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Accumulation of the cytochrome ¢ oxidase subunits I and 11
in yeast requires a mitochondrial membrane-associated protein,

encoded by the nuclear SCOI1 gene

Marion Schulze and Gerhard Rodel*
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Summary. The yeast nuclear SCO! gene is required for
accumulation of the mitochondrially synthesized cyto-
chrome ¢ oxidase subunits I and II (COXI and COXII).
We cloned and characterized the SCOI gene. It codes for
a 0.9kb transcript. DNA sequence analysis predicts a
33 kDa protein. As shown by in vitro transcription and
translation experiments in combination with import studies
on isolated mitochondria, this protein is matured into a
30 kDa polypeptide which is tightly associated with a mito-
chondrial membrane. The possible function of the SCO?
gene product in the assembly of cytochrome ¢ oxidase is
discussed.
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Introduction

Yeast cytochrome ¢ oxidase is a multi-protein complex,
composed of nine different subunits (Power et al. 1984).
The three large subunits (COXI, COXII, COXIII), which
are generally believed to represent the catalytic domain of
cytochrome ¢ oxidase (Capaldi et al. 1983), are coded by
mitochondrial DNA, while the six smaller subunits
(COXIV, COXV, COXVI, COXVII, COXVIIa, COXVIID)
are coded by nuclear genes (Schatz and Mason 1974). With
the exception of COXVTI, all the respective structural genes
have been isolated and characterized (Bonitz et al. 1980;
Coruzzi and Tzagoloff 1979; Fox 1979; Thalenfeld and
Tzagoloff 1980; Maarse et al. 1984; McEwen et al. 1986;
Koerner etal. 1985; Séraphin et al. 1985; Wright et al.
1984, 1986; Patterson and Poyton 1986).

Biogenesis of cytochrome ¢ oxidase is subjected to com-
plex regulation. Heme and oxygen have been shown to be
essential for accumulation and assembly of the subunits
(Saltzgaber-Miiller and Schatz 1978 ; Woodrow and Schatz
1979). In addition, synthesis of cytochrome ¢ oxidase is
inhibited by the presence of glucose (““glucose-repression™;
Mabhler et al. 1975). Several mutations have been described
which interfere with the formation of cytochrome ¢ oxidase.
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Beside mutations in structural genes, mutations have been
identified in genes which are somehow involved in the syn-
thesis and/or assembly of the subunits, preferentially of the
three mitochondrially synthesized polypeptides.

Of 34 nuclear complementation groups, which are mini-
mally required for formation of cytochrome ¢ oxidase, 17
are specifically involved in expression of either COXI,
COXII, COXII or COXI and cytochrome b (COB,;
McEwen et al. 1986). With the exception of mutants in three
complementation groups, which lack COX7 or COX2 tran-
scripts, all these mutants show mature-sized mitochondrial
COX transcripts and are therefore affected in a post-tran-
scriptional step in the expression of the mitochondrially-
coded cytochrome ¢ oxidase subunits (Kloeckener-Gru-
issem et al. 1987). This suggests that the mutant phenotype
is caused by a failure to translate the respective mRNAs
or by a rapid degradation of the newly synthesized protein.
In case of pet494 and pet54 mutants, which both lack
COXIII, synthesis of COXIII can be restored by mitochon-
drial gene rearrangements, which fuse the COXIII structur-
al gene to 5’-untranslated sequences of other mitochondrial
genes (Costanzo and Fox 1986; Costanzo et al. 1986). This
result clearly demonstrates that the gene products of
PET494 and PET54 are necessary to activate COX3 mRNA
translation rather than to prevent rapid degradation of
newly synthesized COXIII. Similar specific translation fac-
tors for COX2 mRNA (PETI111; Poutre and Fox 1987)
and COB mRNA (CBS! and CBS2; Rédel et al. 1985;
Rodel 1986) have been reported.

We recently described a yeast nuclear gene, SCOI,
which is required for COXII accumulation (Schulze and
Rodel 1988). Deletion of a 1.7 kb DNA fragment of chro-
mosome II, which contained the complete SCO7 gene, re-
sulted in a concomittant loss of COXII and COXI. This
experiment gave no answer as to whether the observed phe-
notype resulted from loss of SCOT alone or whether (par-
tial) deletion of another gene, immediately adjacent to
SCO01, is responsible for loss of COXI.

