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To isolate nuclear genes specifying imported mitochondrial
proteins, a yeast genomic clone bank was screened by an
RNA hybridization-competition assay. This assay exploited
the fact that mRNAs for imported mitochondrial proteins are
enriched in polysomes which are bound to the mitochondrial
surface in cyclohexiinide-inhibited yeast ceils. Clones selec-
tively hybridizing to these enriched mRNAs were further
screened by hybrid-selected translation and immunoprecipita-
tion with monospecific antisera against individual mito-
chondrial proteins. Thirty-six clones were isolated which con-
tained complete or partial copies of 16 different genes for im-
ported mitochondrial proteins. Several of these clones caused
expression of the corresponding precursor polypeptide in
Escherichia coli or over-expression of the corresponding
mature protein in yeast. The gene for the matrix enzyme
citrate synthase was sequenced; the derived amino acid se-
quence of the precursor polypeptide revealed an amino-
terminal extension containing basic but no acidic residues.
Key words: citrate synthase/cloning/mitochondria

Introduction
Virtually all of the genetic information specifying a

mitochondrion resides in the cell's nucleus (Schatz and
Mason, 1974). To understand how this information is used
for mitochondrial biogenesis, it is necessary to study the
structure and the expression of the individual genes. A
general isolation procedure for yeast genes coding for mito-
chondrial proteins was recently described by Van Loon et al.
(1982). Their procedure exploits the fact that clones carrying
genes for mitochondrial proteins give a strong hybridization
signal if challenged with total mRNA from yeast cells in
which mitochondrial formation had been maximally induced
by growth in the absence of glucose. This procedure has prov-
ed very successful but it is, of course, limited to genes whose
transcription is strongly repressed by glucose.

This study describes a general screening procedure which is
based on a somewhat different principle: mitochondria
isolated from cycloheximide-poisoned yeast cells contain
surface-bound cytoplasmic polysomes that are enriched in
mRNAs for some, but not all, mitochondrial proteins
(Kellems and Butow, 1972; Ades and Butow, 1980; Suissa
and Schatz, 1982). Total mRNA isolated from these
polysomes should thus preferentially hybridize to DNA se-

quences coding for many imported mitochondrial proteins.
This hybridization should not be strongly competed against
by excess mRNA from 'free' cytoplasmic polysomes since, in
cycloheximide-poisoned yeast cells, those polysomes
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preferentially contain mRNA for non-mitochondrial pro-
teins.
By this procedure we have identified 36 clones carrying

complete or partial genes for 16 different mitochondrial pro-
teins. These proteins include components of the outer mem-
brane, the intermembrane space, the inner membrane and the
matrix. At least some of the cloned genes appear to be com-
plete since they cause synthesis of the appropriate polypeptide
product in yeast and in Escherichia coli. One of the complete
genes isolated in this screen codes for citrate synthase, an en-
zyme of the mitochondrial matrix space. The complete
nucleotide sequence of this gene shows that the citrate syn-
thase precursor polypeptide has a strongly basic amino-
terminal region. This amino-terminal region is removed dur-
ing import of the precursor into mitochondria (Bohni et al.,
1983) and may participate in targeting the precursor to the
mitochondria.

Results
Isolation ofyeast genesfor imported mitochondrial proteins
We started from a clone bank containing fragments of yeast
genomic DNA in the 'shuttle vector' pFL-l (Chevallier et al.,
1980). This vector can be grown in either E. coli or yeast. To
identify clones containing yeast DNA coding for imported
mitochondrial proteins, 3 x 105 clones were hybridized to 32P-
labeled mRNA which had been isolated from polysomes
bound to the mitochondrial surface. This mRNA preparation
is enriched in mRNAs for mitochondrial proteins. To in-
crease the specificity of the screen, hybridization was per-
formed in the presence of a 10- to 20-fold weight excess of
unlabeled mRNA from 'free' cytoplasmic polysome. This
competitor mRNA preferentially codes for non-mitochon-
drial proteins. About 1 O/o of the clones hybridized strongly to
the labeled mRNA even in the presence of cold competitor
mRNA. The strength of the hybridization signals and the
signal-to-noise ratios were comparable with those depicted in
Figure 3 of van Loon et al. (1982). After rescreening, 1200
clones were retained for further study. Of these 1200 clones,
300 were screened by 'hybrid-selected translation' as follows:
(i) the clones were allowed to select mRNA from a total yeast
mRNA preparation; (ii) the mRNA bound to each clone was
eluted and used to program a nuclease-treated reticulocyte
lysate; (iii) the 35S-labeled translation products were subjected
to immunoprecipitation with a mixture of monospecific anti-
sera against 30 different mitochondrial proteins or with anti-
sera against crude mitochondrial subfractions (matrix or
outer membrane); (iv) one fourth (75) of the clones gave
positive results and thus appeared to carry yeast nuclear genes
coding for mitochondrial proteins; (v) the 75 clones were
rescreened with individual monospecific antisera against
mitochondrial polypeptides. As a result of this final screen,
36 of the cloned DNA sequences could be assigned to 16 dif-
ferent mitochondrial polypeptides (Figure 1 and Table I).
Since only one fourth of the 1200 clones selected by competi-
tive hybridization were analyzed, the remaining 900 clones are
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Fig 1. Identification of cloned nuclear genes for mitochondrial proteins: hybrid-selected translation coupled with immunoprecipitation. Each clone selected by
the competitive RNA-hybridization assay was tested by hybrid-selected translation with a mixture of different antibodies (Materials and methods); clones
giving a positive signal were then retested with antisera against individual mitochondrial polypeptides or mitochondrial subfractions. The figure illustrates the
result of this second immunological screening. Two clones failing to respond to individual antisera are included (lanes 4 and 10) to illustrate the absence of
background. Antisera against the following mitochondrial proteins were used: (1) ATPase a-subunit; (2) ATPase subunit V; (3) 33-kd outer membrane
protein; (5) 29-kd outer membrane protein ('porin'); (6) 57-kd outer membrane protein; (7) cytochrome c peroxidase; (8) cytochrome c oxidase subunit VII;
(9) 25-kd matrix protein; (11) ATPase ,8-subunit; (12) cytochrome cl; (13) cytochrome bcl-complex subunit I ('core I' protein). The two sets of lanes (1-7
and 8-13) were derived from two separate slab gels. Each gel was separately calibrated with unlabeled mol. wt. markers (not shown).

