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The six small subunits (IV-VII, Vlla, VIII) of yeast
cytochrome c oxidase are encoded by nuclear genes and im-
ported into the mitochondria. We have isolated the gene for
subunit IV from a yeast genomic clone bank and determined
its complete nucleotide sequence. We have also isolated
subunit IV from purified yeast cytochrome c oxidase and
determined most of its amino acid sequence which confirms
the positioning of 90Vo of the amino acid residues. The se-
quence comparison shows that the coding sequence of the
gene lacks introns and that subunit IV is made as a precursor
with an amino-terminal extension of 25 residues, five of
which are basic and none of them acidic. Precursor process-
ing involves cleavage of a Leu-Gln bond.
Key words: cytochrome c oxidase/nucleotide sequence/
amino acid sequence

already allowed us to clone the genes for several of these by
competitive RNA-DNA hybridization (Van Loon et al., 1982,
1983a; Riezman et al., 1983a). The procedure described in
these previous studies was used in an attempt to isolate the
subunit IV gene from a clone bank consisting of Escherichia
coli cells carrying random fragments of yeast genomic DNA
in the yeast-E. coli 'shuttle vector' pFL-1. One recombinant
plasmid (plasmid 19) hybrid-selected yeast mRNA directing
the in vitro synthesis of a protein which is immuno-
precipitated by an antibody against yeast cytochrome c ox-

Introduction
Cytochrome c oxidase of yeast consists of at least nine dif-
ferent subunits. The three largest of these (I-III) are
mitochondrially encoded, while the remaining six (IV - VII,
VIla, VIII) are encoded in the nucleus (Schatz and Mason,
1974; Power et al., 1984a). The dual origin of this enzyme
complex poses important questions concerning the coordinate
synthesis, import and assembly of the individual subunits.
Attempts to answer some of these questions at the molecular
level are likely to be facilitated by the isolation and charac-
terization of the genes encoding the individual subunits. This
has been achieved for subunits I-III, specified by mito-
chondrial DNA (Tzagoloff, 1982) and, partly, for the
nuclearly-encoded subunits V and VI (Cumsky et al., 1983;
Wright et al., 1984). Here we describe the isolation and the
complete nucleotide sequence of the nuclear gene for subunit
IV and an almost complete amino acid sequence of the
mature protein. Since subunit IV is made as a larger precursor
(Mihara and Blobel, 1980; Lewin et al., 1980), a comparison
between these two sequences provides information on the
exact size and primary structure of the transient pre-sequence.

Results
Isolation of the gene encoding subunit IV of cytochrome c
oxidase
The synthesis and steady-state levels of many yeast mitochon-
drial proteins are repressed by glucose. This property has
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Fig. 1. The mRNA hybrid-selected by plasmid 19 codes for a polypeptide
recognized by antiserum against subunit IV of yeast cytochrome c oxidase.
Plasmid 19 was incubated with total cellular RNA from yeast; the hybrid-
selected mRNA was eluted and used to program protein synthesis in a
nuclease-pretreated reticulocyte lysate in the presence of [35Sjmethionine.
The labeled lysate was subjected to immunoprecipitation with a mixture of
two rabbit antisera directed respectively against yeast cytochrome c oxidase
subunits IV or VI. The labeled immunoprecipitate was analyzed by
SDS-14% polyacrylamide gel electrophoresis and fluorography (ane H).
Another aliquot of the nuclease-treated lysate was treated in a similar way
except that it was programmed with total yeast RNA and then subjected to
immunoprecipitation with either antiserum against cytochrome c oxidase
subunit IV (S IV) or against cytochrome c oxidase subunit VI (S VI). p4
and p6 denote positions of the larger precursors to subunit IV and VI,
respectively (Lewin et al., 1980; Mihara and Blobel, 1980).
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Table I. Yeast cells transformed with plasmid 19.4 contain increased steady-
state levels of cytochrome c oxidase subunit IV

