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The gene CYC2 from the yeast Saccharomyces cerevisiae was previously shown to affect levels of
mitochondrial cytochrome c by acting at a posttranslational step in cytochrome c biosynthesis. We report here
the cloning and identification of the CYC2 gene product as a protein involved in import of cytochrome c into
mitochondria. CYC2 encodes a 168-amino-acid open reading frame with at least two potential transmembrane
segments. Antibodies against a synthetic peptide corresponding to the carboxyl terminus of the predicted
sequence were raised. These antibodies recognize multiple bands on immunoblots of mitochondrial extracts.
The intensities of these bands vary according to the gene dosage of CYC2 in various isogenic strains.
Immunoblotting of subcellular fractions suggests that the CYC2 gene product is a mitochondrial protein.
Deletion of CYC2 leads to accumulation of apocytochrome c in the cytoplasm. However, strains with deletions
of this gene still import low levels of cytochrome c into mitochondria. The effects of cyc2 mutations are more
pronounced in rho- strains than in rho' strains, even though rho- strains that are CYC2+ contain normal
levels of holocytochrome c. cyc2 mutations affect levels of iso-l-cytochrome c more than they do levels of
iso-2-cytochrome c, apparently because of the greater susceptibility of apo-iso-1-cytochrome c to degradation
in the cytoplasm. We propose that CYC2 encodes a factor that increases the efficiency of cytochrome c import
into mitochondria.

The yeast Saccharomyces cerevisiae contains two forms
of cytochrome c, iso-1-cytochrome c and iso-2-cytochrome c
(44). These two isozymes are encoded by the CYCl and
CYC7 genes and constitute, respectively, 95 and 5% of the
total complement of cytochrome c in aerobically grown
cells. Numerous mutants specifically deficient in one or both
isocytochromes c, but maintaining normal levels of other
mitochondrial cytochromes, have been isolated by the fol-
lowing three methods: the spectroscopic scanning proce-
dure, based on the diminished Ca absorption band in intact
cells (36); the benzidine staining procedure, based on the
diminished peroxidative activity of cytochrome c (5, 42); and
the chlorolactate procedure, based on resistance to chloro-
lactate and diminished growth on lactate medium (41).
Genetic analyses revealed that mutations of only three genes
resulted in greater than 50% deficiencies of cytochrome c
without affecting other mitochondrial cytochromes: (i) cer-
tain mutations of CYCl resulted in complete deficiency of
iso-1-cytochrome c without affecting the normal 5% level of
iso-2-cytochrome c; (ii) certain mutations of CYC3, which
encodes cytochrome c heme lyase (also called holocy-
tochrome c synthase, EC 4.4.1.17), the enzyme catalyzing
covalent attachment of heme to apocytochrome c (8, 9),
resulted in complete deficiency of both iso-i- and iso-2-
cytochrome c; and (iii) mutations of CYC2, which are the
subject of this paper, resulted in substantial reductions in
levels of total cytochrome c. However, no cyc2 mutations,
of the large number that have been isolated, reduce cellular
levels of cytochrome c to less than 10% of normal. Previous
genetic analyses revealed CYC2 to be a relatively small gene
(29) on the left arm of chromosome XV (31).
Cytochrome c is synthesized in the cytoplasm, from
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nuclear-encoded message, and then transported across the
outer mitochondrial membrane by a mechanism that appears
to be distinct from that used by at least some other imported
mitochondrial proteins (7, 12, 15). This paper describes the
molecular cloning and DNA sequencing of CYC2 and pre-
sents evidence that the CYC2 gene product is a mitochon-
drial protein involved in import of cytochrome c into mito-
chondria.

MATERIALS AND METHODS

Genetic nomenclature. The gene symbol CYC denotes loci
that significantly affect cytochrome c. CYCl, CYC7, and
CYC3 encode, respectively, iso-1-cytochrome c, iso-2-cyto-
chrome c, and cytochrome c heme lyase. Mutant alleles are
presented in lowercase followed by the allele number, e.g.,
cyc7-67. CYC7-H3 denotes a mutant that produces high
levels of normal iso-2-cytochrome c because of a deletion in
the promoter region of CYC7 (24).

Cloning and genetic analyses. Standard techniques were
employed for culturing and genetic manipulation of Esche-
richia coli (33) and S. cerevisiae (38). The procedures used
for analysis of mutations involving cytochrome c have also
been described previously (39, 41).

Strain B-7553 was constructed by transforming (25) strain
B-6748 (A4Ta cycl-738::1acZ cyc7-A::CYH2 ura3-52
his3-A1 leu2-3 leu2-112 trpl-289 cyh2) (17) with plasmid
pAB293 containing the CYC1+ gene and a URA3+ marker.
Strains lacking the plasmid sequences and the original cycl
deletion were selected with 5-fluoroorotic acid, leaving just
the CYCI+ sequences, as confirmed by Southern blot anal-
ysis. B-7908 was constructed by transforming B-6748 with
plasmid pAB595 containing the CYC7-H3 gene as described
previously (7). B-8132 and B-8133 were constructed by
transforming B-7553 and B-7908, respectively, with plasmid
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pJS3 containing a cyc2::LEU2+ disrupter (see Fig. 1C and
Results). The presence of LEU2+ at the CYC2 locus was
confirmed by polymerase chain reaction.

Strains B-7553, B-7908, B-8132, and B-8133 were con-
verted to rho-, creating strains B-8139, B-8140, B-8141, and
B-8142, respectively, by being cultured on a YPD plate
containing a gradient of ethidium bromide (100 ,ul of a
10-mg/ml ethidium bromide solution applied to an 11.5-mm-
diameter filter disk in the center of the plate). Colonies were
picked from the edge of the region of growth inhibition.
Conversion to rho- was confirmed by low-temperature
spectroscopic examination of whole cells and by crossing to
tester strain B-1999 (rho- AMTa CYC1+ hisl-l lys2-1 trp2-
1).