a potential source of many additional genes for imported
mitochondrial proteins.

Many of the cloned yeast genes are expressed in E. coli and
yeast
Since the cloned DNA sequences were selected by their ability
to hybridize to mRNA, they could include partial genes or
genes rearranged by the cloning procedure (cf. e.g., Riezman
et al., 1983). To identify complete genes lacking major re-
arrangements, several of the 36 clones listed in Table I were
introduced into E. coli or yeast by transformation and the
transformants were screened by immune blotting, pulse-
labeling coupled with immune precipitation, or enzyme
measurements. Aberrant DNA sequences would not be ex-
pected to direct the synthesis of the corresponding authentic
protein product. Indeed, only some of the cloned genes caus-
ed expression of the corresponding mitochondrial protein in
vivo. For example, only one of the three 'cytochrome cl
clones' isolated (clone 113) caused expression of the cyto-
chrome cl precursor in E. coli (Figure 2A, C) and over-
expression of mature cytochrome c1 in yeast (Figure 2B).
Over-expression in yeast reflects the fact that the DNA se-
quences cloned into the vector pFL-1 exist in 10-50 copies in
transformed yeast cells (van Loon et al., 1983). As noted
previously with other cloned yeast genes (van Loon et al.,
1983; Riezman et al., 1983), the increase in steady-state level
of cytochrome c1 is less than the increase in gene copy
number. This could perhaps reflect increased turnover of the
excess cytochrome c1 molecules as they are probably not pre-
sent in an assembled cytochrome bc1 complex. Another
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Table I. Identity of cloned genes coding for mitochondrial proteins

Location of Polypeptide Number of
polypeptide in clones
mitochondria obtained

matrix citrate synthase 2
25-kd polypeptidea,d I
63-kd polypeptidea I
90-kd polypeptidea I

inner membrane ATPase complex subunit I (a) 7
subunit II (O) 5
subunit III (y) I
subunit Vd 3

cytochrome c oxidase subunit VIIb,d 4
cytochrome bc, complex subunit I I
cytochrome cld 3

intermembrane space cytochrome c peroxidase I
outer membrane 29-kd polypeptide ('porin )d I

57-kd polypeptidec d 3
33-kd polypeptidecd I
63-kd polypeptidec I

aFunction unknown; identified by using antiserum directed against total
matrix. The mol. wts. refer to the precursors synthesized in vitro.
b'Subunit VII' may consist of more than one polypeptide (G.Schatz,
unpublished).
cFunction unknown; identified by using antiserum directed against total
outer membrane. The mol. wts. refer to the polypeptides synthesized in
vitro. Since none of the outer membrane proteins studied so far is made as
a larger precursor, these mol. wts. should also be those of the
corresponding protein in vivo.
dShown in Figure 1.
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i;g. 2. The cloned yeast cytochrome cl gene: expression in E. coli and yeast. Three plasmids (113, 119 and 129) which selectively hybridize to yeast

cytochrome cl mRNA were tested as follows. (A) The three plasmids were introduced into E. coli; the transformed cells were grown, treated overnight with
chloramphenicol to amplify the plasmid, washed free of chloramphenicol, incubated for 0 Oane 1), 10 (lane 2), 45 (ane 3) and 90 min (ane 4) at 37°C and
analyzed by immune blotting with an antiserum against yeast cytochrome cl. V, E. coli transformed with the pFL-l vector only, M, yeast mitochondria (used
as a standard for mature cytochrome cl). The structure of pFL-l is given in Figure 5. (B) The three plasmids were introduced into yeast; the transformed
yeast cells were grown on SD medium and analyzed by immune blotting with antiserum against yeast cytochrome cl. V, yeast cells transformed with the
pFL-l vector only. P, I and M: precursor-, intermediate- and mature form of cytochrome cl (Ohashi et al., 1982). These forms were identified by their
immunological reactivity and their electrophoretic mobility relative to mol. wt. markers in neighboring gel lanes (not shown). (C) Same as A except that the
E. coli cells transformed with plasmid 113 were labeled with [35S]methionine for 2 and 7 min at 37°C and then subjected to immunoprecipitation with
antiserum against yeast cytochrome c1. L, pre-cytochrome c1 immunoprecipitated from a reticulocyte lysate labeled with [35S]methionine in the presence of
yeast mRNA; V, E. coli transformed with the pFL-l vector only and labeled for 21 min. Labeling of cells transformed with pFL-l was longer to emphasize
the absence of any labeled cytochrome c1-crossreacting polypeptide. The faster migrating bands in the 7 min lane probably are proteolytic breakdown
products of apocytochrome cl or reflect incorrect initiation or termination of transcription/translation in the heterologous E. coli system.