Cells transformed with Intracellular concentrationa of Subunit IV
Cytochrome c ATPase ATPase
oxidase (3-subunit ,8-subunit
subunit IV

pFL-l (vector only) 0.164 0.155 1.05

19.4 0.609 0.133 4.58

aArbitrary units.
Yeast cells transformed with either the control vector pFL-l or plasmid
19.4 were grown on minimal medium containing 3% ethanol, 3% glycerol,
20 tg/ml L-histidine and 20 sg/ml L-leucine to the late logarithmic phase.
Total cell protein was extracted (Riezman et al., 1983b) and equal amounts
of extracted protein were analyzed for cytochrome c oxidase subunit IV
and the F1 ATPase fl-subunit by SDS-polyacrylamide gel electrophoresis
and quantitative immune blotting using rabbit antisera monospecific for
these polypeptides. The autoradiograms were quantified by scanning and
the resulting values are given in the Table in arbitrary units. Values obtain-
ed for subunit IV were normalized relative to the values obtained for the
F1-fl subunit (cf. last vertical column).
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Fig. 2. Plasmid 19 hybrid-selects a yeast mRNA whose in vitro translation
product can be imported into isolated yeast mitochondria. Plasmid 19 was
incubated with total yeast RNA and the hybrid-selected mRNA was used
to program protein synthesis in a nuclease-pretreated reticulocyte lysate in
the presence of [35S]methionine. The labeled lysate was incubated with
energized yeast mitochondria (Gasser and Schatz, 1982) and the mixture
was divided into two equal aliquots. One aliquot was treated with trypsin
to digest accessible radiolabeled polypeptides and trypsin was then inhibited
with phenylmethyl sulfonyl fluoride and trypsin inhibitor. The other ali-

quot received the inhibitors before the trypsin (Gasser et al., 1982).
Mitochondria were then pelleted by centrifugation through a sucrose
cushion and mitochondrial pellet and supernatant were separately subjected
to immunoprecipitation with rabbit antiserum against yeast subunit IV.
The immunoprecipitates were analyzed by SDS-14% polyacrylamide gel
electrophoresis and fluorography. (1) Supernatant (s) and mitochondrial
pellet (p) from aliquot treated with trypsin in the presence of inhibitor;
(2) supernatant (s) and pellet (p) from trypsin-treated aliquot. The precur-
sor and mature form of subunit IV are identified by pre and mat. The
slightly faster migration of mature subunit IV in lp as compared with Is is
an electrophoretic artefact caused by the greater amount of unlabeled pro-
tein present in lane Ip.

idase subunit IV and which has the same electrophoretic
mobility as the precursor of this subunit (Figure 1).
As expected, the product of hybrid-selected translation was

imported and processed to the mature subunit by isolated
yeast mitochondria: a nuclease-treated reticulocyte lysate was
programmed with the hybrid-selected mRNA, incubated with
yeast mitochondria in the presence of ATP and separated
from mitochondria by centrifugation. Mitochondrial pellet
and supernatant were separately analyzed for radiolabeled
subunit IV by immunoprecipitation, SDS-polyacrylamide gel
electrophoresis and fluorography.
As shown in Figure 2, lanes Ip and 2p, radiolabeled mature

subunit IV was mainly found associated with the re-isolated
mitochondria whereas most of the remaining radiolabeled
precursor was found in the supernatant fraction (lane Is).
Only the radiolabeled mature subunit in the mitochondrial
pellet was resistant to externally added protease (lane 2p), in-
dicating that the radiolabeled polypeptide had been trans-
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Fig. 3. Restriction maps of plasmid 19 and 19.4 and localization of the
gene encoding subunit IV. The vector pFL-l is indicated by a thin line and
the cloned yeast inserts are indicated by filled bars. Only plasmid 19.4 con-
tains an intact copy of the gene encoding subunit IV (see Table I and
Results). The gene was localized on the insert as follows: plasmid 19 was
linearized with PvuII and plasmid 19.4 was linearized with SaiI.
Heteroduplexes were allowed to form and analyzed in the electron
microscope. Apart from vector sequences, only a I-kb fragment internal to
both cloned sequences (open bar) was found to form duplexes. This obser-
vation suggests that at least part of the gene for subunit IV is located on
this fragment and that at least one of these recombinant plasmids carries
an insert that had been rearranged during the cloning procedure.
RI = EcoRI; HIII = HindlIl.