Strain B-8033 was constructed by transforming strain
B-7503 (AL4Ta CYC1+ CYC7+ hisS-2 leu2-3 leu2-112 ura3-
52) with the multicopy plasmid pBC58 containing CYC2 (see
below).

Subcellular fractionation and immunoblotting. Cytoplas-
mic and mitochondrial fractions were isolated as described
previously (7), except that mitochondria were isolated in a
solution containing 0.5 M mannitol, 50 mM KCl, 20 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-
KOH, and 1 mM EDTA (pH 7.4) and the rho- mitochondria
were pelleted at 27,000 x g for 15 min. A combination of
minimal treatment with zymolyase, gentle homogenization
during cell lysis, and avoidance of repeated freeze-thaw
cycles of samples frozen in sodium dodecyl sulfate (SDS)
loading buffer appeared to be important for preventing
degradation of apocytochrome c and heme lyase. Where
indicated, samples were treated with 0.35 mg of proteinase K
per ml in the presence or absence of 0.5% Triton X-100 and
then inhibited with phenylmethylsulfonyl fluoride as previ-
ously described (7). Immunoblotting with anti-cytochrome c
antibodies was also carried out as previously described (7),
except that the antibodies were affinity purified with com-
mercially available cytochrome c-agarose (Sigma Chemical
Co.) and the blots were visualized with horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibodies and
tetramethylbenzidine (Kierkegaard and Perry Laboratories)
as a substrate (see Fig. 6 and 7).
Anti-CYC2 antibodies were produced in rabbits by using a

synthetic peptide (CKEGWNSDNVYKLS) corresponding
to the predicted COOH-terminal of the CYC2 protein plus an
extra cysteine residue at the amino terminus for use in
coupling to carrier. Conjugation to keyhole limpet hemocy-
anin via the reagent m-maleimidobenzoyl-N-hydroxysuccin-
imide ester (13) and immunization were performed by the
Berkeley Antibody Company with an initial immunization
with 500 ,ug of conjugate followed by booster immunizations
of 250 ,ug. Rabbit sera were affinity purified with synthetic
peptide coupled to a Sulfo-link column (Pierce Chemical
Co.) as instructed in the manufacturer's instructions. Immu-
noblots with the anti-CYC2 antibodies were stained with
either biotinylated goat anti-rabbit secondary antibody and
the ABC biotin-avidin reagent (Vector Laboratories) with
4-chloronaphthol as a substrate (see Fig. 4) or a horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
with methylbenzidine as a substrate (see Fig. 5).
The following were used to monitor the distribution of

marker enzymes in subcellular fractionations. Anti-glucose-
6-phosphate dehydrogenase antibodies were obtained from
Sigma. Anti-cytochrome b2 antibodies were a generous gift
of Richard Hallberg of Syracuse University. Antibodies
recognizing cytochrome c heme lyase have been described
previously (7). Relative levels of marker proteins in different

fractions were determined by parallel immunoblotting of
dilutions of each fraction. Enzyme activity of cytochrome b2
was measured as previously described (7).

Determination of cytochrome c contents. Cytochrome c
levels in intact cells were estimated by using a Hartree
low-dispersion spectroscope at -196°C (40). More-accurate
determinations were performed by low-temperature
(- 196°C) spectrophotometric recording with a modified
Aviv model 14DS spectrophotometer as described by
Hickey et al. (16).

RESULTS

Molecular cloning and DNA sequencing of CYC2. The
wild-type CYC2 gene was cloned by complementation of the
recessive marker cyc2-3 in the strain JB26-1D (AM Ta cyc2-3
cycl-345-F ura3-52 leu2-3 leu2-112 trpl-289 arg4-17). The
cycl-345-F allele diminishes iso-1-cytochrome c to approxi-
mately 30% of the normal level because of the introduction
of an internal initiator codon (43). Use of this allele facili-
tated identification of CYC2+ and cyc2- strains by growth on
lactate medium, since cycl-345-F CYC2+ strains grow dis-
tinctly better than cycl-345-F cyc2- strains, whereas the
difference is less marked in comparing CYC1+ CYC2+ with
CYC1+ cyc2- strains. Strain JB26-1D was transformed with
the two yeast genomic banks described, respectively, by
Nasmyth and Reed (27) and Carlson and Botstein (1).
Transformants, selected as either Trp+ or Ura+, respec-
tively, were suspended in sterile water and plated on lactate
medium, which selects for strains containing CYC2+ and
CYCI+ plasmids. The CYC1I and CYC2+ transformants
were distinguished by crossing them to strains JB10-17D
(A4Tot cyc2-3 his3-Al trpl-289) and KZ177-4D (MAToa
cycl-1 ural-1) and examining the cytochrome c content of
the resulting diploids. A total of nine potential CYC2 trans-
formants were recovered by these procedures. Restriction
mapping of four of these plasmids with HindIlI revealed
common restriction fragments, thus indicating that they all
contained a common segment of chromosomal DNA. One of
these plasmids, pBC58, was chosen for further study.
The insert in pBC58 was shown by genetic analysis to

contain a segment of DNA corresponding to the CYC2
chromosomal locus. The HindlIl fragment from pBC58 was
transferred to the URA3 integrating plasmid YIp5. Following
cleavage of this plasmid at a KIpnl site within the HindIII
fragment, it was used to transform the ura3-52 CYC2+ strain
B-7034. A Ura+ transformant was crossed to a ura3- cyc2-
strain. Because no complete tetrads were obtained from this
cross, one of the Ura+ progeny was recrossed to the ura3-
cyc2- strain. In this second cross, the PD/NPD/T ratio of
11:0:0 for Ura+/Ura- and Cyc+/Cyc- established that the
plasmid integrated at the CYC2 locus and, thus, that the
plasmid contained DNA from this locus.
The portions of the insert in pBC58 corresponding to