In this paper we report the nucleotide sequence of the
SCO1 gene and show that it is required for both COXI
and COXII accumulation. In vitro transcription and trans-
lation yields a polypeptide of molecular weight 33000 dal-
ton, which is in excellent agreement with the molecular
weight of the protein predicted from the nucleotide se-
quence. We further show by in vitro import studies into
isolated mitochondria and subsequent carbonate extraction
that this protein represents the precursor form of a mito-
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chondrial membrane protein of molecular weight 30000
dalton.

Materials and methods

Strains, media and plasmids. Media and genetic techniques
were as described (Sherman et al. 1986). The following yeast
strains were used in this study: D273-10B (ATCC 25657);
DL1 (MATo, leu2-3, leu2-112, his3-11, his3-15, ura3-251,
ura3-372, ura3-228); MK20 (MATa, ural, met, scol-1);
NP3 (MATw, leu2, ura3, scol-1y; GR20 (M AT, ura3-251,
ura3-228, wura3-372, leu2-3, leu2-112, his3-11, his3-15,
scol::URA3) (Schulze and Raodel 1988). The Escherichia
coli strains 490 (hsdR, hsdM, met ™, thr~, leu”, recA™, lac™,
su™) and BMH71-18 (d(lac-proAB), thi~, supE; F' lacP,
ZAMIS, proA* B*) (Kramer et al. 1984) were used for E.
coli transformation and phage M13 amplification.

Plasmid pB10A is identical to plasmid pB10E (Schulze
and Rodel 1988) except for a 150 bp Apal-EcoRI fragment
(see Fig. 1) which has been deleted. Plasmid pBSB10 results
from ligation of the 1615 bp Dral-EcoRI1 fragment (see
Fig. 1) of plasmid pB10E into the plasmid bluescript M 13 +
(Stratagene, San Diego), cut with EcoRI and HindIl.

DN A sequence analysis. The 1.7 kb EcoRI fragment of plas-
mid pB10 (Schulze and Rdédel 1988) was cut with either
Rsal, Haelll, Alul or Sau3A ; the resulting fragments were
cloned into the phage derivatives M13mp8 or M13mp10
and sequenced by the dideoxy chain termination method
(Sanger et al. 1977) with [**S]dATP and [*?P]dATP (Amer-
sham, Braunschweig). Reaction products were resolved on
6% acrylamide gels in the presence of 8 M urea. Both DNA
strands of the 1.7 kb fragment were completely sequenced
in overlapping fragments. The DNA sequence and the de-
duced protein sequence were compared with the DNA data
base Genebank® (release number 52) and the NBRF protein
data base (release number 13) by use of the microgenie®
program (Beckman, Munich) on an IBM-AT computer.

In vitro import into isolated mitochondria. Plasmid pBSCB10
was cut with BamHI and transcribed in vitro with T3 RNA
polymerase. The resulting RNA was used to direct protein
synthesis in the presence of [>*S]methionine in a reticulocyte
lysate (Amersham, Braunschweig). Mitochondria were pre-
pared from lactate-grown cells of strain D273-10B accord-
ing to Daum et al. (1982) and added to the labelled proteins
in the presence of NADH (2 mM) and ATP (1 mM). After
incubation at room temperature for 30 min, protease resis-
tance of imported proteins was tested by addition of pro-
teinase K (150 pg/ml) on ice for 30 min. In parallel experi-

ments, the membrane potential of mitochondria was des-
troyed by addition of valinomycin (1 uM) and KCl
(70 mM). Proteinase K digestion was stopped with phenyl-
methylsulfony! fluoride (1 mM) and mitochondria were re-
covered by centrifugation (10000xg) and washed with
SEM buffer (Hartl et al. 1986) prior to gel electrophoresis
on a 13.5% or 15% acrylamide gel in the presence of SDS
(Laemmli 1970).