'cytochrome c1 clone' (clone 129) caused expression in E. coli
but no over-expression in yeast, perhaps because some
upstream activating sequences necessary for expression in
yeast are missing or altered (cf. Guarente and Mason, 1983).
The clone carrying DNA sequences coding for the outer
membrane 'porin' appears to carry the full gene since it caus-
ed over-expression of 'porin' in yeast (Figure 3A) and expres-
sion of 'porin' in E. coli (Figure 3B). Mitochondrial 'porin' is
not made as a larger precursor (Schatz and Butow, 1983).
The two clones carrying sequences specifying mitochon-

drial citrate synthase were characterized in greater detail.
When introduced into E. coli, both clones caused synthesis of
a polypeptide of mol. wt. 52 000 that was recognized by anti-
serum against yeast citrate synthase and that co-electro-
phoresed with the citrate synthase precursor (Bohni et al.,
1983) made in a reticulocyte lysate (Figure 4A). A cross-
reacting polypeptide of much smaller size was also made. The
identity of this smaller product is unknown; it could be a

specific proteolytic breakdown product of the citrate synthase
precursor. When introduced into yeast, both clones caused
2-fold over-expression of mature citrate synthase antigen,
most of which was found in mitochondria (Figure 4B and
Table II). As shown in Figure 4B, other mitochondrial poly-

peptide antigens were not overproduced in the transformants.
Both clones also caused a significant increase of citrate syn-

thase enzymic activity in the transformed yeast cells (Table
III). The increase ( 3.5-fold in the homogenate) was greater
than the 2-fold increase determined by immune blotting
(Figure 4B); in view of the many pitfalls of quantitative im-
mune blotting (Haid and Suissa, 1983), this discrepancy was
not explored further. Again, the bulk of the over-expressed
citrate synthase activity was found in the mitochondrial frac-
tion. Taken together, these results argue strongly that these
two clones carry complete and authentic copies of the yeast
nuclear gene for mitochondrial citrate synthase.

Nucleotide sequence of the yeast citrate synthase gene

Figure 5 shows the restriction map of citrate synthase clone 1.
It carries a 4.5-kb piece of yeast DNA inserted into the single
BamHI site of the cloning vector pFL-1 (the BamHI site is
lost during cloning). The second citrate synthase clone (not
shown) contains a 5.5-kb insert which is identical to the insert
of clone 1 with two exceptions: (i) it contains a 1-kb extension
at the end marked by the ClaI and PstI sites in clone 1; (ii) it is
present in the opposite orientation.
The nucleotide sequence of the cloned yeast citrate syn-
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Fig. 3. The cloned outer membrane 'porin' gene: expression in yeast and
E. coi. The plasmid which selectively hybridizes to mRNA for yeast outer
membrane 'porin' was tested as follows. (A) Yeast cells transformed with
the 'porin'-plasmid or with the control vector pFL-1 (V) were grown on
SEG medium, labeled for 2 min with [3-5S]methionine, extracted with SDS
and subjected to immunoprecipitation with antiserum against yeast outer
membrane 'porin'. The immunoprecipitate was analyzed on a 12%7 SDS-
polyacrylamide gel and the gel was fluorographed. (B) E. coli cells
transformed with the 'porin' plasmid were grown, treated with
chloramphenicol and washed as in Figure 2. The washed cells were
incubated at 370C for the indicated times and then tested by
immunoblotting with antiserum against yeast niltochondrial outer
membrane 'porin'. Cells transformed with the control vector pFL-1 (V)
were incubated for 145 min and then treated as above. st, yeast
mitochondrial outer membrane. The arrow denotes the position of the
29-kd 'porin' subunit. Even though the antiserum reacts with several
endogenous E. coi proteins, time-dependent expression of yeast 'porin' is
clearly evident.

thase gene was determined by subcloning fragments into
phage M13 derivatives mp8 and mp9 and sequencing the
subcloned fragments by the dideoxy method (Figure 6).
The complete nucleotide sequence together with the derived

protein sequence is shown in Figure 7. The mol. wt.
calculated for the citrate synthase precursor protein is 53 419.

Discussion
The cloning procedure
The procedure used in this study has led to the isolation of
1200 yeast genomic DNA clones enriched in genes for im-
ported mitochondrial proteins. The method does not require
appropriate yeast mutants deficient in individual mitochon-
drial functions and is limited mainly by the availability of
antibodies against defined mitochondrial polypeptides. With
the relatively small number of antibodies used here, 36 out of
300 clones tested (12%) proved to contain genes for imported
mitochondrial proteins. The actual percentage is probably
several-fold higher since mitochondria contain hundreds of
1776

different imported polypeptides.
The screening principle used here, while successful, is not

