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1. INTRODUCTION 

Biogenesis of mitochondria requires the coordi- 
nate activity of two genetic systems: most of the 
mitochondrial proteins are synthesized in the 
cytoplasm on mRNAs transcribed from nuclear 
genes, whereas only a limited number of polypep- 
tides is coded for by the mitochondrial genome 
and synthesized inside the organelle [1,2]. Most of 
the mitochondrially synthesized proteins are lo- 
cated in the mitochondrial inner membrane. Little 
is known about the way in which these very hydro- 
phobic proteins are integrated into the membrane 
and assembled into a functional enzyme complex. 

In yeast the mitochondrially made subunit 2 and 
in Neurospora subunit 1 of cytochrome aa are 
translated as larger precursor proteins, most likely 
with an NHz-terminal extension [3,4]. This indi- 
cates that in yeast and Neurospora mitochondria a 
transient NHz-terminal ‘signal sequence’ might 
play a role in the initial targeting of integral poly- 
peptides to the membrane [5]. Here, we present 
evidence that in Neurospora crassa also subunit 2 
of cytochrome aa is translated as a precursor pro- 
tein with an NHz-terminal extension. Its ‘signal se- 
quence’ is compared with that of the correspond- 
ing pre-protein of yeast. 

agarose gel in 40 mM Tris-HCl (pH 7.8), 20 mM 
sodium acetate and 2 mM EDTA. EcoRI fragment 
4 was recombined with pBR322 and cloned in E. 

co/i C600 according to [g-lo]. Restriction enzyme 
mapping followed the procedure outlined in [ 111. 
The gene for subunit 2 of Neurospora crassa 
cytochrome oxidase was localized on the restric- 
tion map by hybridizing a nick-labeled 1121, yeast 
mitochondrial DNA probe containing the subunit 
2 gene [13] to restriction enzyme digests of EcoRI 
fragment 4 of Neurospora mitochondrial DNA that 
had been electrophoretically separated and fixed 
to a nitrocellulose filter [14]. The yeast probe, 
clone pMT36, was a generous gift from Dr T.D. 
Fox (Biocenter, Basel). Hybridizations were car- 
ried out ‘in 0.1% sodium dodecyl sulfate, 0.2% 
bovine serum albumin, 0.2% polyvinylpyrrolidone, 
0.2% Ficoll and 3X SSC at 55°C as in [6]. Nu- 
cleotide sequence determination of appropriate re- 
striction fragments followed the protocol detailed 
in [15]. 

3. RESULTS AND DISCUSSION 

2. EXPERIMENTAL 

Mitochondrial DNA from Neurospora crassa 
strain ANT-l was isolated as in [6,7]. After restric- 
tion with EcoRI, according to the directions of the 
manufacturer (Boehringer, Mannheim), the frag- 
ments were separated by electrophoresis on a 0.7% 

We have shown that EcoRI fragment 4 of Neu- 
rospora crassa mitochondrial DNA contains the 
gene for subunit 2 of cytochrome aa [6]. Fig.lA 
shows a detailed physical map of EcoRI fragment 
4 with the positions of the ATPase subunit 9 gene 
[ 161 and the gene for subunit 2 of cytochrome aq 
indicated. Part of the nucleotide sequence of the 
latter gene is given in fig. 1 B. The coding region has 
been written in triplets and translated according to 
the genetic code for Neurospora mitochondria [ 171. 
The predicted amino acid sequence of subunit 2 is 
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B 
TTCTATATTTTATGAAAAGATAmTATATTTATTATTATGGTTTA 

-10 
met-gly-leu-leu-phe-asn- 

ATATTCAATATAGAATATTCTATTTCTTTTTTT~TGGGATTATTATTTAAT 

-5 1 5 10 15 
asn-leu-ile-met-asn-phe-asp-ala-pro-ser-pro-trp-gly-ile-tyr-phe-gln-asp-ser-ala-thr-pro-gln 

AAT TTA ATT ATG AAT TTT GAT GCT CCA AGC CCA TGA GGT ATC TAT TTT CAA GAT AGT GCT ACT CCT CAG 

20 25 30 35 40 
met-glu-gly-leu-val-glu-leu-his-asp-asn-ile-met-tyr-tyr-leu-val-val-ile-leu-phe-gly-val-gly- 