CYC2 were identified both by deleting HindIII fragments
from pBC58 and by transferring segnents to plasmid YEp24
(28). Strain JB26-1D (AL4Ta cyc2-3 cycl-345-F ura3-52 trpl-
289 arg4-17 leu2-3 leu2-112) was transformed with the
pBC58 or YEp24 derivatives; the transformants were
crossed to JB16-19C (ATxTa cyc2-3 ura3-52 leu2 lys2), and
the cytochrome c contents of the resultant diploids were
determined by low-temperature (-196°C) spectroscopic ex-
amination of intact cells. Lack of complementation of the
cyc2- mutant indicated that the plasmid lacked at least part
of CYC2. The results, summarized in Fig. 1A, indicated that

VOL. 13, 1993



6444 DUMONT ET AL. MOL. CELL. BIOL.

(A) H10b
H E P H HH E H K HK K P H KH

pBC58 I' ' ' ',~~~~~~~~~~~~~
(B)
(C) pJS3 < E

(D) >

D ~* *-> K

ACG CTC ACG CTA TAA CCC AGC TTC AAA AGA GAT TGA AAT CT? AAA AGA TGG TGA CAA TGC AGT GGA AMA TTA TCT -151
TTC TAT ATT MAG MAG TAT GAG MAT GGA GMA GTT GCA AGA TGG TTA CAC CAT CTT CCC MAG GGA CAT ATA ATT GMA -76
ATA AGA GGC CCG TTT ATC GAT TAT GAG TTT CCT CAT TTG CCT MAT GAG CTA AMA AGA TCT CGC GAT TGT TTA TAC -1

1~1 0

ATG GAT MAT CGC MAT GMA AGG GGC MAT MAC GTT AGA GMA MT TCC CAA TTT ATT TAC CAG CCT TAT GAC ATA ATG 75

ATG TTC ACC GCT GGT ACC GGA ATA GTT ACT GCG TMG CAA CTA CT? ?TG ACT GM TCA CCA TTT AGA GGT ACT ATA 150
51 Lys-Leu-Phe-His-Thr-Asp-Lys-Asn-Ie-yGn-LeuCysG ro-LeuGTyr-ProuTIleo.Ieu-Lu-Aq-u.Gln.Ala.Ser-.

MAG TTA TTT CAT ACG GAT MAG MAC AT? AMA CMA CTG GGA CCC TTG TAT CCT ATC CTT TTA AGA CTT CMA GCT TCA 225

MAC AGG GTC CAG TTA AMA ATT TTT GMA ACA GAC CGA CMA ACT AMA CMA GAC GTA TTG AMA AGT ATC CAG AMA TCA 300

ATC ACG MAG CCC TAC CCA TAC AMA GGT CTG CTC CCC TTT TCC MAC GTT MAC MAC MAG MAT AT? ATG CCT GTG TTG 375

GCA TTG GTA TGC GGC CCC GMA AGT TAT ATT AGT AGC ATA TCT GGA AGA AMA TAC GAT CTT MAT CAG GGA CCA GTA 450
151 Gly-Gly-Leu-Leu-Ser-Ly3-Glu-Gly-Trp-Asn-Ser-Asp-Asn-Val-Tyr-Lys-Leu-Ser End 4,

GGA GGG TTA CT? TCC AMA GMA GGC TGG MAC TCC GA? MAT GTG TAT AMA CT? TCA TMA TTT M&C GTT CGA GA? TMA 525
GMA GGC MAT TAC MAT MAT AT? ACA TAC TGT AGA TMA TGA ATA TMA TGA AMA ATA TMA GAG TTT AMA CTA TAC AT? 600
GTT AMA GCC AMA CTA TTC CT? GGC ATA MAG TGT AG? MAC ACT TTG MAC CTG TCT GA? ATC ACC GCA TGG MAT TAG 675
AGA TAT TAT AT? CAT TTT CT? TTT TAG G

FIG. 1. (A) Region of the yeast genome containing CYC2. The pBC58 insert is shown in the top line, with restriction sites for HindIII (H),
EcoRI (E), Kpnl (K), PstI (P), and BamHI (B). The next four lines depict pBC58 derivatives with deleted HindIII fragments. The sixth
through eighth lines depict segments transferred from pBC58 to YEp24. Strain J26-1D (cyc2- cyci -345-F) was transformed with the eight
plasmids, the transformants were crossed to JB16-19C (cyc2- CYCI'), and the cytochrome c contents of the diploids were estimated. The
plasmids complementing cyc2- and therefore containing CYC2 are denoted with filled-in bars, whereas the noncomplementing plasmids are
devoted by open bars. (B) Cross-hatched bar denotes the EcoRI-Pstl segment used for sequencing. (C) Insert in plasmid pJS3 used for gene
replacement of CYC2 with LEU2 (see text). (D) CYC2 sequencing strategy. Preliminary sequence information was obtained with short
HindIII-Kpnl and HindIII-HindIII fragmnents. Overlapping sequences of both strands (arrows) were obtained with custom-made oligonucle-
otides (open triangles). (E) DNA sequence of the CYC2 gene and the deduced amino acid sequence. The numbers at the right refer to
nucleotide positions, with the A of the ATG initiator codon assigned as number 1. The numbers to the left refer to amino acid positions. A
possible TATA sequence can be found around position -83, and a possible TATATA transcriptional termination signal (32) can be found
around position 683. The Met-Asp termninus is predicted to be acetylated (26). Two BamHI sites (GGATCC) were inserted by site-directed
mutagenesis between nucleotide -200 and -199 and between 517 and 518, as indicated by arrows. Plasmid pJS3 was constructed by replacing
CYC2 encompassed by these BamHl sites with LEU2 (C).