Alkaline extraction. Alkaline extraction with sodium car-
bonate was done as described by Fujiki et al. (1982). After
in vitro import, mitochondria were diluted 30-fold with
100 mM sodium carbonate (pH 11.5) to a final protein con-
centration of 150 pg/ml. After incubation at 0° C for 60 min
the suspension was centrifuged for 1 h at 100000 x g. Mem-
brane proteins (in the pellet) were separated from soluble
proteins (in the supernatant), which were recovered by cen-
trifugation (10 min; 15000 x g) after addition of trichloroa-
cetate (final concentration 10%). Membrane proteins and
soluble proteins were washed with ice-cold acetone and so-
lubilized in 1.5% SDS for polyacrylamide gel electrophore-
sis.

Miscellaneous. Transformation procedures, Northern blot
hybridization and nick-translation were done as previously
described (Schulze and Rddel 1988).

Results

DNA sequence analysis of the SCO1 gene

We recently described the molecular cloning of a 1.7 kb
DNA fragment from a yeast gene bank, which contains
the complete SCO1 gene (Schulze and Rodel 1988). DNA
sequence analysis (Fig. 1) revealed an open reading frame
(orf) of 881 nucleotides which codes for a polypeptide of
33 kDa (Fig. 2). This protein is characterized by a net posi-
tive charge (15% positively versus 11% negatively charged
amino acids, see Fig. 3). The codon bias index of 0.06 can
be taken as evidence for low expression in yeast (Bennetzen
and Hall 1982). Comparison of both the amino acid and
nucleotide sequence with the data of a protein and DNA
data base (Material and methods) revealed no significant
homology to any known sequence.

SCO1 is required for both COXT and COXII accumulation

At a distance of 251 bp downstream of the SCOI gene,
a second incomplete orf of 276 nucleotides was identified
(Fig. 2). As deletion of the complete 1.7 kb EcoRI fragment
leads to a concomittant deficiency of COXI and COXII

D S RR SH R H USHSU HR A E
N A . N N —
| —
100bp C— —

Fig. 1. Restriction map and sequencing strategy for the 1.7 kb EcoRI fragment. Restriction sites are denoted as follows: A, Apal;
D, Dral; E, EcoRl; H, Haelll; P, Psd; R, Rsal; S, Sau3Al; U, Alul. The arrows show the direction and approximate length of
the fragments sequenced. Dotted bars indicate the open reading frames of SCO! and of a downstream localized gene. Open bars in
the lower part of the picture represent gene-specific DNA fragments used for Northern hybridizations
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ggaattcccaattgaaactaaattgaagttctgtaaatttcaatatcgatgctatcatactcaaataggaaatatataaacaaatagtataggggtttatactag
=311

ggttttaaaccccaaaaaactaaccctactatcttettttcagacectaaattgaaggaaataaacgggaataataatcaatagegatcteceocgaagagaaaa
-206

