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Summary. - A cytochrome b preparation from Neurospora crassa mitochondria is 
found to consist of three polypeptides (apparent molecular weight 10 000, 11 000 and 
32 000), a cytochrome aa3 preparation of six to seven polypeptides (apparent molecular 
weight 8 000, 11 000, 13 000, 18 000, 28 000 and 36 000). 

Selective incorporation of radioactive amino acids by eilher mitochondrial protein 
synthesis when the cytoplasmic one is blocked or by the cytoplasmic protein synthesis, 
when the mitochondrial one is blocked, indicates that one cytochrome b polypeptide 
(mw 32 000) and one to three cytochrome aa3 polypeptides (mw 36 000, 28 000 and 18 000) 
are mitochondrial translation products, the other cytochrome b and cytochrome aa3 poly
peptides cytoplasmic translation products. 

The delayed appearance of labeling in the cytochrome b and cytochrome aa3 polypep
tides compared to the average cell protein after a pulse of <~H leueine revealed that these 
polypeptides are derived from separate pools of precursor polypeptides. The pool sizes 
range from 2 p. cent to 25 p. cent of the amount of the corresponding polypeptide present 
in the cytochromes. 

The 32 000 molecular weight polypeptide of cytochrome band at least the 18 000 molecu
lar weight polypeptide of cytochrome aa3 are mitochondrial translation products as well 
in the fungus Neurospora crassa as in the insect Locusta migratoria. So, despite the fact 
that the size of mitochondrial DNA and mitochondrial ribosomes is reduced in insects, the 
products have maintained their characteristics. 

Mutations in fungi of nuclear or of mitochon
drial genes i_l, 2] and modifications effected by 
inhibitors of cytoplasmic or of mitochondrial pro
tein synthesis [3, 4] may lead to a loss of the 
mitochondrial cytochrome b and cytochrome aaa. 
Therefore both, cytoplasmic and mitochondrial 
protein synthesis hav'e been suggested to be in
volved in the formation of these cytochromes. 

The individual contribution of each of the two 
protein synthesizing systems was investigated by 
following the incorporation of radioactive amino 
acids into these cytochromes either by mitochon
drial protein synthesis when blocking the cyto
plasmic system or by cytoplasmic protein syn
thesis when blocking the mitochondrial system. 

The rapidly growing fungus Neurospora crassa 
proved especially appropriate for these studies, 
because catabolism of added radioactive amino 
acids in this fungus can be neglected compared to 
incorporation [5]. Radioactive leueine added as 
a pulse to exponentially growing cells disappears 
within two minutes from the culturing medium 
(fig. 1). The radioactivity present in the cellular 
pool of free leueine increases during the first 

minnte and decreases subsequently to a neglegible 
value. The total protein is rapidly labeled after 
a short lag of half a minnte. After five minutes it 
contains 85 p. cent of the total radioactivity. 

Cytochrome b and cytochrome aa3 were pre
pared from the radioactivity labeled mitochon
drial membranes by means of chromatography on 
oleyl-polymethacrylic acid resin [6]. This new 
technique is applicable to small scale prepara
tions. The resin contains both, weakly acidic car
boxylic groups and hydrophobic aliphatic chains 
(fig. 2). Mitochondrial membrane protein solubi
lized with weakly acidic detergents such as bile 
acids is bound to this resin the carboxylic and the 
oleyl-groups replacing the detergents. On elution 
with gradients of increasing detergent concentra
tion and increasing salt concentration in the pre
sence ·of detergent cytochrome b and cyto
chrome aa3 appear in distinct fractions weil sepa
rated from each other and from a number of pro
teins containing no cytochromes (fig. 3). 

The final cytochrome b preparation obtained 
after two additional purification steps, chromato
graphy on DEAE-cellulose and gel filtration on 
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Sephadex G-200, was found to contain three poly
peptides, two smaller ones with apparent mole
cular weights of 10 000 and 11 000 and a }arger 
one of 32 000, as revealed by means of polyacryl-
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FIG. 1. - Pulse labeling of cellular proteins of Neu
rospora crassa by addition of (14C)-leucine to the 
cultzrre medium. 