all or part of CYC2 was in the EcoRI-PstI segment, which M13mpl9. The final sequences of both strands were
was subsequently sequenced. achieved by sequencing of double-stranded plasmid DNA
The CYC2 sequence. Preliminary sequence information with Sequenase (United States Biochemical), with thermal

was obtained from the short Kpnl-HindIlI segments (Fig. denaturation, according to the manufacturer's directions, by
1A) which were inserted into bacteriophages Ml3mpl8 and priming with the oligonucleotides shown in Fig. 1D. Only
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FIG. 2. Hydrophobicity profile for the predicted sequence of the
CYC2 gene product. The hydropathicity index was calculated by
using the algorithm of Kyte and Doolittle (19) and the University of
Wisconsin GCG program (4) with a window of 19 amino acid
residues. Positive numbers correspond to hydrophobic segmnents.

one significant open reading frame, shown in Fig. 1E, was

present in the deduced DNA sequence. This 168-amino-acid
sequence showed no homology or similarity to any sequence
in the GenBank or to the data base of Mark Goebl (12a). The
hydrophobicity profile of the predicted amino acid sequence
presented in Fig. 2 suggests that the CYC2 protein contains
one or two transmembrane segments. The amino terminus of
the predicted sequence is not typical of mitochondrial tar-
geting signals, as it is hydrophilic and contains multiple
acidic amino acid residues. In view of the apparent mito-
chondrial localization of the protein (see below), it should be
noted that neither cytochrome c itself nor the CYC3 gene
product, encoding cytochrome c heme lyase, contains typi-
cal mitochondrial targeting signals and that at least one other
imported mitochondrial protein with an acidic amino termi-
nus is known (46).
For preliminary analysis of the CYC2 transcription unit, a

nitrocellulose filter containing RNA prepared from the nor-
mal CYC2+ strain D311-3A and the cyc2- mutant strain
B-4754 (MATa cyc2-28 (UAG) cycl-1 CYC7-HI trpl-1) was
probed with a nick-translated EcoRV-ClaI segment, which
encompassed a portion of the CYC2 gene. The single CYC2
transcript was slightly longer than the transcript from the
CYC7 gene (probed in adjacent lanes on the same blot),
which encodes a 112-amino-acid protein. The level of the
CYC2 mRNA was diminished in the cyc2-28 strain, confirm-
ing the correspondence between the EcoRV-ClaI probe and
the CYC2 mRNA (data not presented).

Phenotype of the deleted CYC2 strain. Strains with com-
plete CYC2 deletions were constructed by first performing
site-directed mutagenesis (18) on the EcoRI-PstI fragment
encompassing the CYC2 locus to introduce two BamHI sites
flanking the CYC2 gene. These two sites allowed the conve-
nient replacement of the LEU2 gene, also flanked byBamHI
sites, for the coding region of CYC2 to create plasmid pJS3
(Fig. 1C). Chromosomal deletions could be generated by
transforming leu2- strains with a HindIII-PstI fragment
containing the cyc2::LEU2 replacement flanked by homolo-
gous segments and selecting for Leu+ transformants. Exam-
ination of cytochrome c content revealed that the cyc2-A
strains were phenotypically similar to numerous previously
isolated cyc2 point mutants that retained approximately 20%
of the normal level of total cytochrome c.

Iso-l- and iso-2-cytochrome c deficiencies in rho' and rho-
strains. Although normal CYC2+ strains contain approxi-
mately 95 and 5%, respectively, of iso-l- and iso-2-cyto-

TABLE 1. Amounts of holo-iso-l- or holo-iso-2-cytochrome c in
cyc2-A rho' and rho- strains

Designation ~~~~Approx %Straina Designation Pertinent genotype holocytochrome c(Fig.3) ~~~~~~~~leveib
B-7553 A rho' CYC1I cyc7-A CYC2+ 100
B-8132 B rho+ CYCI+ cyc7-A cyc2-A 20
B-8139 E rho- CYC1+ cyc7-A CYC2+ 100
B-8141 F rho- CYC1+ cyc7-A& cyc2-A 10

B-7908 C rho+ cycl-A CYC7-H3 CYC2+ 100
B-8133 D rho+ cycl-A CYC7-H3 cyc2-A& 50
B-8140 G rho- cycl-A CYC7-H3 CYC2+ 130
B-8142 H rho- cycl-A CYC7-H3 cyc2-A 20

a A series of isogenic strains was produced from strain B-6748 (riw* CYC2+
cycl-A cyc7-A) as described in Materials and Methods.

b Holo-iso-l-cytochrome c was measured for the top four strains, while
holo-iso-2-cytochrome c was measured for the bottom four strains.

chrome c, most of the residual amount of holocytochrome c
in cyc2- strains was composed of iso-2-cytochrome c (23).
Furthermore, the total holocytochrome c content was fur-
ther diminished in rho- cyc2- strains compared to rho'
cyc2- strains (36). These relationships were systematically
investigated with the series of isogenic strains (Table 1; Fig.
3). The results clearly show that the cyc2-A defect dimin-
ishes iso-1-cytochrome c more strongly than iso-2-cyto-
chrome c and that this diminution is more pronounced in
rho- strains.
The CYC2 gene product is a mitochondrial protein. A

synthetic peptide corresponding to the carboxyl terminus of
the predicted CYC2 gene product was used to immunize
rabbits. Serum from these rabbits was affinity purified with
this same peptide. The resulting antibodies recognize a
series of bands on immunoblots of mitochondrial fractions
from various yeast strains (Fig. 4). These bands were stron-
gest in mitochondria from strain B-8033, containing the
CYC2 gene on a multicopy plasmid. They were weaker in
mitochondria of strain B-7503, containing only the normal
chromosomal copy of CYC2, and they were absent in strain
B-7916, containing a cyc2 deletion. The major immunologi-
cally reactive species ran as a doublet at about 45 kDa.
Other, weaker bands that varied with the gene dosage of
CYC2 were visible at 37, 27, and 21 kDa. The reason for
discrepancy between the predicted molecular weight of the
CYC2 gene product and the mobilities of the predominant
immunologically reactive species on SDS-polyacrylamide
gels is not known. It is possible that the protein exists as a
covalent multimer, that it contains extensive covalent mod-
ifications, or that its intrinsic physical and chemical proper-
ties cause anomalous migration during electrophoresis.
Immunoblots of various subcellular fractions from strains