gtgagaaaatagtataattgtgtetattgtgtttataateggcattagaaacgtatgttegtataaggecaagggaaacagaaaaaacagcaaacgtagaaaag
-103
Met Leu Lys Leu Ser Arg Ser Ala Asn Leu Arg Leu Val Gln Leu Pro Ala Ala Arg Leu Ser Gly Asn Gly Ala Lys
ATG CTG AAG TTG TCA AGA AGT GCC AAT CTA AGA TTG GTC CAA TTG CCA GCC GCA AGA TTA AGT GGC AAT GGC GCT AMA
+1
Leu Leu Thr Gln Arg Gly Phe Phe Thr Val Thr Arg Leu Trp Gin Ser Asn Gly Lys Lys Pro Leu Ser Arg Val Pro
TTG CTC ACT CAA AGG GGA TTC TTT ACT GTA ACG CGC TTA TGG CAG TCA AAT GGC AAG AAA CCA TTA AGC AGA GTA CCT
+79
Val Gly Gly Thr Pro Ile Lys Asp Asn Gly Lys Val Arg Glu Gly Ser Ile Glu Phe Ser Thr Gly Lys Ala Ile Ala
GTG GGC GGT ACT CCC ATT AAG GAT AAC GGC AMA GTG CGA GAA GGC TCG ATC GAG TTT TCC ACG GGA AAG GCC ATT GCT
+157
Leu Phe Leu Ala Val Gly Gly Ala Leu Ser Tyr Phe Phe Asn Arg Glu Lys Arg Arg Leu Glu Thr Gln Lys Glu Ala
CTA TTC CTA GCA GTC GGT GGG GCA CTT TCT TAT TTC TTC AAC AGG GAG AAA CGC AGA TTG GAA ACA CAG AAG GAG GCT
+235
Glu Ala Asn Arg Gly Tyr Gly Lys Pro Ser Leu Gly Gly Pro Phe His Leu Glu Asp Met Tyr Gly Asn Glu Phe Thr
GAA GCA AAC AGA GGA TAC GGT AAA CCT TCA CTT GGG GGA CCC TTC CAT CTG GAG GAT ATG TAT GGC AAT GAG TTIT ACG
+313
Glu Lys Asn Leu Leu Gly Lys Phe Ser Ile Ile Tyr Phe Gly Phe Ser Asn Cys Pro Asp Ile Cys Pro Asp Glu Leu
GAG AAA AAC CTT CTC GGT AAG TTT TCT ATA ATA TAC TTT GGG TTT AGT AAC TGT CCT GAC ATC TGT CCT GAT GAA CTG
+391
Asp Lys Leu Gly Leu Trp Leu Asn Thr Leu Ser Ser Lys Tyr Gly Ile Thr Leu Gln Pro Leu Phe Ile Thr Cys Asp
GAT AAG CTA GGT CTA TGG CTT AAT ACA CTC TCT TCA AAG TAT GGT ATT ACT CTG CAG CCA TTA TTT ATA ACT TGT GAT
+469
Pro Ala Arg Asp Ser Pro Ala Val Leu Lys Glu Tyr Leu Ser Asp Phe His Pro Ser Ile Leu Gly Leu Thr Gly Thr
CCA GCA AGA GAC TCC CCT GCT GTA TTG AAA GAG TAT TTG AGC GAC TTT CAT CCC TCC ATC CTG GGT TTG ACG GGG ACG
+547
Phe Asp Glu Val Lys Asn Ala Cys Lys Lys Tyr Arg Val Tyr Phe Ser Thr Pro Pro Asn Val Lys Pro Gly Gln Asp
TTC GAT GAG GTG AAG AAC GCA TGC AAG AAG TAC AGA GTA TAC TTT TCT ACG CCT CCA AAC GTC AAA CCG GGC CAA GAT
+625
Tyr Leu Val Asp His Ser Ile Phe Phe Tyr Leu Met Asp Pro Glu Gly Gln Phe Val Asp Ala Leu Gly Arg Asn Tyr
TAT TTG GTA GAC CAT TCC ATC TTC TTT TAT CTC ATG GAC CCT GAA GGA CAG TTT GTT GAT GCT TTG GGT AGA AAT TAT
+703
Asp Glu Lys Thr Gly val Asp Lys Ile val Glu His Val Lys Ser Tyr Val Pro Ala Glu Gln Arg Ala Lys Gln Lys
GAT GAA AAA ACG GGC GTG GAC AAG ATC GTG GAA CAC GTT AAG AGT TAT GTG CCT GCA GAG CAG CGC GCC AAG CAG AAG
+781
Glu Ala Trp Tyr Ser Phe Leu Phe Lys OCH
GAG GCA TGG TAC TCC TTC TTA TTC AAMR TAA gattgtaaatatatgctactttcttccttgtatatacatatatacttataacgctataacceg
+859

