radioactivity; (A) 
( •) 8H radioactivity incorporated during a 30 min labeHing 
period in the presence of 4 mg chloramphenicol per ml; 
(B) ( •) 8H radioactivity afterwashing out of chloramphenicol 

and further growth for 1 h 

This increase is caused mainly by the five to ten-fold 
increased 8H label of the small-sized polypeptides 
(Table 2, second column). The 8H/14C ratios of the 
individual polypeptides were calculated from Fig. 3 B, 
where the distribution of the 8H and 14C radioactivities 
among the electrophoretic fractions of this cyto
chrome oxidase preparation are shown. The label of 
the large polypeptides remains nearly unchanged. 
The small enhancement may be explained by traces 
of 8H-labelled am.ino acids still present in the cells 
after washing out of chloramphenicol. 

The fraction with the molecular weight of 18000 
contains two polypeptides. One of them shows an 
increased Iabel a.fter washing out the chloramphenicol, 
while the Iabel of the other remains reduced. The 
smaller polypeptide appears as a shoulder also in the 
pharogram shown in Fig.1. 

DISGUSSION 
Some results shown in this report Iead to the 

supposition, that the polypeptides comprising the 
apoprotein of the membrana-bound enzyme cyto
chrome oxidase may have different pool sizes of 
preoursor proteins. The problems of these precursor 
pools will be described in detail elsewhere [6]. The 
aim of the present study is to show which part the 
products of mitochondrial protein synthesis may 
play in the assembly of the functional enzyme. 

Chlora.mphenicol is known to inhibit mitochon
drial protein synthesis in vitro [2, 3, 1 0], as well as 
cycloheximide-resistant am.ino acid incorporation 
in vivo [9, 11, 12]. It is further known that chlor
amphenicol in vivo inhlbits the formation of cyto
chrome oxidase [4,13,11]. The antibiotic simulates 
the phenotype found in the petite mutants of yeast 
[14] and the mi-1 mutant of Neurospora cra.ssa [15]. 
It was therefore concluded that chloramphenicol 
inhibits the biosynthesis of cytochrome oxidase by 
inhibiting mitochondrial protein synthesis. Until 
now, however, it is an unresolved problern how mito
chondrial protein synthesis exerts this control on 
the formation of the membrane-bound enzyme. 

Recently we reported that radioactive amino 
acids are incorporated into a polypeptide of a cyto
chrome oxidase preparation by the mitochondrial 
protein-synthesizing system [1]. This finding suggest
ed, that mitochondrial protein synthesis may control 
the formation of cytochrome oxidase by contributing 
an essential component to the complex enzyme. 

Remarkably, in the short-time experiments 
described here, chloramphenicol inhibited amino 
acid incorporation not only into the polypeptide 
showing cycloheximide-resistant labelling, but into 
all polypeptides of a functional cytochrome oxidase. 
It was highly improbable that the synthesis of the 
polypeptides with extramitochondrial origin was 
repressed by a regulation process, because the radio
active amino acids were nearly completely incorporat
ed into protein 10 min after addition of chloramphen
icol. Indeed under the a.ction of chloramphenicol 
the accumulation of polypeptides of extramitochon
drial origin could be demonstrated. After washing out 
the inhibitor, cytochrome oxidase became labelled, 
even though no more radioactive precursor amino 
acids were present. This shows clearly that under the 
action of chloramphenicol at least part of the poly
peptides of extramitochondrial origin are synthesized 
but not integrated into the functional oxidase. 

This effect can ha.rdly be explained by chlor
amphenicol inhibition of the synthesis of a. catalytic 
protein active in heme synthesis or in another reac
tion necessary for the assembly of the cytochrome 
oxidase. In our experiments the time of exposure to 
chloramphenicol was only 35 min. Within this time 
the labelling of all polypeptides of the functional 
oxidase is nearly completely inhibited. Therefore, 
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such a postulated catalytic protein should have an 
extremely fast turnover. 