ported into the mitochondria. These results suggest that the
subunit IV precursor can be imported into mitochondria in
the absence of stoichiometric amounts of precursors to the
other nuclear-coded cytochrome c oxidase subunits.

Increased steady-state levels ofsubunit IV arefound in yeast
cells carrying multiple copies of the complete gene

pFL-1 and plasmids derived therefrom exist in yeast in multi-
ple copies (Van Loon et al., 1983b); if they carry a complete
yeast gene, they often cause increased steady-state levels of
the corresponding gene product. However, introduction of
plasmid 19 into wild-type yeast cells did not result in increased
steady-state levels of subunit IV, nor were shorter forms of
the subunit seen (data not shown). This finding suggested that
the plasmid does not carry a complete copy of the gene. Addi-
tional recombinant plasmids carrying sequences coding for
subunit IV were therefore isolated from the pFL-1 clone
bank, using the insert of plasmid 19 as a labeled hybridization
probe. One of these additional plasmids (19.4) is described in
more detail. As shown in Table I, introduction of plasmid
19.4 into yeast is followed by a 4-fold increase in the steady-
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Subunit IV of yeast cytochrome c oxidase

1 GAATTCGATGCGAAATATTCCCTGTCACTTTCCTTTAGTCAACGTATTCTTCTCCCTGAAGAAACAGTATACTAACAATACTCACCCATTTCGATTTGATGTTGCCATACAAATAGATA

M L S L R Q S I R F F K P A T R T L C S S R Y L L Q Q K P V V K T A Q N L
121 ACAAGCACAATGCTTTCACTACGTCAATCTATAAGATTTTTCAAGCCAGCCACAAGAACTTTGTGTAGCTCTAGATATCTGCTTCAGCAAAAACCCGTGGTGAAAACTGCCCAAAACTTA

A E V N G P E T L I G P G A K E G T V P T D L D Q E T G L A R L E L L G K L E G
241 GCAGAAGTTAATGGTCCAGAAACTTTGATTGGTCCTGGTGCTAAAGAGGGTACCGTTCCAACAGACCTAGATCAAGAAACTGGTTTAGCTAGGTTAGAATTATTGGGTAAATTAGAGGGT

I D V F D T K P L D S S R K G T M K D P I I I E S Y D D Y R Y V G C T G S P A G
361 ATCGATGTTTTCGACACCAAACCATTAGATTCGTCCAGGAAGGGTACCATGAAMGATCCGATCATCATTGAATCTTATGATGATTATCGTTATGTCGGTTGTACGGGTTCTCCCGCTGGT

S H T I M W L K P T V N E V A R C W E C G S V Y K L N P V G V P N D D H Hd H *
481 TCACATACTATTATGTGGTTAAAACCAACTGTTAACGAAGTCGCCAGATGCTGGGAATGTGGTTCTGTTTACAAACTAAACCCTGTTGGTGTTCCAAATGATGACCACCATCACTAATCT

601 TATCATTCAAGTTGCCCTTCTGTTTCTCTTTTACTTTTTACCTTCTTCTTTATTTATATTTTTTTTTTTGGAAACCTAGCGAATATTCTTACCAGGTCTGAGCTTTTACACACGTCATGT

M K S Q K I H N Q K D R E K V E I Y F
721 TAACAAAGTCCACAAGAAAGTTCTTTGCAGGAAGGTTAAGGCGACAGCTTTGCTCTATCTATAATGAAGAGCCMAAAMATACATAACCAAAAAGATCGAGAAAAGGTCGAGATATATTTT