ttcttgtaatatcggctatcacccggcgaaggtgtatcgcaagaaaaaaaaaagctctctcactctaaaggaggctatgtgaacgtgggaagatcaagtgaaa
+952
Met Ser Thr Thr
gaaatgtttgtaggccattttcttccagaacagatccgctcttgagctggtgagttagcacgataacaaacaaagatacagcgtc ATG TCT ACC ACA
+1055
Leu Leu Trp Phe Ser Ser Val Ile Gly Tyr Val Ile'Gln Thr Lys Cys Leu Ser Asn Ile Gln Ser Lys Lys Glu Ile
CTA CTT TGG TTT TCA AGT GTA ATA GGC TAC GTG ATT CAA ACA AAA TGT TTG TCT AAC ATA CAA TCT AAA AAG GAA ATC
+1152
Ser val Gly Pro Asn Gly Thr Ile Ala Thr Pro Glu Thr Asn Gly Asp Asn Gly Asn Ser Ser Ser Leu Thr Phe Tyr
TCC GTG GGG CCC AAT GGT ACA ATT GCA ACG CCT GAA ACT AAC GGC GAC AAC GGA AAC TCA AGT TCA TTA ACC TTC TAT
+1230
Leu Thr Phe Met Tyr Phe Ala Ser Trp Leu Leu Leu Val Pro Ala Ser Arg Leu Trp Glu Lys Met Arg Pro Met .Phe
CTG ACC TTT ATG TAT TTT GCT TCG TGG CTG CTC TTG GTG CCT GCA TCT CGA CTT TGG GAG ARG ATG MGA CCG ATG TTT
+1308
Val Ser Asp Ser Asp Ser Asn Arg Asn Ser
GTC TCT GAC TCA GAC TCG AAC AGG AAT TCC
+1386

Fig. 2. Nucleotide sequence of the 1.7kb EcoRI fragment. The non-coding DNA strand is shown. Numbers refer to the distance (in
nucleotides) from the ATG initiation codon of the SCO! gene. The amino acid sequences of SCO7 and the downstream localized
gene, deduced from the DNA sequence, are given above the nucleotide sequence

(in contrast to the phenotype of the original scol-1 mutant, able to grow on non-fermentable substrates like glycerol,
which only is defective in accumulation of COXII), we i.e. they were respiratory competent. This indicates that
asked whether the partial deletion of this downstream orf  formation of a functional cytochrome ¢ oxidase is possible
could be the cause of COXI deficiency. To test this, we  in the transformants and therefore independent of the de-
transformed strain GR20 (in which the entire 1.7 kb SCO1 leted downstream orf sequences. Thus the SCO7 gene prod-
fragment is deleted and replaced by the yeast URA3 gene) uct is a prerequisite for accumulation of both COXI and
with the autonomously replicating plasmid pB10A (Materi- COXII.

al and methods). This plasmid carries the EcoRI-Apal frag-
ment of pB10E (Fig. 1) which contains the complete SCO7 .
reading frame, but only 99 bp of the downftream orf. SCO1 codes for a 0.9 kb transcript

Therefore, GR20 transformants lack about 180 bp of the =~ We have recently shown that two RNA species of about
downstream gene. All of the transformants obtained were 1.2 kb and 0.9 kb, respectively, hybridize with the 1.7 kb
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vy phe 1n ucu ser L) yay tyr 8 uGu cys 3
Yuc phe 9 uee ser 5 UAC tyr 5 [[H cys 1
ua  leu 5 HCA ser ] UAA  och ] UGA  opa

uue lew 10 ueE  ser 1 UAG  amb UGG trp 3
Cus  leu 4 CCu  pra a CAU  his k] CGd  arg

Cuc  lew L] £cc  pro 3 CAC  his 1 CGC  arg 3
CUA leu H €CA pro 5 CAA qin 3 CGA arg 1
CuG  leu H CCE pro i CAG  glin (1 €68 arg

Ay fle 3 ACY thr 5 AAY aso [ AGY ser 4
AUC e 5 ACC thr AAC asa ? AGC ser 2
AdA e 3 ACA  thr 2 AAA tys 19 AGA  arg 9
AUG  met 3 ACG thr 7 AAG 1ys 5 AGG  arg 2
Guuw  val 2 GCU ata 5 GAU  asp 9 GGU  gly 8
GUC  wval 3 GeC  ala 4 GAC asp & GGC gly 9
GUA  val 5 GCA  ala 8 GAA  glu ? GGA  qly 5
GUG  val & GG ala GAG  glu 10 GGG gly 4