B-8033, containing CYC2 on a multicopy plasmid, and
B-7503, containing a single chromosomal copy of CYC2, are
shown in Fig. 5. When probed with affinity-purified anti-
CYC2 antibodies, nonmitochondrial fractions exhibited a
number of bands that appeared to be the result of antibody
cross-reactivity, since they were not influenced by CYC2
gene dosage. In strain B-8033, the major immunologically
reactive 45-kDa band can be seen in whole-cell lysate (lane
6) but is present at greatly reduced levels, if at all, in the
cytoplasmic fraction (lane 7). This band is also barely
detectable in whole-cell extracts (lane 1) from strain B-7503
containing only a single copy of CYC2. The CYC2 gene
product is concentrated in mitochondrial fractions from both

VOL. 13, 1993



6446 DUMONT ET AL.

0

w -

540
I

560 580 600 620 540 560 580 600 620
Wavelength (nm)

FIG. 3. Low-temperature spectrophotometric recordings of in-
tact cells of the strains listed in Table 1. The a-peaks of cytochromes
aa3, b, cl, and c are located, respectively, at 602.7, 558.5, 558.3, and
547.3 nm. The rho- strains lack cytochromes aa3 and b and also
contain diminished levels of cytochrome cl. They also contain some
zinc protoporphyrin absorbing at 575 nm. Because of an abnormal
promoter, CYC7-H3 encodes high levels of normal iso-2-cyto-
chrome c. Comparison of the different scans demonstrate that cyc2-
mutations diminish iso-1-cytochrome c (CYC1+) more than iso-2-
cytochrome c (CYC7-H3) and that the effects of cyc2 mutations are
enhanced in rho- strains.

strains (lanes 3 and 8) and is resistant to proteinase K added
externally to mitochondria (lanes 4 and 9), unless detergent
is added to disrupt the membranes (lane 5). The overex-
pressed CYC2 gene product, however, cannot be completely
digested by proteinase K in the presence of detergent (lane
10). This could reflect aggregation of the protein when it is
present at higher-than-normal concentrations.
On the basis of results of immunoblotting studies with

antibodies recognizing glucose-6-phosphate dehydrogenase,
contaminating cytoplasmic proteins represent about 10% of
total protein in the mitochondrial fractions presented in Fig.
5. Since the CYC2 gene product is not a major component of
the cytoplasmic fraction and since the amount of total
protein in the mitochondrial fractions in Fig. 5 is only 1/10 of
the amount of total protein in the cytoplasmic fraction, the
band corresponding to CYC2 protein in the mitochondrial
fractions cannot represent cytoplasmic contamination.
When assayed by immunoblotting of these same mitochon-
drial fractions, the marker proteins cytochrome c heme
lyase, an inner membrane-associated protein exposed to the
intermembrane space (7), and cytochrome b2, a soluble
marker of the intermembrane space (3), exhibited subcellular
distributions and extents of protease resistance that were
similar to those seen for CYC2 (Fig. 5, lower panels). In
addition, we have found enrichment of immunologically
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FIG. 4. Antipeptide antibodies recognize the CYC2 gene product

on immunoblots. A total of 30 ,ug of mitochondrial protein was
loaded on each lane of an SDS-12% polyacrylamide gel (20). The gel
was transferred to nitrocellulose and probed with antibodies as
described in Materials and Methods. Mitochondria were isolated
from the following strains: lane 1, B-7916 (cyc2-A::LEU2+); lane 2,
B-7503 (CYC2+); lane 3, B-8033 (CYC2+ [pBC58]). Numbers to the
right of the panels indicate the mobilities of molecular mass stan-
dards in kilodaltons.

detectable CYC2 protein in a mitochondrial membrane frac-
tion purified by equilibrium density gradient ultracentrifuga-
tion (results not shown). Thus, it is unlikely that the CYC2
gene product is actually a cytoplasmic protein that artifac-
tually cofractionates with mitochondria because it forms
protease-resistant aggregates that pellet with mitochondria
during subcellular fractionation.
The CYC2 gene product is involved in mitochondrial import

of cytochrome c. The subcellular distribution of cytochrome
c was compared in pairs of rho' and rho- strains that are
isogenic except for the replacement of the CYC2 gene by
LEU2. All these strains contain deletions of the CYCl gene,
encoding iso-1-cytochrome c; however, they produce high
levels of iso-2-cytochrome c expressed from the CYC7-H3
allele. It was necessary to perform the subcellular fraction-
ation in this background, because iso-1-cytochrome c, nor-
mally the predominant isozyme of cytochrome c in S.
cerevisiae, is unstable in its apo-form and thus cannot be
detected in strains with defects in mitochondrial import.
Iso-2-cytochrome c, on the other hand, is relatively stable as
the apo-protein (10).

In the rho- CYC2+ strain B-8140, almost all the immuno-
logically detectable cytochrome c is contained in the mito-
chondria in a protease-resistant compartment (Table 2; Fig.
6A [note that 10 times as much protein was loaded on lanes
1, 2, 6, and 7 as on lanes 3 to 5 and 8 to 10]). Thus,
cytochrome c appears to be imported with the normal high
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TABLE 2. Relative amounts of immunologically detected
cytochrome c in subcellular fractions of cyc2-

and CYC2+ yeast strains

Concn ratioa

Strain Crude % Cytochrome c in
Mitochondnia/ extract/ the cytoplasmecytoplasm cytoplasm

B-8140 (rho- CYC2+) 300 10 10
B-8142 (rho& cyc2-) 5 1 80

B-7908 (rho' CYC2+) 300 10 10
B-8133 (rho' cyc2-J 10 1.5 70

a Concentration ratios refer to the ratios of the concentrations of immuno-
reactive cytochrome c per milligram of total protein in the indicated subcel-
lular fractions. The indicated values were measured by comparison of band
intensities on immunoblots of dilutions of subcellular fractions containing
known amounts of total protein, as described in Materials and Methods.

b Cytochrome c contents of mitochondria, expressed (to the nearest 10%)
as percentages of the total amounts of cellular cytochrome c, were calculated
from the mitochondria/cytoplasm concentration ratios by assuming that
mitochondria constitute 5% of total cellular protein.