completely understood since it is unclear how cytoplasmic
polysomes are bound to the mitochondrial surface. Most like-
ly, binding is mediated by the nascent chains (Kellems and
Butow, 1972) of those mitochondrial protein precursors
whose 'addressing sequences' are formed by the amino-
terminal part of the polypeptide chain. As pointed out earlier,
not all mRNAs for imported mitochondrial proteins are
enriched in this subclass of mitochondrial polysomes (Suissa
and Schatz, 1982). For example, mRNA for the 29-kd pore-
forming protein of the yeast mitochondrial outer membrane
is almost completely recovered with 'free' cytoplasmic poly-
somes. The isolation of the corresponding gene by our pro-
cedure was, thus, unexpected. Since the two mRNA prepara-
tions used for screening are undoubtedly cross-contaminated,
the isolation of the 'porin' clone could be accidental. Alter-
nately, mitochondria-bound polysomes might contain 'porin'
mRNA which is preferentially damaged during isolation so as
to be undetectable by our previous in vitro translation assay.
Expression in E. coli
At least three of the yeast genes isolated here (those for citrate
synthase, cytochrome c1 and outer membrane 'porin') can be
expressed in E. coli. Expression is not only seen by pulse-
labeling and immunoprecipitation, but even by immuno-
blotting of unlabeled cell extracts. Expression of cloned yeast
genes in E. coli has been described before (Ratzkin and Car-
bon, 1977). The products of the genes for citrate synthase and
cytochrome c1 accumulate as the uncleaved precursors;
E. coli is thus unable to process these precursors. The yeast
citrate synthase precursor which accumulates in pulse-labeled
transformed E. coli cells can be imported into isolated yeast
mitochondria (R.Hay and M.Suissa, unpublished); it is thus
closely similar to, and probably identical with, the precursor
made in yeast cells. Expression of cloned yeast genes in
E. coli may be a promising approach for isolating chemically
or radiochemically pure mitochondrial precursor proteins and
for testing the catalytic activity of mitochondrial enzyme
precursors.
Structure ofyeast citrate synthase
The amino acid sequence of yeast citrate synthase is highly
homologous to that of pig heart citrate synthase (Bloxham et
al., 1981); homology to the E. coli enzyme (Ner et al., 1983) is
less marked, but still highly significant (Figure 8).

All the earlier-noted regions of homology between the por-
cine and the E. coli enzyme (Ner et al., 1983) are also found
with the enzyme from yeast; these regions include residues
His 235, His 238, His 274, His 320, Arg 329 and Asp 375
which are essential for catalysis in the pig-heart enzyme (Bell
et al., 1983). The most striking region of homology is a
perfectly conserved stretch of 20 amino acids (312-331);
X-ray analysis of the crystalline pig heart enzyme indicates
that this region binds the adenine ring of CoA by several
hydrogen bonds from the peptidyl backbone of the polypep-
tide chain (Remington et al., 1982).
The exact size of the transient 'presequence' remains uncer-

tain. The strong amino-terminal homology between the
mature enzymes from pig (Bloxham et al., 1981) and chicken
(Beckmans and Kanarek, 1983) and a corresponding region
of the yeast enzyme (Figure 7) suggests that the presequence
of the yeast precursor polypeptide terminates with the serine-
alanine bond preceding the above-mentioned region of
homology. However, this is unlikely for two reasons. First,
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Fig. 4. The cloned yeast citrate synthase gene: expression in E. coli and yeast. Two plasmids (1 and 2) which selectively hybridize to yeast citrate synthase
mRNA were tested as follows. (A) Plasmid I was introduced into E. coli and the transformed cells were grown, treated with chloramphenicol and washed as
in Figure 2. They were then labeled with [35S]methionine for 20 min. The labeled cells were subjected to immunoprecipitation with antiserum against yeast
citrate synthase. V, cells transformed with the control vector pFL-l and labeled for 20 min; L, pre-citrate synthase (CS) synthesized in a reticulocyte lysate
programmed with yeast mRNA. The polypeptide (X) migrating slightly faster than pre-citrate synthase reflects the presence of a contaminating antibody in
our citrate synthase antiserum. I, cells transformed with citrate synthase plasmid I; (the result obtained with the second citrate synthase plasmid was identical).
The asterisk identifies a cross-reacting polypeptide made in E. coli carrying the yeast citrate synthase gene (see text). (B) Plasmids 1 and 2 as well as the
control vector pFL-l (V) were introduced into yeast, the cells were grown on SD medium, converted to spheroplasts, and fractionated into homogenate
(Hom), mitochondria (Mit) and post-mitochondrial supernatant (PMS). Aliquots of the three fractions (derived from the same amount of yeast cells as
determined by turbidity measurements at 600 nm) were tested by immunoblotting with antisera against the yeast polypeptides indicated on the right-hand
margin.

Table I. Overproduction of citrate synthase in yeast cells transformed with
plasmid-borne citrate synthase gene: immunoblotting

Yeast cells Signal (c.p.m.) elicited by Ratio of Over-
transformed with citrate F1-ATPase te synthaw prod)

synthase ai-subunita to Fl-ATPase (fold)
a-subunit

citrate synthase
clone 1 616 899 0.685 1.9

citrate synthase
clone 2 495 665 0.744 2.0

pFL-I (vector only) 270 744 0.363 (1.0)

aThis polypeptide was used as a reference for quantifying overproduction
of citrate synthase. Control experiments showed that transformation of the
strains with either of the-two citrate synthase clones did not affect the
intracellular levels of Fl-ATPase a-subunit (not shown). The immunoblot
was quantified by excising the radiolabeled bands from the nitrocellulose
replica and counting them in a gamma counter.

this assignment predicts that the mol. wt. difference between
precursor and mature form of the yeast enzyme is >4 kd
whereas the experimentally determined difference appears to

be only - 2 kd (Figure 5A; see also Alam et al., 1982; B6hni
et al., 1983). Second, a comparison by SDS-polyacrylamide
gel electrophoresis indicates that the mature yeast enzyme is
-2 kd larger than the mature porcine enzyme (Alam et al.,
1982). Thus, we favor the view that the mature yeast enzyme
differs from its mammalian counterparts by an amino-
terminal stretch of 10-20 amino acids. (A similar situation
also exists with yeast-iso-1-cytochrome c, see Dickerson and
Timkovich, 1976.) The transient presequence would then be
only about half as long as suggested by the homology shown
in Figure 8. However, this uncertainty does not affect the
conclusion that the presequence is strongly basic: the se-
quence upstream from the amino-terminal homology shown
in Figure 8 contains only basic, but no acidic amino acids.
Two reports had claimed that yeast citrate synthase lacks

sulfur-containing amino acids (Greenblatt and Sarkissian,
1974; Alam et al., 1982), but our data do not support the
claim. The sequence (starting with the amino-terminal region
of homology shown in Figure 8) contains three methionine
residues, two of which (Met 139 and Met 228) are invariant
among the three enzymes. The mature yeast enzyme lacks
cysteine, however; Cys at position - 19 is most likely localiz-
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Table m. Overproduction of citrate synthase in yeast cells transformed with
plasmid-bome citrate synthase gene: activity measurements on subcellular
fractions