Y L K I L I N I S T I H V I T D Y Y F Y L C Q R W L A R G C C E V T S K R F *
841 TATTTAAAAATTCTTATTAATATTAGTACTATTCATGTCATAACTGATTACTATTTCTATCTCTGTCAGAGATGGCTAGCTAGAGGTTGTTGCGAAGTTACTTCCAAAAGATTCTAGACT

961 GT88TTACAGCATCCATACACCCACCCATACATACTGATTTCTTTTTTTAAAGACGTCGATTTTTCGAAAAAGTAAATTCTCGGCACAGGGAGTTGAATTGAACTTCCCTGCCCCGACG

1081 GTAAGCAGCTTACCGGTATTGCTTCGTTCTCCTTGGGAGATGTTCTCGGCTCTGGAAGGAAAAACCTTCGTGGGGGGAGGGCTCATATCCAGTAACATAGGCGGAACTCGAAGTGTCAG

1201 CTTACACCGCTTCGTTCTCATTGAGTGTTGAGGGATTACTTGGTATTTGAAATACCTACTAGATTTAATGTTCGTTATAGTAAATGATTTATTGTTCGCTATTACAGATAAGAACC

1321 ATAGTCTTAAGTAGTATGTTAACGACACAAAAGTGTGAAAGTAGAGAAGGGAAGAACGATGAGATCTTTGAATTGGGAGAAAGTAATAGTGACAAGATATTATTvAAAACATHGCAAATGT

1441 AACTTGTTTTCTGAAAGGAAACCAGTTAATCACTAGAAGTGTGCCAATCATGAGTTCACACTAACTAAAGAAAAAGAAGGAAGTCGCCCATCGTATGCAATGTACTTATTATTGAAGAAT

1561 ATTGTACCGAGAAAMTTTCAATGTTACGTA

Flg. 4. Nucleotide sequence of the gene encoding subunit IV of yeast cytochrome c oxidase. The sequence shown starts from the E-coRI site of the 1900bp
EcoRI-HindlII fragment of 19.4 (Figure 3). The gene encoding subunit IV starts at position 130 and ends at position 597. Another open reading frame starts
at position 784 and ends at position 957. Any evidence for the expression of this reading frame is lacking however. The uncertainty code (8) at positions 963
and 964 indicates that the sequence is either CG or GC and the H at position 1431 indicates the sequence G or GG. The deduced amino acid sequence is in-
dicated in the one-letter code: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine;
L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.

state level of subunit IV as detected by immune blotting.
Thus, plasmid 19.4 appears to carry a complete copy of the
subunit IV gene. The accumulated subunit IV was present as
the mature form of the subunit (data not shown), suggesting
that the subunit had been imported into mitochondria.
Restriction maps of plasmids 19 and 19.4 are presented in
Figure 3. The size of the insert in plasmid 19.4 is - 3000 bp.

Identification of the subunit IV gene carried by plasmid 19.4
To locate the subunit IV gene on plasmid 19.4 we searched
for sequence homologies between plasmids 19 and 19.4 by
heteroduplex analysis using the electron microscope. The
result showed that the gene is located within a 1900-bp
HindIII-EcoRI fragment of plasmid 19.4 (see Figure 3). The
DNA sequence of part of this fragment revealed two open
reading frames exceeding 50 codons (Figure 4). The first open
reading frame starts at position 130 and could encode a
polypeptide of 155 amino acids. The second reading frame
starts at position 784, ends at position 957 and could encode a
polypeptide of 57 amino acids.
To identify one of these open reading frames as the struc-

tural gene for cytochrome c oxidase subunit IV, the predicted
protein sequence was compared with that determined for the
mature subunit IV isolated from yeast cytochrome c oxidase.
Sequence analysis of the purified protein has not been com-
pletely finished, some ambiguities in the amino acid sequenc-
ing experiments were left uniesolved. Nevertheless, the posi-
tion of most of the amino acids, predicted from the DNA se-
quence could be unambiguously confirmed (Figure 5).
The directly determined amino acid sequence agrees well