Cells were incubated with 0.19 J.tiDOl (14C)-leucine/g 
protein. Time-course of radioactivity in the culture 
medium 0--0 , in the cellular free leueine pool 
0·----o , and in the total protein (acid-insoluble 
radioactivity) 1::,--!J. . 

amide gel electrophoresis in a medium containing 
dodecylsulfate (fig. 4) [7]. The final cyto
chrome aa3 preparation, obtained after additional 
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FIG. 2. - Prepararion of the oleyl-polymethacrylic 
acid resin. 

Commercial polymethacrylic acid resin (Amberlite 
CG 50 III, Serva Feinbiochemica, Heidelberg) was 
refluxed in thionylchloride, the excess thionylchloride 
was removed, the partially chlorinated, partially anhy
drated resin was suspended in dichloromethan and 
oleylamine and triethylamine were added [6]. The 
resulting resin contained 3.6 meq/g -COOH, 66,3 p. cent 
C, 9,6 p. cent H and 2,2 p. cent N. 

chromatography on DEAE-cellulose, was found 
to contain at least six different polypeptides with 
apparent molecular weights within the range of 
8 ooo to 36· oo-o (fig. 5) [8, 9]. 
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In order to attribute the different cytochrome b 
and cytochrome aa3 polypeptides to either the 
mitochondrial or the cytoplasmic protein synthe-
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FIG. 3. - Chromatography of mitochondrial mem
brane profeins on oleyl-polymethacrylic acid resin. 

(HC)-leucine was incorporated in the absence and 
(3H)-leucine in the presence of cycloheximide (see 
Table 1), •--• HC radioactivity, 0---0 3H radio
activity, /::,--/::, cytochrome aa3, 0--0 cyto
chrorne b. The Chromatographie procedure is des
cribed elsewhere [7]. 

s1zmg system, the products of each of the two 
systems were selecti vely labeled as follows 
(Table I) : To a culture of exponentially growing 
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FIG. 4. - Cytochrome b polypeptides 
separated by gel electrophoresis. 

Absorbance' of the coomassie brilliant blue stained 
protein bands. The rnolecular weight scale used in the 
abscissa is calibrated by means of proteins of known 
molecular weights [7]. 

Neuraspara crassa cells (I4C)-leucine (0.()5 mCi/g 
protein) was added and the cells were allowed 
to grow for another three hours. During this 
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TABLE. 

The ef{ect of cycloheximide and chloramphenicol on incorporation of (8H)-leucine into the proteilts 
of cytoplasm and mitochondrial membrane from Neurospora crassa. 

(14C)-leucine was incorporated before the addition of the inhibitors. 

Specific radioctivity Ratio 

Addition HC JH 3ßf14C 

Cytoplasm Mitochondrial Cytoplasm Mitochondrial Cytoplasm Mitochondrial 
membraoe membraoe membrane 

I 
Counts X min-t X !Lg protein-1 

None ..............••......... 86 

I 
78 

Cyclohextmide ................. 100 94 
Chloramphenicol. .............. 91 86 

period the total cell protein was labeled by incor
poration of (HC)-leucine. Then the culture was 
divided into three equal portions for separate 
labeling of proteins synthesized in either mito
chondria or cytoplasm, one portion remaining 
untreated and servinq- as control. To the second 
portion cycloheximide (0.1 mg/ml), an inhibitor 
of the cytoplasmic protein synthesis, was added 
and to the third portion chloramphenicol ( 4 mg/ 
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Fm. 5. - Cytochrome aa, polypeptides 
separated by gel electrophoresis. 

Absorbance of the coomassie brilliant blue stained 
protein bands. 

ml), an inhibitor of the mitochondrial protein syn
thesis. Two minutes thereafter an equal amount 
of (3H)-leucine (0.5 mCi/g protein) was given to 
each portion and was incorporated for one hour. 
Then the three portions were harvested. Cyto
chrome b and cytochrome aa3 were isolated and 
separated into polypeptides by gel electrophoresis. 

In untreated cells serving as control, 3H and 
u.c radioactivity was equally distributed between 
the electrophoretic fractions of cytochrome b 
(fig. 6 A). This points to an equal rate of protein 
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FIG. 6. - Effect of cycloheximide and chloramphe
nicol on incorporation of (~H)-leucine into the cyto
chrome b polypeptides from Neurospora crassa. 