Fig. 3. Codon usage of the SCO1 protein

Fig. 4. Transcript analysis of the SCOI gene region. Total RNA
from wild-type DL1 (transformed with plasmid pB10; Schulze and
Rodel 1988) was separated by gel electrophoresis, blotted and hy-
bridized with the labelled 1.7 kb EcoRI fragment (lanec); the
300 bp Ps: fragment (lane a); or the 170 bp Apal-FEcoRI1 fragment
(lane b). The positions and lengths of the hybridizing RNA species
are indicated by arrowheads

EcoRI fragment, which carries the SCO! gene (Schulze and
Rodel 1988; Fig. 4, lane ¢). To obtain a more detailed tran-
scription map, we analyzed total RNA of wild-type strain
DL1 by use of gene-specific DNA probes. The nick-trans-
lated 300 bp Ps:I fragment (see Fig. 1), which exclusively
originates from the SCO1 orf, picks up a single transcript
of 0.9 kb (Fig. 4, lane a). A 170 bp Apal-EcoR]I fragment
specific for the downstream orf (Fig. 1) specifically hybri-
dizes to a 1.2 kb RNA species (Fig. 4, lane b). This result
shows that SCO1 is transcribed as an RNA species of about
0.9 kb and that the 1.2 kb species results from transcription
of the downstream gene, which is not essential for cyto-
chrome ¢ oxidase formation (see above).

Post-translational import into mitochondria

of the SCO1 protein

The SCO1 gene product is essential for the proper accumu-
lation of the mitochondrially synthesized subunits I and II
of cytochrome oxidase. From the localization of cyto-

Prot K " * * "

Fig. 5A and B. In vitro import and membrane association of the
SCO1 protein. A In vitro import. [*°S] labelled SCO1 protein,
synthesized in vitro in a reticulocyte lysate, was separated on a
13.5% polyacrylamide gel in the presence of SDS (lane 1). Lanes 2—
5, incubation of SCO1 with mitochondria; lane 2, no additives;
lane 3, addition of proteinase K after import; lane 4, incubation
in the presence of valinomycin; lane 5, as in the lane 4 with subse-
quent proteinase K treatment. B Alkaline treatment. Membrane
association was tested after import and proteinase K treatment
by the extractibility of proteinase K-resistant proteins with sodium
carbonate. Lane 6, membrane fraction; lane 7, soluble fraction;
precursor and processed forms of the SCO1 protein are denoted
by p and m, respectively

chrome ¢ oxidase in the inner mitochondrial membrane it
is likely that the SCO1 protein acts within mitochondria.
Inspection of the amino terminal sequence of the SCO1
protein revealed several of the traits usually found in mito-
chondrial targeting sequences (for reviews see: Hurt and
van Loon 1986; von Heijne 1986; Schatz 1987): it is devoid
of acidic amino acids, while the content of positively
charged amino acids, especially arginine, and of hydro-
phobic residues is high. Leucine and serine residues are
significantly enriched, while valine and isoleucine are al-
most absent. Moreover, it can potentially fold as an amphi-
pathic S-sheet structure.

In order to test whether the SCO1 protein is imported
into mitochondria, SCO! RNA was synthesized from plas-
mid pBSB10 in vitro. This RNA was then used to direct
protein synthesis in a reticulocyte lysate in the presence
of [*3Simethionine. The resulting polypeptide with an ap-
parent molecular weight of 33 kDa (Fig. 5, lane 1) was incu-
bated with isolated energized mitochondria (see Material
and methods). After incubation for 30 min about half of
the protein was found to be converted into a polypeptide
with an apparent molecular weight of 30 kDa (Fig. 5,
lane 2). In contrast to the larger protein, this 30 kDa poly-
peptide is resistant to a subsequent proteinase K treatment
for 30 min (Fig. 5, lane 3). This result shows that the prima-
ry translation product is the precursor form of the 30 kDa
protein. The latter is protected from proteinase K cleavage
and thus must have been imported into mitochondria.