with the nucleotide sequence of the 465-bp open reading
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Fig. 5. Partial amino acid sequence of mature subunit IV isolated from
yeast cytochrome c oxidase. Residues determined by amino acid sequencing
are given in lower case letters, residues deduced from the nucleotide
sequence in upper case letters. Amino acid residues which were not reliably
identified are indicated by 'x'; those that are in disagreement with the
nucleotide sequence of the gene are bracketed (see Results for further
explanation). The underlined residues 139 and 140 occur in the protein
sequence predicted from the DNA sequence in the opposite order. The Gln
placed at position 45-46 and the unidentified residue placed at position
116-117 lack codons in the corresponding nucleotide sequence and are
therefore placed above the amino acid sequence. The differences between
both protein sequences are most likely due to inaccuracies in the protein
sequencing, since this sequencing has not been fully completed. The
sequence presented here agrees with the partial amino acid sequence of the
yeast subunit IV presented by Power et al. (1984c), with the exception of
the amino acids 26 (Q versus E) and 73 (G versus C) in the precursor
protein (positions 1 and 48 of the mature protein sequence).
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Fig. 6. Cytochrome c oxidase subunits IV from yeast and Neurospora
crassa and VIa from beef are homologous. The sequence of the bovine
subunit VIa was determined by Biewald and Buse (1982), the amino-
terminal sequence of subunit IV of the N. crassa complex by Werner et al.
(1980). The dots above the protein sequence indicate changes in amino acid
sequence possibly due to a single base pair mutation. The amino acids of
the yeast subunit IV have been renumbered compared with Figure 5. 1 =
first residue of each mature protein.

frame. Six out of the 130 amino acids (indicated by brackets
or underlining) do not agree. Comparison of the nucleotide
with the amino acid sequence also shows that subunit IV is
synthesized as a precursor protein with a transient amino-
terminal extension of 25 amino acids. The mol. wts. of the
precursor and the mature subunit are predicted to be 17 563
and 14 570, respectively. These values are in good agreement
with those determined by SDS-polyacrylamide gel electro-
phoresis of the mature subunit IV (Poyton and Schatz, 1975)
and its precursor (Lewin et al., 1980).

Discussion
Cytochrome c oxidase subunits IV ofyeast and Neurospora
crassa and subunit VIa of beef are homologous
Cytochrome c oxidase from mammalian sources appears to
contain significantly more subunits than the yeast enzyme
(Kadenbach et al., 1983). So far, amino acid and DNA se-
quencing has revealed extensive homology between the mito-
chondrially made subunits I -III from mammals and yeast
(Tzagoloff, 1982), and between several of the nuclear-
encoded subunits in yeast and subunits in the beef complex
(Gregor and Tsugita, 1982; Power et al., 1984b, 1984c). The
amino acid sequence of yeast subunit IV reported here shows
a weak, but significant homology to that of the bovine
subunit VIa (Biewald and Buse, 1982) (see Figure 6). Power et
al. (1984c) also show homology between both proteins on the
basis of a partial amino acid sequence [the same bovine
subunit VIa is called Vb in their publication, according to
Kadenbach's nomenclature (Kadenbach et al., 1983)]. The
bovine subunit VIa has a length of only 98 amino acids, while
the mature subunit IV of yeast is 130 amino acids long (its
precursor has a length of 155 residues). An extra,
N-terminally located stretch of 25 amino acids in the yeast
subunit IV accounts for most of the difference in length bet-
ween both mature proteins. Subunit IV of the N. crassa com-
plex also shows sequence homology to the yeast subunit IV
(Figure 6). The Neurospora subunit, however, is two amino
acids longer at the amino terminus than the yeast subunit IV.
No homology was detected between the amino acid se-