CCHL -

CYT.b2-
FIG. 5. The CYC2 gene product is associated with mitochondria.

Subcellular fractions were subjected to immunoblotting as described
in Materials and Methods. Lanes 1 to 5, subcellular fractions from
strain B-7503, containing a normal CYC2 locus; lanes 6 to 10,
Subcellular fractions from strain B-8033, containing the CYC2 gene
on the multicopy plasmid pBC58. Upper panels, the blot was
developed with affinity-purified anti-CYC2 antibody; lower panels,
immunoblots of the same subcellular fractions of strain B-7503 as
used for lanes 1 to 5 of the upper panel, but developed with
anti-cytochrome c heme lyase antibodies (middle panel), or anti-
cytochrome b2 antibodies (lower panel). Pro K, samples were
treated with proteinase K; TX-100, protease treatment was carried
out in the presence of Triton X-100. Numbers to the left of the
panels indicate the mobilities of molecular mass standards in kilodal-
tons. CYC2 denotes the mobility of the predominant band corre-
sponding to the CYC2 gene product. CCHL denotes the mobility of
cytochrome c heme lyase. CYT. b2 denotes the mobility of cyto-
chrome b2. For the top two panels, a total of 23 ,ug of protein (each)
was loaded on lanes 1, 2, 6, and 7. A total of 2.3 ,ug (each) was
loaded on lanes 3 to 5 and 8 to 10. The gels shown in these panels
contained 12% acrylamide (20). For the bottom panel, 12 ,ug of
protein (each) was loaded on lanes 1 and 2, and 1.2 p.g (each) was
loaded on lanes 3 to 5. The gel for the bottom panel contained 10%
acrylamide (20). The affinity-purified antibody used to detect the
CYC2 protein on this blot was from a different rabbit than that used
for Fig. 4. The antibodies from this second animal showed lower
overall reactivity than those from the first but recognized fewer
background bands in the cytoplasm-containing fractions.

efficiency into rho- CYC2+ mitochondria, consistent with
previous demonstrations that there are normal levels of
holo-iso-2-cytochrome c in rho- CYC2+ strains (23). Despite
repeated attempts with high concentrations of proteinase K,
we have been unable to digest all of the mitochondrial
holocytochrome c with proteinase K in the presence of
Triton X-100, as seen in lanes 5 of Fig. 6A and 7A. The high
level of holocytochrome c in the CYC2+ strains, measured
by low-temperature spectroscopic examination of whole
cells, when considered with the fact that cytochrome c heme
lyase is located inside mitochondria (7), provides indepen-
dent evidence that the cytochrome c in this CYC2+ strain is
in fact mitochondrial.

Most of the immunologically detectable cytochrome c in
the rho- cyc2- strain B-8142 is retained in the cytoplasm
(Table 2 and Fig. 6A, lane 7), resulting in a concentration of
cytoplasmic cytochrome c that is approximately 10 times
that in B-8140, the isogenic rho- CYC2+ strain (compare
lanes 2 and 7 of Fig. 6A). The concentration of cytochrome
c in the mitochondria of the cyc2- strain is approximately
five times higher than in the cytoplasm of the same strain
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FIG. 6. Apocytochrome c accumulates in the cytoplasm of rho-

cyc2- cells. Subcellular fractionation and immunoblotting with
anti-cytochrome c, anti-heme lyase, and anti-cytochrome b2 anti-
bodies were performed as described in Materials and Methods.
Lanes 1 to 5, subcellular fractions of strain B-8140 (rho- CYC2+);
lanes 6 to 10, subcellular fractions of strain B-8142 (rhoc
qyc2-A::LEU2+). A total of 20 p,g of protein (each) was loaded on
lanes 1, 2, 6, and 7, and 2 ,ug (each) was loaded on lanes 3 to 5 and
8 to 10. (B and C) A total of 40 p,g of protein (each) was loaded on
lanes 1, 2, 6, and 7, and 4 ,ug (each) was loaded on lanes 3 to 5 and
8 to 10. The gels for panels A and B contained 10% acrylamide and
were prepared and run as described by Schagger and von Jagow
(35). The gel for panel C contained 10% acrylamide (20).
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FIG. 7. Apocytochrome c accumulates in the cytoplasm of rho'

cyc2- cells. Subcellular fractionation and immunoblotting with
anti-cytochrome c antibodies were performed as described in the
legend to Fig. 6. Lanes 1 to 5, subcellular fractions of strain B-7908
(rho' CYC2+); lanes 6 to 10, subcellular fractions of strain B-8133
(rho' qyc2-A::LEU2+). (A) A total of 10 Fg of protein (each) was
loaded on lanes 1, 2, 6, and 7, and 1 p,g (each) was loaded on lanes
3 to 5 and 8 to 10. (B and C) A total of 40 ,ug of protein (each) was
loaded on lanes 1, 2, 6, and 7, and 4 ,ug (each) was loaded on lanes
3 to 5 and 8 to 10.