Studies on mitochondrial import (for review see Doug-
las et al. 1986) have shown that translocation of a protein
across the mitochondrial membrane requires a membrane
potential and that the addition of the ionophore valinomy-
cin in the presence of KCl completely abolishes import of
a given protein. As shown in Fig. 5 (lane 4) the 33 kDa
protein remains in its precursor form, if valinomycin is in-
cluded in the incubation medium. Under these conditions,
subsequent proteinase K treatment results in complete deg-
radation of SCO1 protein (Fig. 5, lane 5).
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Fig. 6. Hydropathy profile of the SCO1 protein. The hydropathic
index of the SCO1 protein was calculated according to the algo-
rithm of Kyte and Doolittle (1982) using an interval of nine amino
acids. Ordinate, the hydropathic index value; abscissa, SCO1 pro-
tein residue number

In summary, the results of the in vitro import experi-
ments show that SCOI encodes the precursor form of a
mitochondrial protein.

The SCO1 protein is tightly membrane-associated

To gain further insight into the localization of the mature
SCO1 protein, we tested its resistance to alkaline treatment.
Integral membrane proteins persist during this extraction
procedure and they consequently co-sediment with the
membrane fraction (Fujiki et al. 1982). Labelled SCO1 pro-
tein was used for an in vitro import experiment as described
above. After treatment with proteinase K, mitochondria
were treated with sodium carbonate. The membraneous
fractions were sedimented by centrifugation, while the solu-
ble and extracted proteins were recovered and analyzed sep-
arately. As shown in Fig. 5B, most of the labelled SCO1
protein co-sediments with the membraneous fraction. Only
a minimal portion of the SCO1 protein is extracted from
the membranes and is therefore found in the soluble frac-
tion. Thus, the SCO1 protein is tightly associated with
membrane components of mitochondria. This result is not
surprising in view of the hydropathy profile of the SCO1
protein: it contains in the amino terminal third a hydro-
phobic domain of about 20 amino acids, which according
to Rao and Argos (1986) represents a membrane-spanning
a-helix (Fig. 6).

Discussion

We have recently identified a yeast nuclear mutant (sco1-1)
which showed a deficiency of COXII in the mitochondrial
translation products. The SCO1 gene was isolated by func-
tional complementation and used to construct a strain with
a completely deleted SCO71 gene. Our present data demon-
strate that this deletion leads to a concomitant loss of COXI
and COXII. The lack of COXI accumulation does not result
from the absence of COXII (a conclusion already evident
from the phenotype of various other nuclear or mitochon-
drial COXII-deficient mutants, e.g. Klockener-Gruissem
et al. 1987; Weiss-Brummer et al. 1979), but instead results
from the absence of the nuclear SCO1 gene product which
is required for accumulation of both cytochrome ¢ oxidase
subunits. This result suggests that the SCO1 protein, en-
coded by the originally described scol-1 allele, has lost only
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a partial function, i.e. the ability to accumulate COXII,
while it is still functional with respect to COXI accumula-
tion. Thus the analysis of the scol-1 allele should allow
the protein domain which is specifically required for COXII
accumulation to be identified in future experiments.

Mitochondrial translation of COXII has been shown
to require an independent nuclear coded factor, PET111,
which specifically stimulates translation of COXII mRNA
(Poutre and Fox 1987). Similar gene-specific translation
factors have been reported for the mitochondrial RNAs
of the cytochrome b gene (COB) (Dieckmann and Tzago-
loff 1985; Rdodel 1986) and of the COXIIT gene (Costanzo
and Fox 1988). Fusion of the respective mitochondrial tar-
get genes to untranslated leader sequences of other mito-
chondrial genes made their translation independent of the
nuclear gene products. This suggests that the nuclear coded
factors act on the RNA leader sequences to allow transla-
tion. This proposal is in agreement with the observation
that the CBSI gene product is necessary for translation
of a heterologous gene fused to the COB leader (Rédel
and Fox 1987). The inability of a chimeric gene (the COXII
structural gene fused to the COXT leader) to suppress the
scol-1 mutation suggests that SCO! might act on a post-
translational level such as subunit assembly, rather than
via the leader sequence and through translational control.
This assumption implies that unassembled subunits would
be rapidly degraded as in the case of unassembled subunits
of some oligomeric complexes (for review see: Rechsteiner
et al. 1987).