(A) Cytochrome b from untreated cells. (B) Cyto
chrome b from cycloheximide-treated cells. (C) Cyto
chrome b from chloramphenicol-treated cells. For mea
surement of radioactivity the gels were cut into slices. 
This slicing procedure did not allow a resolution of 
the two smaller polypeptides. · •--• 14C radioacti
vity, 0---0 3H radioactivity ; (14C)-leucine was in
corporated before tbe addition of the inhibitors. 
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synthesis during the two Jabelling periods. In the 
cells treated with cycloheximide the labeling of 
the two smaller cytochrome b p.olypeptides was 
inhibited (:fig. 6 B). In the cells treated with chlor
amphenicol the labeling of the larger cyto
chrome b polypeptide was inhibited (fig. 6 C). 
These results indicate that the two smaller poly
peptides are synthesized by the cytoplasmic sys
tem, and the larger polypeptide by the mitochon
drial system [7]. 
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FIG. 7. - Effect of cycloheximide and chloramphe
nicol on incorporation of (3H)-leucine into the cyto
chrome aa, polypeptides from Neurospora crassa. 

(A) Cytochrome aa3 from untreated cells. (B) Cyto
chrome aa3 from cycloheximide-treated cells. (C) Cyto
chrome aa3 from chloramphenicol treated cells. •--• 
HC radioactivity, 0------o 3H radioactivity ; (14C)-leu
cine was incorporated before the addition of the inhi
bitors. 

In cytochrome aa3 from untreated cells no 
signiflcant difference in the 3H content of the six 
bands could be detected (fig. 7 A). In cyto
chrome aa3 from cycloheximide-treated cells only 
the band at the molecular weight region of 18 O.Q.O 
shows a high Iabel of 3H radioactiviy (fig. 7 B). 
In cytochrome aa3 from chloramphenicol-treated 
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cells no band at all was labeled with 3H radio
activity (fig. 7 C). From these results one only can 
deduce that the cytochrome aa3 polypeptide with 
the apparent molecular weight of 18 0()0 is syn
thesized by the cycloheximide insensitive but 
chloramphenicol sensitive mitochondrial system 
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FIG. 8. - Time-course of labeling 
of the average cell profein and of cytochrome b. 
(3H)-leucine was added 200 minutes after the addi

tion of (14C)-leucine. 

[8] : only this polypeptide fullfills both criteria, 
labeling in the presence of cycloheximide and 
non labeling in the presence of chloramphenicol. 
For the other cytochrome aa3 polypeptides this 
complementary effect of cycloheximide and chlor
amphenicol on incorporation of amino acids does 
not hold true. 
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FIG. 9. - Time-course of labefing 
of the average cell profein and of cytochrome aa,. 
(3H)-leucine was added 200 minutes after the addi· 

tion of (14C)-leucine. 

However, how is labeling of a single polypep
tide in a complex protein possible at all when the 
synthesis of the other polypeptides present is 
simultaneously inhibited ? An answer to this ques
tion was given by investigating the time course 



Biogenesis of mitochondrial cytochromes. 819 

of appearance of radioactivity in these cyto
chromes [5] : Neurospora crassa cells were ftrst 
treafed with a pulse of (14C)-leucine (0.05 mCi/g 
protein). Most of uc Iabel would be at its definite 
position after 2.00 minufes. At this time (3ß)-leu
cine (0.4 mCi/g profein) was added. Thereafter, 
portions were taken from the culture at short 

20 40 so eo 
Tim! aft!r addition of [ltiJ l!ucine Imin) 

Fm. 10. - Time-course of labefing 
of the cytochrome b polypeptides. 

The numbers indicate the apparent molecular weights 
of the polypeptides. Labeling conditions as in fig. 8 
and 9. 

time intervals, immediately deeply frozen and 
then disrupted for preparation of the cyto
chromes. In an approximation the 3ßfl4C ratio 
of the profeins corresponds to the relative specific 
BH radioactivity. 
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Fm. 11.- Time-course of labeling 
of the cytochrome aa, polypeptides. 

The numbers indicate the apparent molecular weights 
of the polypeptides. Labeling conditions as in fig. 8 
and 9. 