(compared with a 300-fold difference between mitochondrial
and cytoplasmic levels of cytochrome c in the isogenic
CYC2+ strain). Assuming that mitochondria constitute 5% of
cell protein, this implies that 80% of the total cytochrome c
is cytoplasmic (compared with less than 10% in the CYC2+
strain). A similar conclusion can be reached by comparing
the crude extract and cytoplasmic fractions of these strains.
In the cyc2- strain B-8142, the concentrations of cyto-
chrome c present in these two fractions are similar (compare
lanes 6 and 7 of Fig. 6A), whereas the cytoplasm of the
CYC2+ strain B-8140 contains 10-fold-less cytochrome c
than the crude extract (lanes 1 and 2 of Fig. 6A).
The increased level of cytochrome c in the cytoplasm of

the cyc2- strain is not due to greater fragility of mitochon-
dria from this strain. The lower panels (panels B and C) of
Fig. 6 indicate that the subcellular distributions of cyto-
chrome c heme lyase and cytochrome b2 are similar in
comparing CYC2+ and cyc2- strains. Some incompletely
processed cytochrome b2 is visible in the non-protease-
treated mitochondrial fractions from each strain (Fig. 6C,
lanes 3 and 8), as would be expected in the rho- background
(30). Furthermore, the activity of cytochrome b2 per milli-
gram of protein, measured in the presence of detergent (7),
was at least 150 times greater in the mitochondria than in the
cytoplasmic fractions for both B-8140 and B-8142. Thus,
reduced levels of mitochondrial holocytochrome c in the
cyc2- strain, coupled with the increased concentration of
cytoplasmic apocytochrome c, suggests that the CYC2 gene
product affects mitochondrial import of cytochrome c.

Although they are more pronounced in rho- strains, the
effects of cyc2- mutations are not confined to rho- back-
grounds. Figure 7 and Table 2 show a comparison of the
subcellular distributions of immunologically detectable cyto-

chrome c in CYC2+ and cyc2- strains with rho' mitochon-
dria. The distribution of cytochrome c in the rho' CYC2+
strain B-7908 is similar to that seen in the rho- CYC2+ strain
B-8140. In the rho' cyc2- strain B-8133, the concentration
of cytochrome c in the mitochondria is only 10 times that in
the cytoplasmic fraction (Fig. 7A, compare lanes 7 and 9),
indicating that more than half the cellular cytochrome c is
found in the cytoplasm. Consistent with this, the concentra-
tion of cytochrome c in the cytoplasm is about 70% of the
level in the crude extract (Fig. 7A, lanes 6 and 7). As in the
rho- strains, the cytoplasmic accumulation of cytochrome c
is not due to increased mitochondrial fragility, since both
strains show similar localization of cytochrome b2 and heme
lyase (Fig. 7B and C) and contain greater than 300-fold-
higher specific activities of cytochrome b2 in their mitochon-
dria than in their cytoplasmic fractions.
The anti-cytochrome c antibodies used for development of

the immunoblots in Fig. 6 and 7 react with approximately
equal efficiencies with apo- and holocytochromes c (7).
Thus, the overall levels of apo- and holocytochrome c in
crude extract fractions of the cyc2- and CYC2+ rho- strains
are about the same, whereas the levels in the rho' cyc2-
strain are approximately 50% of those in the corresponding
rho' CYC2+ strain (Fig. 6A and 7A, lanes 1 and 6). This
difference most likely results from degradation of apocy-
tochrome c in the cytoplasm. A similar effect has been seen
with mutations in the gene encoding cytochrome c heme
lyase, which have been demonstrated to have no effect on
transcription or translation of the genes encoding cyto-
chrome c (7). Loss of cytoplasmic apocytochrome c could
also be occurring during subcellular fractionation. A faint
band in the crude extract and cytoplasmic fractions of the
rho- cyc2- strain (Fig. 6A, lanes 6 and 7) that is smaller than
cytochrome c and is recognized by anti-cytochrome c anti-
bodies may represent a proteolytic fragment of the cytoplas-
mic apo-protein, since it is not observed in the rho- CYC2+
strain in which the cytochrome c is predominantly mitochon-
drial. Instability of cytoplasmic apocytochrome c would
mean that the concentrations of this protein that we measure
in the cytoplasm actually represent an underestimate of the
true effect of cyc2 mutations.
The cytochrome c concentrations calculated from immu-

noblots of subcellular fractions presented in Table 2 corre-
spond approximately with those derived from low-tempera-
ture spectroscopy, shown in Table 1. Differences in the
exact values, in the cases of the cyc2- strains, may be
attributable to differences in growth conditions between the
two experiments, to differences in the standardization for
total protein in the two techniques, or to breakdown of the
assumption that mitochondria make up 5% of cell protein in
all strains.

DISCUSSION

Cytochrome c is imported into the mitochondrial inter-
membrane space via a pathway that appears to be distinct
from that followed by many nuclear-encoded mitochondrial
proteins (12, 15). In contrast to these other imported pro-
teins, cytochrome c does not contain an amino-terminal
cleaved targeting signal and its import does not depend on
the presence of ATP or an electrical potential across the
inner mitochondrial membrane. Furthermore, an excess of
apocytochrome c cannot competitively inhibit import of
other mitochondrial precursors (47). Unlike cytochrome c1
and cytochrome b2, which are also targeted to the intermem-
brane space, import of cytochrome c does not appear to
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involve targeting to the matrix or inner membrane followed
by reexport. Thus, the cellular components involved in
cytochrome c import may be at least partially distinct from
those involved in import of other mitochondrial proteins,
consistent with the isolation of mutations that affect trans-
port of cytochrome c but not other mitochondrial proteins. It
has recently been demonstrated that the import pathways of
the intermembrane space proteins cytochrome c heme lyase
(21) and adenylate kinase (22) differ in important respects
from the pathway followed cytochromes b2 and c1. Thus,
cytochrome c may not be the only protein that uses an
alternate pathway.
Aside from the structural genes encoding the two

isozymes of cytochrome c in S. cerevisiae, two additional
genes have been shown to be capable of strongly and
specifically affecting cellular levels of cytochrome c. One of
these, CYC3, encodes cytochrome c heme lyase (8, 9).
Several recent studies suggest that cytochrome c is imported
via an initial reversible translocation across the outer mito-
chondrial membrane followed by trapping of translocated
precursor in the intermembrane space (7, 14). This trapping
appears to be mediated by the heme lyase. Apocytochrome
c adopts an unfolded conformation, even in the absence of
denaturants (11, 45). Attachment of heme, catalyzed by
heme lyase, leads to folding of the precursor, presumably
preventing release from mitochondria. Heme lyase does not
appear to play a direct role in transport into mitochondria,
since it is predominantly located on the inner mitochondrial
membrane (7).
We report here the cloning of the CYC2 gene, a second