ATG GAA GGT TAA GTT GAA TTA CAT GAC AAT ATT ATG TAC TAT CTG GTG GTA ATA CTA TTT GGT GTA GGA 

trp-ile- 

TGA ATC 
Kiif-r 

Fig.1. Sequence analysis of the Neurosporu mitochondrial gene for cytochrome ua3 subunit 2. (A) Physical map of 
EcoRI fragment 4 of Neurosporu mitochondrial DNA with the positions of the mitochondrial ATPase proteolipid-like 
gene (MAL) [ 161 and the gene for subunit 2 of cytochrome aa (COII). The following restriction sites are indicated: (0) 
Hinfl, (o) Hue111 and (0) AluI (not complete). The arrow indicates the direction of transcription. The scale line 
corresponds to a length of 500 basepairs. (B) Base sequence of part of the CO11 gene. The Hid site, underlined in the 
sequence, corresponds to the Hinff site indicated by an asterisk on the physical map. The sequence of the non-coding 
strand is numbered starting with A of the first possible initiation codon. The ochre termination codon upstream from 
and in frame with this initiation codon has been boxed. The predicted amino acid sequence has been numbered starting 

with the NH*-terminal aspartic acid of the mature subunit [ 181. 

identical to that published for the mature subunit 2 
of cytochrome a4 [ 181 with the exceptions: 
(i) We find tyrosine at position 30 of the mature 

protein instead of aspartic acid as in [ 181; 
(ii) The predicted amino acid sequence has an 

NH*-terminal extension. 
The existence of a larger A4, precursor for sub- 

tein contains 2 in-frame initiation codons before 
an in-frame stop codon is encountered. The length 
of the pre-sequence might therefore be either 3 or 
12 amino acid residues long (the remote possibility 
that the initiation codon is even further upstream 
and is spliced to the reading frame of tig.lB is not 
further considered here). 

unit 2 of cytochrome aa3 in Neurospora crassa has In yeast, subunit 2 of cytochrome au3 is syn- 
been suggested in 1181, since its amino acid se- thesized as a precursor protein which is 1500 M, 
quence starts with an aspartic acid and not a for- larger than mature subunit 2 and most likely is a 
mylmethionine at the N-terminus. The data in form of subunit 2 with an NH*-terminal extension 
fig.1 definitively prove the existence of a reading [3]. Moreover, if one compares the amino acid se- 
frame for an NHZ-terminal elongated precursor quence of subunit 2 from beef heart cytochrome 
for subunit 2 in Neurospora crassa. The length of au3 1191 with that predicted from the correspond- 
the pre-sequence however remains unclear since ing gene from yeast [20] it appears that the first 16 
the determined sequence preceding the codon amino acids of the yeast protein are absent in the 
specifying the first amino acid of the mature pro- beef heart subunit 2. It is quite likely therefore that 
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N. CRASSA 
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N. CRASSA 

BEEF 

met-leu-asp-leu-leu-arg gln-leu-thr-thr-phe-ile-met-asn 

PHE-ASN-ASN-LEU-ILE-MET-ASN-PHE 

fmet-ala-tyr- 

Fig.2. Comparison of the predicted amino acid sequence of Neurosporu cytochrome oxidase subunit 2 with the sequence 
of the corresponding proteins from yeast and beef heart. The predicted Neurosporu sequence is written in block type; 
the amino acid sequence of the yeast protein [20] is given above and for the beef protein 1191 below the Neurospora 
sequence. The first amino acid of the mature Neurosporu protein has been numbered 1. Amino acid sequence identities 

between Neurospora and yeast and between Neurospora and beef heart have been boxed. 

the pre-sequence of the yeast protein is located en- 
tirely at the NHZ-terminus and would thus be - 15 
amino acid residues long. This number comes 
close to that of 12 amino acid residues which the 
pre-sequence of the Neurospora protein probably 
contains. 

Taken together these considerations have led to 
the homology comparison between subunit 2 from 
beef heart, yeast and Neurospora cytochrome aa3 
as indicated in fig.2. As expected the homology 
between the two fungal proteins is much higher 
than the homology between the beef heart protein 
and either one of its fungal counterparts. However, 
it is interesting to note that whereas the homology 
between mature subunit 2 from Neurospora and 
the corresponding part of the yeast protein is 

almost 65% a homology between both pre- 
sequences is almost absent. The only remarkable 
identical sequence is Ile-Met-Asn, which in yeast 
is contiguous to the first amino acid of the mature 
protein. In Neurospora this sequence is separated 
by one amino acid residue from the N-terminal 
amino acid. The absence of homology in primary 
structures indicates that the possible similar func- 
tion of the pre-sequence in both organisms is not 