In the average cell profein the BHJ14C ratio 
shows a rapid increase within the ftrst five mi
nutes and reaches a constant Ievel already after 
10 minutes. In contrast, in cytochrome b tbe Sß/ 
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14C ratio reaches the constant level only after 
30-40 minutes (fig. 8). In cytochrome aa3 the 
delay of appearance is even more distinct, the 
constant 3ß/14C ratio being reached only after 
50 minutes (fig. 9). In the single cytochrome b 
and cytochrome aa3 polypeptides the 3HJ14C ratio 
follows different time courses (fig. 10 and 1.1). 

It is reasonable to assume an equally high trans
lation rate o'f all profeins in exponentially 
growing cells. Thus, the slower labeling rates of 
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Fm. 12.- Polypeptides of cytochrome b 
from Locusta migratoria. 

{A) Absorbance of the coomassie brilliant blue 
stained protein bands. (B) Radioactivity incorporated 
in the absence of cycloheximide (0.1 mCi (3H)-leucine 
in 20 p.l saline per locust). (C) Radioactivity incorpo
rated m the presence of cycloheximide (0.25 mCi (3H)
leucine plus 60 J.Lg cycloheximide in 20 f.Ll saline per 
locust). 

the cytochrome b and cytochrome aa3 polypep
tides comparcd to the average cell protein suggest 
the occurrence of precursor polypeptides. The 
larger the precursor pool to be passed, fhe more 
delayed will radioactivity appear in the final pro
fein. The different time courses of appearance of 
BH radioactivity in the single cytochrome b and 
cytochrome aa3 polypeptides indicate separate 
pools of precursor polypeptides with different 
pool sizes [5, 7]. In the case that only one pre
cursor is involved in the formation of a given 
polypeptide the half-life of the precursor can be 
approximated by the following difference of times 
needed for half-maximal labeling : 
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h/2 (precursor) = h/2 (end polypeptldc) - h/2 (average protein) 

By h/Z (average proteln) the effect of the cellular pool 
of free leueine is accounted for. As no profein 
breakdown and no turnover of cytochromes 
could be detected in exponentially growing Neu
rospora crassa cells the turnovcr rate of a pre
cursor is cqual to the rate of nct increase of the 
end product. The total cell mass doubles in ap
proximately 200 minutes and the total amount of 
cytochromes doubles in the same time. The ratio 
of thc amount of the precursor to that of the cor
responding end product will then be equal to the 
ratio of the half-life of the precursor to the dou
hling time of the whole culture [5]. 

By this means the pool size of the larger cyto
chrome b polypeptide, the synthesis of which is 
inhibited by chloramphenicol, was evaluated to 
be about three times the pool size of the two 
smaller cytochrome b polypeptides [7]. Conse
quently, after inhibiting the synthesis of the !ar
ger polypt>ptide by chloramphenicol, thP whole 
cytochrome b protein can still be formed for a 
limited time until the precursor pool of this poly
peptide is exhausted. Thus, it is possible for a 
newly synthesized t~H labeled smaller polypeptide 
to be integrated into the whole protein for a Iimi
ted time. 

The cytochrome aa3 polypeptide with the appa
rent molecular weight of 18 000 however, shows 
only a very small delay of labeling compared to 
the averagc cell protein, indicating a very small 
pool size of its precursor polypeptide. This poly
peptide was shown to be synthesized by the 
chloramphenicol sensitive mitochondrial system. 
Consequently, soon after the addition of chlor
amphenicol the precursor pool of this polypep
tide is exhausted, making a further formation of 
the whole protein impossible. This fact explains 
why after the addition of chloramphenicol no 
cytochrome aa:'l polypeptide, whether its synthesis 
is inhibited or not, can be integrated into the 
whole cytochrome aa3 protein. After washing out 
the chloramphenicol and further growth of the 
celJs the 3ß Iabel of the three smaller cytochrome 
aa:~ polypeptides increases and in addition onc 
band in the molecular weight region of 17 OüO is 
revealed, whereas the 3H Iabel of the three larger 
cytochrome aa~ polypeptidt>s remains nearly 
unchanged. This indicates that three to four 
smaller cytochrome aa3 polypeptides are synthe
sized in thc presence of chloramphenicol but not 
integrated into cytochrome aa3 and it may be 
looked as a hint of the mitochondrial origin of 
the three ]arger cytochrome aa3 polypeptides [9]. 
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FIG. 13. - Polypeptides of cytochrome aaJ 
from Locusta migratoria. 