quence of the yeast subunit IV and those of the other nuclear-
encoded bovine subunits sequenced so far (IV: Sacher et al.,
1979; V: Tanaka et al., 1979; VII: Steffens et al., 1979; Vllla:
Buse and Steffens, 1978; VIlIb: Meinecke et al., 1984).
The mature yeast subunit IV contains 19 acidic and 13

basic amino acid residues uniformly distributed throughout
the sequence. The overall polarity (Capaldi and Vanderkooi,
1972) is 477o and thus in the range of water-soluble proteins.
These facts agree with previous observations that the mature
subunit has an isoelectric point of 5.5 (Cabral and Schatz,
1978) and that it is one of the most hydrophilic subunits of
yeast cytochrome c oxidase (Poyton and Schatz, 1975).
The transient pre-sequence
Cytochrome c oxidase subunit IV from yeast is one of the few
imported mitochondrial proteins for which both the nucleo-
tide sequence of the gene and the amino acid sequence of the
mature protein are known (see Figure 5). It is thus possible to
identify the exact length of the transient pre-sequence of
subunit IV and the bond which is cleaved during the import
process. The transient pre-sequence consists of 25 amino
acids, five of them basic and none of them acidic. Most
amino-terminal regions of imported mitochondrial proteins
share this property (Reid, 1984).

During import into the mitochondria, the yeast subunit IV
precursor must be cleaved at the Leu25-Gln26 bond,
presumably by the chelator-sensitive matrix-localized pro-
tease (Bohni et al., 1980, 1983; McAda and Douglas, 1982).
Comparison of this cleavage site with those of three other
mitochondrial precursors indicates that the protease does not
recognize a specific peptide bond:, but rather cleaves after an
uncharged amino acid (Figure 7).
A similar cleavage pattern has been found for the

membrane-bound 'signal peptidases' of the bacterial plasma

N. crassa IV
Yeast IV
Beef Vla

N. crassa IV
Yeast IV
Beef Vla

Yeast IV
Beef Via

Yeast IV
Beef VIa

Yeast IV
Beef VIa

Yeast IV
Beef Vla

Yeast IV
Beef Vla

Yeast IV
Beef Vla

Yeast IV
Beef Vla

Yeast IV
Beef VIA
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Subunit IV of yeast cytochrome c oxidase

Mitochondrial Sequence surrounding cleavage site Reference(s)
precursor polypeptide

Yeast cytochrome c ...Arg-Tyr-Leu-Leu-l-Gln-Giln-Lys... This paper
oxidase subunit IV

Yeast cytochrome c ...Ser-Arg-Lys-Tyr---Ser-Asp-Ala... Wright et al., 1984
oxidase subunit VI Gregor and Tsugita,

1982

Yeast superoxide ...Ala-Arg-Arg-Thr---Lys-Val-Thr... Marres et al.,
dismutase in preparation

Harris and Steinman,
1977

Neurospora ATPase ...Gln-Lys-Arg-Ala---Tyr-Ser-Ser... Viebrock et al., 1982
subunit IX Sebald et al., 1980

Fig. 7. Peptide bonds cleaved by the mitochondrial processing protease. The cleavage site is indicated by the arrow.
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1427
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893
688
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616
524
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398
243
231

H III
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25

23
20
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27
15
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33
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Fig. 8. DNA sequence analysis of the gene encoding subunit IV. Sequenc-
ing strategy. The 1900-bp EcoRI-HindII (RI-HIII) fragment present in the
cloned insert of plasmid 19.4 (upper bar) was cloned into M13-mp8. A col-
lection of M13 phages containing inserts of decreasing lengths was con-
structed using the exonuclease Ba/31 as described in Materials and
methods. The numbers of the recombinant clones used for DNA sequence
analysis are indicated (e.g. M4-20). The arrow shows the direction of DNA
sequencing. The nucleotide at which DNA sequence obtained from each
clone starts is indicated on the left side (cf. Figure 4 for numbering). The
total area sequenced with each subclone is indicated by the open bars. The
position of the subunit IV gene on the 1900-bp fragment is deduced on the
basis of the DNA and protein sequence and is indicated by the filled bar
on top.