Enzyme Subcellular Specific activity in cells Over-
activity fraction transformed with production

pFL-1 clone clone (fold)
(vector only) 1 2

citrate synthase homogenate 0.44 1.57 1.51 3.4-3.6
mitochondria 2.67 6.8 10.6 2.5-4.0
post-mitochondrial

supernatant 0.23 0.65 0.54 2.3-2.8

fumarasea homogenate 0.14 0.11 0.09 < I
mitochondria 0.24 0.22 0.19 < I
post-mnitochondrial

supernatant 0.13 0.09 0.08 <

aUsed as a control; since eukaryotic cells generally contain a mitochondrial
as well as a cytosolic fumarase (Nakashima et al., 1976), the enzymic
activity is only moderately enriched in the mitochondrial fraction.
The yeast strain SF 747 was transformed with the plasmids listed in the
Table, grown on SD, converted to spheroplast and fractionated into
homogenate, mitochondria and post-mitochondrial supernatant. Citrate
synthase and fumarase were assayed according to published procedures in
the presence of 0.1% cholate to unmask latent mitochondrial activity.

Hind 3 Eco. R1

Pvu 2
Hind

ed in the transient presequence.
Potential applications of the clone collection
Since import of proteins into mitochondria is a post-transla-
tional process, the 'addressing sequences' guiding the precur-
sor into the mitochondria could be located in the prese-
quence, the mature sequence, or in both. This is in marked
contrast to the co-translational segregation of proteins across
the endoplasmic reticulum in which transmembrane move-
ment of the protein starts before the protein has been syn-
thesized to completion (Kreil, 1981). To locate the 'addressing
sequences' in mitochondrial precursor proteins, the pre-
sequences and mature sequences of several precursors will
have to be deleted, modified and interchanged. The large
number of genes isolated in this study should help in such ef-
forts.

Materials and methods
Yeast cells and vectors
Mitochondria-bound cytoplasmic polysomes were isolated from the Sac-
charomyces cerevisiae wild-type strain D 273-lOB (a; ATCC 25657). Trans-
formation experiments were performed with the S. cerevisiae strain SF
747-19D (a gal 2, his 4, leu 2, ura 3; kindly provided by Charles Field and
Randy Schekman, Berkeley, USA) or with the E. coli strain HB 101 (Kedes et
al., 1975). SF 747-19D transformed with pFL-1 or plasmids derived from it
was grown on 0.67% yeast nitrogen base (Difco)-20 itg/mn L-histidine-
20 zg/ml L-leucine containing either 2% glucose (SD medium) or 3%
glycerol-2% ethanol (SEG medium) as major carbon and energy sources. The
yeast genomic clone bank in the yeast/E. coli 'shuttle vector' pFL-1
(Chevallier et al., 1980) was generously given to us by Francois Lacroute
(Strasbourg, France). Details and original references for growth and trans-
formation of yeast and E. coli are summarized in the paper by Riezman et al.
(1983). Amplification of the plasmids in transformed E. coli cells was as
described by Hershfeld et al. (1974).

Biochemical preparation and techniques
Published procedures were used for isolating RNA from mitochondria-bound
and 'free' cytoplasmic polysomes (Suissa and Schatz, 1982), for extracting
proteins from yeast cells (Riezman et al., 1983), for immune blotting (Haid
and Suissa, 1983), for pulse-labeling and fractionating yeast spheroplasts
(Reid and Schatz, 1982), for preparing nuclease-treated reticulocyte lysate
(Pelham and Jackson, 1976), for immunoprecipitation and analysis of the
immunoprecipitates by SDS-polyacrylamide gel electrophoresis and fluoro-
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Fig. 5. Restriction map of the cloning vector pFL-1 and of citrate synthase
plasmid I (pFCS 1). The yeast genomic DNA fragment inserted into the
BamHI-site of the cloning vector is indicated by the thick black bar. The
thin lines identify sequences derived from the yeast 2 pm plasmid, pBR322
and the yeast URA 3 gene (Chevallier et al., 1980). The BamHI site of the
cloning vector is lost by the cloning procedure.
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- Fragment obtained with
restriction enzyme

-----> Fragment obtained
by sonication

@Z)01
Hind III

Bgl II
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(i) Pst I

(E) Alu I

0 Sou 3A

Fig. 6. Strategy for sequencing the yeast citrate synthase gene by the
dideoxy-method. The coding region is indicated by the top line. Fragments
of the gene were generated either by cleavage with restriction enzymes
(solid arrows) or by sonication (broken arrows). The directions of the
arrows specify the direction of sequencing. See Materials and methods for
further details.
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15 30 45 80 75 go
AAA AGG CGT CAC GTT TTT TTC CGC CGC AGC CCC CCG GAA ATG MA AGT ATG ACC CCC GCT AGA CCA AAA AAT ACT TTT GTC TTA TTG GAG

105 I20 135 1SO 165 1is
GAT CGC AAT CCC mTT GGA GCT TTT CCG ATA CTA CTC GAC TTA TCC CAC CTC TTG TtG TT CM MAT GTC AMT TGA TAT CCA TCC CAT TAT