<A) Absorbance of the coomassie brilliant blue 
stained protein bands. (B) Radioactivity incorporated 
in the absence of cvcloheximide. (C) Radioactivity in
corporated in the p·resence of cycloheximide. Labeling 
conditions as in fig. 12. 

Indeed, cycloheximide-resistant labeling of the 
three !arger cytochrome aa3 polypeptides has been 
reported with yeast [10]. 

Summarizing, both kinds of polypeptides, from 
cytoplasmic and from mitochondrial origin, are 
present in cytochrome b and cytochrome aa3 of 
fungi. One out of three cytochrome b polypeptides 
and one to three out of six to scvcn cytochrome 
aa3 polypeptides are mitochondrial translation 
products. 

Now, it is weil known that the size of the mito
chondrial DNA is considerably smaller in lligher 
animals than in fungi [11]. Hcncc onc may ask, 
whether or not products of the mitochondrial 
protein synthesis have been eliminated in the 
course of cvolution of higher organisms. In order 
to answer this question, the cycloheximide-resis
tant incorporalion of (3ß)-leucine into the cyto
chrome b and cytochrome aa3 polypeptides from 
Locusta migratoria was investigated. The flight 
muscles of this insect proved to be an appropriate 
tissue. At the imaginal moult it is formed from 
a precursor muscle within a few days showing a 
tenfold increase of cell mass and even a fiftyfold 
increase of mitochondrial mass [12]. 
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The electrophoretic pattern of a cytochrome b 
prcparation from locusts revealed two main frac
tions which may be attributed to polypeptides 
with apparent molecular weights of 12 000 and 
32 ()(}0. In the presence of cvcloheximide onlv the 
32 000 polypeptide incorporated radioactivity 
(fig. 12) [1.3]. The electrophoretic pattern of cyto
chrome ua3 from locusts revealed seven main 
fractions. All fractions incorporated (3H)-leucine 
in the abscnce of cycloheximide. However, with 
cycloheximide present, only the fraction attribu
ted to a polypeptide with the apparent molecular 
weight of 19 000 incorporated a significant amoq,nt 
radjoactivity (fig. 13) [14]. 

The good agreement of these results obtained 
with the insect Locusta migratoria with the results 
obtained with the fungus Neurospora crassa sug
gest a universal mitochondrial contribution to the 
formation of cytochrome b and cytochrome aa:~· 

RESliME. 

Une preparation de cytochrome h de mitochondries 
de Neurospora crassa consiste en trois polypeptides 
(masses moleculaires apparentes : 10 000, 11 000 et 
32 000), alors qu'unc prcparation de cytochrome aa3 

apparait constituee de six a sept polypeptides (masses 
moleculaires apparentes : 8 000, 11 000, 13 000, 18 000, 
28 000 et 36 000.>. 

L'incorporation stHective d'amino-acides radioactifs 
soit par Ia synthese proteique mitochondriale quand 
la synthese cytoplasmique est bloquee, soit par Ia 
synthese proteique cytoplasmique quand la syn
these mitochondriale est bloquee, indique qu'un 
pol,ypeptide du cytochrome b (PM. 32 000) et un a trois 
polypeptides du cytochrome aa3 (PM. 36 000, 28 000 et 
18 000) sont des produits de traduction mitochondriale, 
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Jes autres polypeptides cytochromes des b et aa:~ sont 
des produits de traduction cytoplasmique. 

Le retard dans l'apparition de marquage dans les 
polypeptides cytochromes b et aa3, comparativement 
a l'apparition des proteines cellulaires, apres pulsation 
de Jeueine aH, revele que ces polypeptides proviennent 
de lots de precurseurs polypeptidiques separes. La 
taille de ces lots s'echelonne de 2 p. 100 a 25 p. 100 de 
la quantite de polypeptides presents dans les cyto
chromes. 

Le polypeptide 32 000 du cytochrome b et au moins 
Je polypeptide 18 000 du cytochrome aa" sont des pro
duits de traduction mitochondriale aussi bien chez le 
champignon Neurospora crassa que chez l'insecte 
Locusta migratoria. Ainsi, en depil du fait que Ia 
taille du DNA mitochondrial et des ribosomes mito
chondriaux est reduite chez les insectes, les produits 
ont conserve leurs caracteristiques. 
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