membrane and the endoplasmic reticulum (Kreil, 1981; Von
Heijne, 1983). However, the sequences upstream from the
cleavage sites suggest some differences between the mitochon-
drial protease and its counterparts in bacteria and endo-
plasmic reticulum. On analyzing 78 different signal sequences
of eukaryotic secretory proteins, Von Heijne (1983) noted
that none of them contained a charged or bulky amino acid at
position - 3 (i.e., the third position upstream from the
cleavage site) and that only a few of them contained a small,
uncharged amino acid at position - 2. A similar pattern was
found for bacterial secretory proteins. In contrast, three of
the four mitochondrial pre-sequences listed in Figure 7
feature a basic amino acid at position - 3 and one of them
contains a small, uncharged amino acid at position -2.
These differences are not unexpected since the signal pep-

tidases associated with the bacterial plasma membrane or the
endoplasmic reticulum are integral membrane proteins (Kreil,
1981) whereas the mitochondrial processing protease is a pro-
tein releasable with the matrix contents (Bohni et al., 1980).
Since the mitochondrial processsing protease does not cleave
denatured precursors (Bohni et al., 1983; Ohta and Schatz,
1984), it presumably recognizes a domain structure which is
shared by most (and perhaps all) larger precursor polypep-
tides which enter the matrix space during their import into the
mitochondria.
Possible function of subunit IV
Is the polypeptide studied here a bona fide subunit of
cytochrome c oxidase or merely a tightly and reproducibly
bound contaminant? This question is relevant since no func-
tion has yet been assigned to any of the imported cytochrome
c oxidase subunits. A yeast mutant containing an insertion in
the nuclear gene coding for subunit IV has been recently con-
structed. This mutant lacks cytochrome c oxidase activity as
well as the absorption band at 605 nm typical of cytochrome
aa3 (Dowhan et al., in preparation). Therefore, the subunit
IV gene product is required for oxidase activity.

Materials and methods
Recombinant DNA clone bank
The yeast clone bank contained partially Sau3A-digested genomic DNA from
the Saccharomyces cerevisiae strain FL 100 inserted in the single BamHI site
of the E. coli-yeast 'shuttle vector' pFL-l. The vector contains plasmid
pBR322, a 1.I-kb HindlII fragment carrying the yeast URA 3 gene and the
2.1-kb EcoRI fragment of the yeast 2 pm plasmid (Chevallier et al., 1980).
This bank was a generous gift from Professor F. Lacroute, Strasbourg.
Cloning in bacteriophage M13 mp8 and preparation of a Bal31-clone bank
Plasmid 19.4 (see Figure 3) was digested with HindIII and EcoRI. A 1900-bp
fragment (which electron microscopic heteroduplex analysis had suggested to
contain the gene for subunit IV) was purified by electrophoresis through a I %o
(w/v) low-melting agarose gel and ligated into the replicative form of phage
M13 mp8 cut with HindIII and EcoRI. About 20 pg DNA from the resulting
recombinant phage was digested with HindIII, diluted 5-fold and digested
with 5 units of nuclease Bal3l in the presence of 12 mM CaCl2, 12 mM
MgCl2, 200 mM NaCl, 20 mM Tris-Cl (pH 8.0) and I mM EDTA at 30°C in
a final volume of 250 p1. Samples of 10, 20, 40, 80 and 100 Al, were
withdrawn after 2, 4, 6, 10 and 15 min, respectively. Reactions were stopped
by addition of TNS [10 mM Tris-CI, pH 7.5, 500 mM NaCl, 0.I1% (w/v)
SDS] to a final volume of 200 Al. An equal volume of phenol, equilibrated
with TNS, was then added and the reactions were stored on ice.