195 210 225 240 255 270
AM TGC TCA AAA CT CAGCCCA ACT ATT CT! TAC CCT TCC CCT CGT ATC GAT TGC TAG TCT TM OCG GCA MT TTG CTC TT! ACT AM ATA

285 300 315 330 345 360
CM ACC AGG T!T GTt TTG CCT TTT AT! TOC AT! TM CTA AT! ACA AT! ACA ACC ATT AM MG MA ATA AGG CM MC ATA TAC CM TAT

375 390 40S 420 435 450
AAT ACT ATT TCG AAG ATG TCA GCG ATA TTA TCA ACA ACT AGC AAA AGT TTC T!A TCA AGC GGC TCC ACA AGA CM TGT CM MT ATG CAA

IT SIR ALA ILL LtU SIR THR THR SIR LYS SIR PHI LIU StR ARC CLY StR THR ARG GLN CYS CGL ASH MIT GLH

465 460 495 510 525 540
MC CC CTT TT! GCA CTA TtG MT GCT CCC CAC TAT ACT AGC CCC TCC GC CM ACC T!G MC GAG AGA TTT GCT CM ATT ATC CCA GCA
LYS ALA LIU P94 ALA LIU LIU ASH ALA ARG HIS TYR SIR SIR ALA SIR GLU CLN THR LEU LYS GLU ARG PHI ALA CLU ILl ILE PRO ALA

555 570 5S5 00 615 630
MCG GCA CM CM ATT AM AM TTC MC AM CM CAC CCST A ACC CT! AT CCTG CM CT CTT TTG GAG GAG CAA CCT TAT CCGT GGT ATC
LYS ALA CLN GLU ILE LYS LYS PHI LYS LYS CLU HIS GLY LYS THR VAL ILE GLY CLU VAL LEU LIU GLU GLU GLH ALA TYR CLY GLY MET

645 660 675 690 705 720
AGA GGT ATT MA GGC CTT GCT TGG GM GCT TCC GTG TTA GAC CCC GM GM GGT ATT AGA T!T AGG GGT CGT ACT AT! CCA GC AT! CAA
ARG GLY ILE LYS GLY LEU VAL TRP GLU GLY SER VAL LEU ASP PRO GLU GLU GLY ILE ARG PHE ARG GLY ARG THR ILE PRO CLU ILE GLN

735 750 765 780 795 810
AGG GC CTA CCA AAG GCT GAG GGT AGT ACA GAA CCT TTG CCA GAA GCT TTA TTT TGG TTG CTT TTG ACT GGT GAA ATA CCT ACT GAC GCT
ARG GLU LIU PRO LYS ALA GLU GLY SER THR GLU PRO LEU PRO GLU ALA LEU PHE TRP LEU LEU LEU THR GLY GLU ILE PRO THR ASP ALA

825 840 855 870 885 900
CAA CT! AAA GCC CT! TCT GCT GAT T!A GCT CCC AGA TCA GAA AT! CCA GAG CAC GTt ATC CAA CT! TTA GAT AGC CTC CCA MA GAT CTA
GLN VAL LYS ALA LEU SER ALA ASP LEU ALA ALA ARG SER GLU ILE PRO GLU HIS VAL ILE GLH LEU LEU ASP SER LEU PRO LYS ASP LEU

915 930 945 960 975 990
CAT CCA ATG CCG CAA TTT TCT AT! GCC GTG ACT GCT TTA GM AGC GAG TCT AAC TT! GCC MA GCA TAT GCT CAA GGT GTA TCC AAG AAA
HIS PRO MET ALA GLN PHE SER ILE ALA VAL THR ALA LEU GLU SER CLU SER LYS PHI ALA LYS ALA TYR ALA GLN GLY VAL SER LYS LYS

1005 1020 1035 1050 1065 1080
GC TAT TCG AGC TAT ACA TT! GAA GAT TCG TTA GAT CTG CTG GGT AAA T!A CCT GTT ATT GCT TCC AAA AT! TAT CGT AAT GTG TTC AAG
GLU TYR TRP SER TYR THR PHE GLU ASP SER LEU ASP LEU LEU GLY LYS LEU PRO VAL ILE ALA SER LYS ILE TYR ARG ASN VAL PHE LYS

1095 1110 1125 1140 1155 1170
GAT GGT AAA AT! ACT TCA ACC GAT CCT AAT GCT GAC TAT GGCT MA AAT TTG GCC CAA CTt T!G GGC TAC GC AAC AAG GAT mTT ATT GAC
ASP GLY LYS ILE THR SER THR ASP PRO ASH ALA ASP TYR GLY LYS ASN LEU ALA GLN LEU LIU GLY TYR GLU ASH LYS ASP PHI ILE ASP

1185 1200 1215 1230 1245 1260
TTA ATG AGA CTA TAT TTA ACT ATT CAT TCT GAT CAT GAA GGT GGT AAC GTT TCT GCC CAT ACT ACA CAT TTA GTG GGT TCT GCC TTA TCT
LEU MET ARG LEU TYR LEU THR ILE HIS SER ASP HIS GLU GLY GLY ASN VAL SER ALA HIS THR THR HIS LEU VAL GLY SER ALA LEU SER

1275 1290 1305 1320 1335 1350
TCG CCA TAC tTA TCT TTG GCC GCT GGT TTG AMT GGT T!A GCT GGC CCA tTA CAT GGT CGT GCC AAT CAA GAA GTT TTA GAA TGG CTA TTT
SER PRO TYR LEU SER LEU ALA ALA GLY LIU ASH GLY LEU ALA GLY PRO LEU HIS GLY ARG ALA ASN GLN GLU VAL LEU GLU TRP LEU PHE