Candidates to fulfill some role in the process of cyto-
chrome ¢ oxidase assembly are the nuclear coded subunits
whose function is still unclear. Recently, the role of one
of the cytochrome ¢ oxidase subunits, COXIV, in the assem-
bly process has been documented (Dowhan et al. 1985).
Both the size of the SCO1 protein and the SCOI DNA
sequence are different from the known cytochrome ¢ oxi-
dase subunits which therefore excludes the possibility that
SCO1 might represent one of them. Furthermore, the phe-
notype obtained by disruption of the COXIV gene (Dow-
han et al. 1985) is different from that of the SCO1 deletion.
This observation excludes the possibility that SCO1 might
represent a factor controlling COXIV expression.

Other factors required for formation of a functional
cytochrome ¢ oxidase are heme and oxygen. Studies on
a heme-deficient mutant revealed that, in the absence of
heme, COXII (as well as COXIIT and COXIV) is still detect-
able, while all the other subunits are severely reduced or
undetectable (Saltzgaber-Miiller and Schatz 1978). Again
this divergent phenotype argues against the possibility of
SCO1 being involved in the biosynthesis of heme or func-
tioning as a heme-lyase. Moreover, the other mitochondrial
heme-proteins (b, ¢, ¢) are present in normal concentra-
tions in scol-mutants.

Pulse-labelling studies of intact cells showed that COXI
and COXII were immunoprecipitable with an antiserum
directed against holo cytochrome ¢ oxidase only if cells
were labeled in the presence of oxygen (Groot and Poyton
1975). From detailed studies, Woodrow and Schatz (1979)
conclude that the primary effect of oxygen is to induce
association of subunits I and II with subunits VI and VII
rather than to control the synthesis of these subunits. As
a possible molecular mechanism of the oxygen effect, which
is independent of cytoplasmic and mitochondrial protein
synthesis, its effects on heme a formation or on the oxida-
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tion/reduction state of heme a or copper was discussed.
In view of our data presented here it is reasonable to pro-
pose that SCO1 is part of a pre-complex of COXI and
I1, which allows integration of the two subunits into holo
cytochrome ¢ oxidase in the presence of oxygen (or an oxy-
gen-mediated effector molecule). Under anaerobic condi-
tions (in the absence of the assembly-mediating effector),
newly synthesized COXI and II would not be assembled,
but nevertheless be detectable, if formation of a pre-com-
plex confers (partial) protease resistance. In the absence
of SCO1 (as a result of SCOI gene deletion), however,
formation of a pre-complex would be impossible and — as
a consequence — newly synthesized subunits I and II would
be degraded. This hypothesis would be in line with the
observation that the level of SCO7 RNA is not affected
in glucose-repressed or anaerobically grown cells (Schulze
and Rodel 1988; T. Pillar, personal communication)

SCO1 is located in a mitochondrial membrane. Since
integration of a mitochondrial protein into the outer mem-
brane has not yet been shown to be accompanied by a
processing event, SCO1 is likely to be an inner mitochondri-
al membrane protein. In the light of the above proposal
it may function at its location to form the cytochrome ¢
oxidase pre-complex or as a receptor protein, targetting
individual cytochrome ¢ oxidase subunits to their proper
position in the membrane. Evidence for receptor-like pro-
teins for some cytoplasmically synthesized precursor pro-
teins at the outer face of mitochondria comes from the
observation that in vitro import can be abolished by pre-
treatment of mitochondria with trypsin or with antisera
directed against outer membrane proteins (Riezmann et al.
1983; Zwizinski et al. 1984). It is unknown to date whether
similar receptor-like proteins exist in the inner membrane
which target mitochondrial translation products or im-
ported matrix-delivered intermediate proteins to their
proper location.

SCO1 is synthesized as a larger precursor protein which
is cleaved during import. It is most likely to be the amino
terminal end, which fits common features of mitochondrial
targeting sequences, which is cleaved off. Interestingly, if
import was allowed to occur for only 10 min, we observed
an additional polypeptide of a electrophoretic mobility
slightly slower than the mature form (data not shown).
Whether this polypeptide represents a bona fide intermedi-
ate of a two-step processing event as documented for pro-
teins of the inner membrane (e.g. Fe/S protein; Hartl et al.
1986) and the intermembrane space (c.g. cytochrome b,,
Hartl et al. 1987) remains to be elucidated.
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