directly related to primary structure as is the case 
with the signal sequence found on a large number 
of secretory proteins [5]. The occurrence of co- 
translational processing would of course strongly 
support the idea that the pre-sequences of subunit 
2 from both organisms are functionally similar to 
such a signal sequence. It has been shown that pro- 
cessing occurs very rapidly [ 181; however, direct 
evidence for cotranslational processing is still lack- 
ing. Alternatively, the lack of homology between 
both mitochondrial pre-sequences might point to a 
different function for each pre-sequence. Both or- 
ganisms need not necessarily follow the same pro- 
cess for assembly of cytochrome aa3. For instance, 
in Neurospora subunit 1 of cytochrome aa3 is 
translated as a larger precursor protein [4]. In man 
no precursor for this subunit exists [21]. Since the 
predicted amino acid sequence of subunit 1 from 
yeast cytochrome aa3 shows a homology of > 50% 
with the human protein immediately from the 
NHZ-terminus [22], presumably no precursor for 
this subunit in yeast exists. Therefore a difference 
may exist between the integration process of this 
subunit in the inner mitochondrial membrane 
and/or assembly with the other subunits of 
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cytochrome aa in Neurospora and yeast. Detailed 

analysis of such differences might shed more light 
on the specific as well as the general features of the 
biosynthesis of the enzyme complexes of the mito- 
chondrial inner membrane. 

[7] Terpstra, P., Holtrop, M. and Kroon, A.M. (1977) 
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(81 Bolivar, F., Rodriguez, R.L., Greene, P.J., Betlach, 
M.C., Heyneker, H.L. and Boyer, H.W. (1977) 
Gene 2,95- 113. 

ACKNOWLEDGEMENTS 

[9] Itakura, K., Katagiri, N.. Narang, S.A., Bahl, C.P., 
Marians, K.J. and Wu, R. (1975) J. Biol. Chem. 
250,4592-4600. 

This work was supported in part by a grant to 
A.M. Kroon from the Netherlands Foundation for 
Chemical Research (SON) with financial aid from 
the Netherlands Organization for the Advance- 
ment of Pure Research (ZWO). We thank Drs 
A.M. Kroon and H. de Vries for helpful discus- 
sions and J. Samallo for expert technical assis- 
tance. 

[IO] Cohen, S.N., Chang, A.C.Y. and Hsu, L. (1972) 
Proc. Natl. Acad. SC: USA 69,2210-2114. 
Smith, H.O. and Birnstiel, M.L. (1976) Nucleic 
Acids Res. 3,2387-2398. 
Jeffreys, A.J. and Flavell, A.R. (1977) Cell 12, 
1097-l 108. 

REFERENCES 

1111 

11-a 

1131 
I141 
1151 

1161 

1171 
[l] Borst, P. and Grivell, L.A. (1978) Cell 15,705-723. 
[2] Tzagoloff, A., Macino, G. and Sebald, W. (1979) 

Annu. Rev. Biochem. 48,419-441. 
[3] Sevarino, K.A. and Poyton, R.O. (1980) Proc. Natl. 

Acad. Sci. USA 77, 142-146. 
(41 Van ‘t Sant, P., Mak, J.F.C. and Kroon, A.M. 

(1981) Eur. J. Biochem. 121,21-26. 
[5] Wickner, W. (1980) Science 210,861-868. 
[6] Agsteribbe, E., Samallo, J., De Vries, H., Hensgens, 

L.A.M. and Grivell, L.A. (1980) in: The Organiza- 
tion and Expression of the Mitochondrial Genome 
(Kroon, A.M. and Saccone, C. eds) pp. 51-60, 
Elsevier Biomedical, Amsterdam, New York. 

1181 

1191 

1201 

1211 

1221 

Fox, T.D. (1979) J. Mol. Biol. 130,63-82. 
Southern, E.M. (1975) J. Mol. Biol. 98,503-5 17. 
Maxam, A.M. and Gilbert, W. (1980) Methods En- 
zymol. 65, 499-560. 
Van den Boogaart, P., Samallo, J. and Agsteribbe, 
E. (1982) Nature 298, 187-189. 
Heckman, J.E., Sarnoff, J., Alzner-De Weerd. B., 
Yin, S. and RajBhandary, U.L. (1980) Proc. Natl. 
Acad. Sci. USA 77,3159-3163. 
Machleidt, W. and Werner, S. (1979) FEBS Lett. 
107. 327-330. 
Steffens, G.J. and Buse, G. (1979) Hoppe-Seyler’s 
Z. Physiol. Chem. 360,613-619. 
Coruzzi, G. and Tzagoloff, A. (1979) J. Biol. Chem. 
254.9324-9330. 
Chomyn, A., Hunkapiller, M.W. and Attardi, G. 
(1981) Nucleic Acids Res. 9, 867-877. 
Bonitz, S.G., Coruzzi, G., Thalenfeld, B.E., 
Tzagoloff, A. and Macino, G. (1980) J. Biol. Chem. 
255, 11927-I 1941. 

100 