1365 1380 1395 1410 1425 1440
AAA TTG AGA GAA GAA GTG AAA GGT GAC TAT TCA AAA GAA ACA ATT GAA AAG TAC TTG TGG GAT ACT TTG AAC GCA GGG AGA GCT GCT CCT
LYS LEU ARG GLU GLU VAL LYS GLY ASP TYR SER LYS GLU THR ILLE GLU LYS TYR LEU TRP ASP THR LEU ASN ALA GLY ARG VAL VAL PRO

1455 1470 1485 1500 1515 1530
GGT TAT GGC CAT GCG GTT TTG AGA AAA ACT GAT CCT CGT TAT ACG GCT CAA CGT GAA TTC GCA TTG AAA CAT TTC CCA GAT TAC GAG TTA
GLY TYR GLY HIS ALA VAL LEU ARG LYS THR ASP PRO ARG TYR THR ALA GLN ARG GLU PHE ALA LEU LYS HIS PHE PRO ASP TYR GLU LEU

1545 1560 1575 1590 1605 1620
TTT AAG TTG GTC TCC ACC ATT TAT GAC GT! GCC CCA GGG GT! T!A ACT AAG CAT GGT MA ACT AAG AAC CCA TGG CCA AAT GTT GAT TCA
PHE LYS LEU VAL SIR THR ILE TYR GLU VAL ALA PRO GLY VAL LEU THR LYS HIS GLY LYS THR LYS ASN PRO TRP PRO ASH VAL ASP SER

1635 1650 166S 1680 1695 1710
CAT TCC GCT GCT T!A T!G CM TAC TAT GGT CTA ACT GAG GCT TCC T!C TAC ACT GTA TTG TT GGT GT! GCC AGA GCT ATT GGT GTG TTA
HIS SER GLY VAL LIU LEU GLN TYR TYR CLY L£U THR GLU ALA SER PHI TYR THR VAL LEU PHE GLY VAL ALA ARG ALA ILE CLY VAL LEU

1725 1740 1755 1770 1785 1800
CCC CM TTA ATC ATC CAT AGG GCT GCT GGT GCT CCA ATC CM AGC CCA AAA TCA TTC TCC ACC GAA AAA TAC AAG GAG T!G GTA AAG MA
PRO GLN LIEU ILE ILE ASP ARG ALA VAL GLY ALA PRO ILE GLU ARG PRO LYS SER PHE SER THR GLU LYS TYR LYS CLU LEU VAL LYS LYS

1815 1830 1845 1860 1875 1890
ATC CM AGT AAG AAC TM GCA MA TTT GAT T!T TGA T!C AGG GTA TCC GGC TAT TCA MC ACG TAT TmT CAT ATA CGA ATC AGT ACT TTA
ILZ CW SIR LYS ASH xxx

1905 1920 1935 1950 1965 1960
TA TTT ATA TM ATA TAT AT! ACA TA GGA AMT GCC TAT CAC TTC ATC AT! T!T ACc CTT TGA GTC CCC TAT CCC TAC CCC T!C TGT TAT

1995 2010 2025 2040 2055 2070
ATA CT! GCC AM TCA TAT CM TGA ATA CM MC AM TCC TCT TM ATT CCT GCA AAG CGC T!T CAA ATC GC TC TC TCGC CGC CGCCCGC

208S 2100 2115 2130 214S 2160
TGA mTT AGC AGT AM ATC TAG CCT GTA CTC GAT ATC TAC GTC MCG GC TAA CTA ACC TTT ATA TGT ATA TGA ACC TGC AGA ACA AGC AM

2175 2190 2205 2220 2235 2250
ATC ACA AOC T!A ATC CAT CT! TAT CTG TCC TAG AGT ACA ACA TAC ACT AA MC TTC ATA MG CGA ATA TAA TAT CCT CAT GTC MA MA

2265 2260 2295 2310 2325 2340
CCA ATC TCA TM MT T!T CTC TT! T!C CTT TT! T!C T!C TCT TCT TAC CTC MG ATA AAT GTC ACT TT! ATA CTA ATT AM ACC AGT GT!

2355 2370 2385 2400 241S
TTA TAT TtC TAC CAG CAA CCT T!T GAG TT! MT CAC ATA AM ACT AGG AGC AGG GTA GCA TAA ACC TGC TGT CTA ATC CGT AT! CAT

Fig. 7. Nucleotide sequence of the yeast citrate synthase gene and derived amino acid sequence of the corresponding protein.
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-39 -30 -20 -10
YCS MSAILSTTSKSFLSRGSTRQCQNMQKALFALLNARH
BCS - -- -- -- -- -- -- -- --

-- -- -- -- -- -

PCS - -- -- -- -- -- -- -- --
-- -- -- -- -- -- -- -- -- -

1 10 20 30
YSS[STE T ER FA EIIjA K AQ ElKKKKKG KIIE V L
_ _ALDIIK LJTILNGDT AVX LDV,JK GTLG[DVVIDIRTLGS
__ _LvJSTNLKDILDLKE QARR KT(ERQL2GN nVFQIT

40 50 60 70
LEEQAYGGMRG I KKGLVDW-GIS V E IRFRGRRTIP E i[KGVFTFDPGFTSTASCESKITFIID DE GI - ---- LLLHR
V D - M M[YG G M R G M K G L VJY[E]- TISV L D PD EGIRFRY I P EC