In consequence, it seems reasonable to conclude 
that chloramphenicol inhibits the assembly of cyto
chrome oxidase by inhibiting the synthesis of an 
essential component provided by the mitochondrial 
protein-synthesizing system. 

The inhibition of the labeHing of all polypeptides 
of cytochrome oxidase is explained by a low pool of 
precursor protein of this component. Such a low pool 
has been demonstrated for the polypeptide with the 
molecular weight of 18000 [6], which is Iahelied in 
the presence of cycloheximide [ 1]. Mter washing 
out the chloramphenicol, this polypeptide is synthesiz
ed in unlabelled form, and it combines with the Iahel
Ied precursor proteins of extramitochondrial origin, 
which have accumulated during the 30-min labelling 
period in the presence of chloramphenicol. 

An accumulation of a mitochondrial protein in 
the cytosol has been described. Mitochondrial ATP
ase was found in soluble form, when yeast cells were 
incubated with chloramphenicol during glucose 
derepression [16]. In the cytoplasm of N eurospora 
crassa crystals of an unknown protein were found, 
when the cells were grown in the presence of ethidium 
or euflavine [17]. 

For the cytochrome oxidase preparation, as de
scribed in the present report, the site of synthesis 
of the polypeptides with molecular weights of 18 000, 
17000, 13000, 11000 and 8000 is established by 
positive results. The :first one becomes Iabelied in the 
presence of cycloheximide [1] and the four others 
are labellad in the presence of chloramphenicol. 
The conclusions drawn in the previous paragraphs 
apply at least to these :five polypeptides, which 
amount to 50 °/0 of the total protein of the prepara
tion. Cytochrome oxidase as de:fined in the Iiterature 
(see [1]) contains about 10 ll-mol heme aper g protein. 
The cytochrome oxidase preparation described in 
this report fulfills this criterian of purity· [1]. There
fore, it seems likely that these polypeptides are an 
integral part of the enzyme. 

The site of synthesis of the polypeptides with 
molecular weights of 36000 and 28000 is still uncer
tain. Thc inhibition of labelling by chloramphenicol 
suggests a mitochondrial origin, but the labelling 
in the presence of cycloheximide varies and is never 
as high as the labeHing of the polypeptide with the 
molecular weight of 18000. If these polypeptides are 
synthesized on extramitochondrial ribosomes in
hibition of la.belling in the presence of chlorampheni
col could be explained on the · basis of the following 
assumptions: either their synthesis may be repressed 
by a fast regulatory process after inhibition of mito
chrondial protein synthesis, or they may be synthe
sized in the presence of chloramphenicol, but the 
accumulated polypeptides cannot be utilized after 
restora.tion of normal growth. Alternatively, these 

components may be synthesized on mitochondrial 
ribosomes. Inhibition of labelling in the presence of 
cycloheximide does not necessarily disprove a .mito
chondrial origin of these polypeptides. It has been 
shown. that the two components have a larger pool 
of precursor polypeptides than the component with 
the molecular weight of 18000 [6]. In the enzyme 
complex Iabel will appear more slowly, because the 
newly synthesized polypeptides are diluted by a 
larger pool. Possibly the cycloheximide-resistant 
protein synthesis stops before these two components 
in the enzyme complex are significantly labelled. 
In yeast cytochrome oxidase prepared by immuno
precipitation, cyclohe:ximide-resistant labelling was 
reported for three polypeptides with molecular 
weights of 42000, 34500 and 23000 [19]. By this 
technique also Iabelied precursor polypeptides might 
be preoipitated in a.ddition to the completed oyto
chrome oxidase. This would explain the difference 
in the labelling patterns of a cytochrome oxidase 
prepared by chromatography [1] and by immuno
precipitation, provided that the two large polypepti
des of the yeast enzyme correspond to the two large 
polypeptides of the N eurospora enzyme. 
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