After phenol extraction and ethanol precipitation, DNA samples were
digested with EcoRI and half of each was analyzed by electrophoresis through
a 1.7% (w/v) agarose gel. The remainder was re-extracted with phenol and
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ethanol precipitated. About 10% of this DNA was ligated into M13 mp8,
restricted with EcoRI and HindII. Plaque-lift and hybridization with DNA
from clone 19.4, labelled with 32P by nick-translation (Jeffreys and Flavell,
1977) was used to select transformants containing part of the 19.4 insert. In-
sert sizes were determined by restriction of double-stranded DNA followed by
gel electrophoresis.
DNA sequence analysis
DNA sequence analysis with chain elongation inhibitors was performed essen-
tially as described by Sanger et al. (1977, 1980). The sequencing strategy is
summarized in Figure 8.
Amino acid sequencing
The haploid S. cerevisiae strain D 273-lOB (ATCC 25657) was grown in 100
litre batches on 1070 yeast extract - 2% peptone-20o glucose (Gregor and
Tsugita, 1982). Mitochondria were isolated from the cells (yield: 6-11 g pro-
tein/kg cells wet weight; Deters et al., 1978), the mitochondria were converted
to submitochondrial particles (Deters et al., 1978) and cytochrome c oxidase
was prepared essentially as described by Birchmeier et al. (1976). The yield
was usually 4-5 mg cytochrome c oxidase ( -8-11 nmol heme a/mg pro-
tein) per g submitochondrial particle protein.

Subunit IV was isolated from cytochrome c oxidase as described by Poyton
and Schatz (1975). In the final step of this procedure, subunit IV was eluted at
a NaCl concentration of between 55 and 75 mM. The yield was -40-80 Ag
subunit IV/mg cytochrome c oxidase. An aliquot of the purified subunit was
always checked for homogeneity by SDS-polyacrylamide gel electrophoresis.
When contaminants were detected, the subunit was repurified by repeating the
DEAE-cellulose chromatography step. Amino acid sequencing of proteolytic
fragments by manual Edman degradation and identification of phenylthio-
hydantoin-derivatized amino acids by h.p.l.c. were done exactly as described
earlier (Gregor and Tsugita, 1982). Carboxy-terminal analysis was performed
by digestion with the carboxypeptidases A and B coupled with identification
of the released amino acids in a Durrum amino acid analyzer.

Immunochemical methods
Rabbit antisera against isolated yeast cytochrome c oxidase subunits IV and
VI (Poyton and Schatz, 1975; Gregor and Tsugita, 1982) were raised as
described (Daum et al., 1982) and tested by immune blotting (Towbin et al.,
1979) with SDS-dissociated yeast mitochondria as test antigen. Immuno-
precipitation of 35S-labeled polypeptides was performed according to Glasser
(1984).
Electron microscopic heteroduplex analysis
Plasmids 19 and 19.4 (see Figure 3) were cut with PvuII and Salt, respectively.
Heteroduplexes were formed by hybridization at 35°C in 7007o formamide,
10 mM Tris-HCI (pH 8.5), 0.3 M NaCI, 1 mM EDTA. Nucleic acids were
analyzed by electron microscopy according to Davis et al. (1968, 1971).
Miscellaneous methods
Published methods were employed for isolation of recombinant clones (Van
Loon et al., 1983a) hybrid-selected translation (De Haan et al., 1984) isolating
total yeast mRNA (Maccechini et al., 1979), preparing a nuclease-pretreated
reticulocyte lysate (Pelham and Jackson, 1976), SDS-polyacrylamide gel elec-
trophoresis (Laemmli, 1970), fluorography (Chamberlain, 1979), determining
protein (Lowry et al., 1951) measuring heme a (Rieske, 1967) isolating yeast
mitochondria (Daum et al., 1982), assaying import of in vitro synthesized
precursor polypeptides into isolated yeast mitochondria (Gasser, 1984),
transformation and growth of yeast strain SF 747-19D (Riezman et al., 1983a
and isolation of M13 double-stranded DNA and recombinant phages (Sanger
et al., 1980).
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