80 90 100 110
RE|L P K A]E]S T[EPLPEA(LFWLLLTGEIPTD AQ K ALADL
G F P I D L T SN YL- C NG EQP TQ EQ DEFKTTVT

KM|LPKEWK[G EEPLPEG TGOIPEQJE SW LKEWJW
120 130 140 150

AEJS Ei PETHVI Q|L L[DSK LK P M [IFIVrALEtVE[SJSIKF
R H T jMI7ElO I T RL F1H A RF1RR DSHPMAVMCG I TGALAAFYHDS
KfAALESUVTM, LN LUT NLSLL2ACEI A L N SESN A

160 170 180 190
KAQV S K K EJS Y T F S LTLL1G K L P V I K Y V F K
LDVNNPRH EI-----AAFJL-IJSKAPTMASALCIYIA Y SIG
R Y A EfI H RlT KJE LI Y2I IC MDA K L PC VA A K I YR NlL YR

200 210 220 230
- - -- DF3K -UTfT[OP NA[EY G K(EL A Q L LY E-K DEI DLM
QPFVYPRNDLSYAGNEJFLNMMFSTPCIPC E PIJVLP IL ERJMD R
- - -- EK]jS SUG A IMS K LEW S H[JFT N M YjT D - A Q[JT EL M R Ll

240 250 260 _ _ 270
[YLLT I H S D H E GG N V S A H SP L SL A A G LG LA

L HWDHEO-N[E]S TV GSIS A NPIFACIIAAGIJI~ L
LT I H SDH EGG NV SAH T S SALSIDPYL F M L

280 290 300 310
GLHRA NQ E V L E[ F K[DR EV K GfYmKE[T I E KXEY L N

GP[HGIG AN AAL KMIL- E EISJV K HI PEFF RRR[ApK
P L L N Q E V L VIW LIT Q]Q KLIG KEJVaJDQK L R DWI JI L NI
320 330 340 350

AG RVVPGYGHAVLRKTDPRYTIA E-FALK HF[DYEL L
-jSjFRjLjJj G[G HVjY KNYlDPR TMVRE|TC[IE V L K EL GTK DD|L|

SG R V VPGYGHAVLRKTDPR C R EY TIC> A LKH D P M L

360 370 380 390
S T I V A0GEiT- T K H TK N PWPNVDS VLLQYYGiL[jLEVAMIELENIAL|NDPYFIEK LYPNVDJFYSGILKAMGII P

E1A Q LWK I Vff]NL LL - E Q1 KAK N P W P N V D A H S G V L L O Y Y GMIDE
400 410 420 430
gARFTV LFGA IG V LIrRNIEI D VZAI IER PK S|F[T|E
- SLJM !JT A V G A H W S E MH S D G|MK I AIR PGLT G
[j]14 N YS T V L F G VlR AILLG V L A RA L G F RL PK SM TID

440 450
KYJiEIKK I NK YiqE K I!EWKI RYGERDFIKI-s KR
G L I K| V- - -DS Kl

Fig. 8. Comparison between the amino acid sequences of citrate synthase from yeast (YCS), E. coli (ECS) and pig heart (PCS). The sequences were aligned
to maximize homologies. Regions of homology are boxed.

graphy (Gasser et al., 1982), for isolating yeast subcellular fractions (Daum et
al., 1982), for quantifying fluorograms (Suissa, 1983), for assaying citrate syn-
thase (Srere, 1969) and fumarase (Racker, 1950) and for measuring protein
(Lowry et al., 1951). Most of the rabbit antisera used in this study were raised
against individual polypeptide bands excised from SDS-polyacrylamide gels
(Daum et al., 1982). Monospecificity was checked by immunoblotting, using
either whole mitochondria or yeast spheroplasts as antigens. Antisera against
total outer membrane or matrix fraction were raised by injecting the
undenatured fractions into rabbits.

Recombinant DNA techniques
Mitochondria-associated cytoplasmic polysomes were isolated from galactose-
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grown S. cerevisiae strain D 273-lOB (Suissa and Schatz, 1982). Total
polysomal RNA was prepared; polyadenylated RNA was isolated from it
(Holland et al., 1977), labeled with 32p in vitro (Goldbach et al., 1978) and us-
ed to screen a yeast genomic DNA bank in the 'shuttle' vector pFL-1 by a
hybridization-competition assay (van Loon et al., 1982). A 10- to 20-fold ex-
cess (by weight) of total RNA from 'free' yeast cytoplasmic polysomes of
galactose-grown D 273-lOB served as competitor RNA. Of the -3 x 105
clones screened, - 3000 (107) hybridized strongly to the labeled RNA even in
the presence of competitor RNA; these clones were screened further as
described under Results. All other recombinant DNA manipulations involved
standard procedures; details and original references are described in the
papers by Riezman et al. (1983) and Hase et al. (1983).



Screening method for mitochondnal protein genes

DNA sequencing
Sequencing was done by the dideoxy method (Sanger et al., 1977). Single-

strand templates were prepared from either of the two citrate synthase clones
as follows. (i) The smaller of the two Sall/Xhol fragments derived from clone
I was circularized with DNA ligase and sonicated; random fragments (average
size 200- 500 bp) were isolated by electrophoresis in agarose gels and end-
repaired with T4 polymerase. Alternatively, the SalI/XhoI fragment was fur-
ther digested with either AluI or Sau3A. (ii) Specific fragments were isolated
from clone I by digestion with SaIl/PstI, PstI/ClaI, ClaI/EcoRI and
EcoRI/BgIII. (iii) The smaller of the two SalI/BglII fragments derived from
clone 2 was further cut with HindIII or HindIII/SmaI. The resulting
fragments were inserted into the appropriate cloning sites of the phage M 13
derivatives mp8 and mp9 (Sanger et al., 1980; Messing et al., 1981; Messing
and Vieira, 1982).
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