locus that is capable of decreasing levels of holocytochrome
c in yeast cells. Accumulation of apocytochrome c in certain
cyc2- holocytochrome c-deficient yeast strains had previ-
ously been presented as evidence that the CYC2 gene acts at
a posttranslational step in cytochrome c biosynthesis (23).
We have detected decreased accumulation of immunologi-
cally detectable cytochrome c in the mitochondria of certain
cyc2- strains, accompanied by substantially increased levels
of apocytochrome c in the cytoplasm. Thus, cyc2- muta-
tions appear to affect holocytochrome c levels by reducing
the efficiency of mitochondrial import or accumulation of
cytochrome c.
The cyc2 deletion does not appear to affect levels of

mitochondrial cytochrome c heme lyase or cytochrome b2,
as determined by immunoblotting (Fig. 6B and C and 7B and
C). In addition, low-temperature spectroscopy of whole
yeast cells demonstrates that cyc2 mutations do not affect
levels of other mitochondrial cytochromes including mito-
chondrially encoded cytochrome b, nuclear-encoded cyto-
chrome c1, and cytochrome aa3, which consists of both
nuclear- and mitochondrially encoded subunits (31) (Fig. 3).
Thus, the effects of the mutation appear to be specific for
mitochondrial import of cytochrome c.
Although the CYC2 gene product appears to be involved in

mitochondrial import, it is not an essential component of the
import apparatus. In strains from which the CYC2 gene has
been deleted, there is never less than about 10% of the
normal level of holocytochrome c. This observation is con-
sistent with either of two possibilities for the role of the
CYC2 gene product: (i) The CYC2 protein serves to increase
the efficiency or rate of mitochondrial import or accumula-
tion without being absolutely necessary for either of these
processes, and (ii) the CYC2 protein plays a critical role in
import or accumulation, but one or more additional genes
present in the yeast genome are capable of substituting for
CYC2. If mutations in such additional genes were pleiotropic

or lethal or could only be detected in the absence of a
functional CYC2 gene product, they could have been missed
in previous intensive searches for mutations affecting cyto-
chrome c levels (5, 36, 41, 42). Possible dispensable roles for
the CYC2 protein could include binding of precursor at the
mitochondrial surface, alteration of the assembly or local-
ization of a transporter at the outer mitochondrial mem-
brane, or alteration of the localization or activity of heme
lyase. However, the absence of any effect of cyc2 mutations
on the subcellular localization of heme lyase presented in
Fig. 6B and 7B provides evidence against this last possibil-
ity. The presence of one or two potential transmembrane
segments in the hydrophobicity profile of the predicted
amino acid sequence of the CYC2 gene product is consistent
with possible roles in membrane anchoring or transport.

Differential effects of cyc2 mutations on iso-i- and iso-2-
cytochromes c. cyc2 mutations affect cellular levels of holo-
iso-1-cytochrome c more strongly than they do levels of
iso-2-cytochrome c (Table 1). Assuming that import of each
isozyme of cytochrome c is affected by cyc2 mutations in the
same way, this difference is consistent with different suscep-
tibilities of the apo-forms of the two isozymes to degrada-
tion. When retained in the cytoplasm, apo-iso-2-cytochrome
c has a much longer half-life than apo-iso-1-cytochrome c
(10). Thus, in the presence of a partial defect of import into
mitochondria, as in cyc2 mutants, apo-iso-2-cytochrome c
may accumulate to high levels in the cytoplasm, eventually
driving moderate levels of import and subsequent heme
attachment. The same defect in import would, on the other
hand, lead to rapid degradation of apo-iso-1-cytochrome c,
precluding significant cytoplasmic accumulation of the pre-
cursor and subsequent import into mitochondria.
We have not detected increased apo-iso-1-cytochrome c in

the cytoplasm of cyc2- strains and would not expect to be
able to because of the lability of this isozyme. Thus, the idea
that the cyc2 mutation affects import of both isozymes of
cytochrome c is based on the similarity of the behaviors of
the two isozymes in in vitro import assays, in which degra-
dation is not a major factor (9). An effect of cyc2 mutations
specifically on mitochondrial import of iso-1-cytochrome c
has yet to be rigorously demonstrated.
rho- effect in cyc2 mutations. By definition, rho- strains

are completely deficient in mitochondrially encoded pro-
teins, such as cytochrome b and the subunits I to III of
cytochrome oxidase. However, nuclear-encoded mitochon-
drial proteins, which constitute at least 80% of mitochondrial
proteins, also can be partially deficient in rho- strains. For
example, in rho- strains, the nuclear-encoded protein cyto-
chrome c1 is generally present at reduced levels, compared
with those seen in normal rho' strains (37). Furthermore,
mutationally altered forms of certain nuclear components
may be greatly reduced in rho- strains compared to with
rho' strains. In particular, certain mutationally altered
8-aminolevulinic acid synthetase (heml) (34) and iso-2-cyto-
chrome c (cyc7) (6) proteins appear at near normal levels in
rho' strains and are completely or almost completely defi-
cient in rho- strains. In contrast, normal HEM1I and
CYC7+ gene products are present at the same level in rho'
and rho- strains. Although the mechanism of the diminution
of normal and mutant components in rho- strains is un-
known, the lack of proper assembly because of primary rho-
deficiencies may cause degradation, as has been suggested
for incomplete assembly of coenzyme QH2-cytochrome c
reductase subunits in rho+ mutants (2). The lower holocy-
tochrome c content in rho- cyc2- strains may be due to
degradation of a hypothetical component that acts in parallel
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with CYC2 as part of the mitochondrial apparatus involved
in cytochrome c maturation or import.

ACKNOWLEDGMENTS
We thank Dan Frank for aiding in the preparation of antibodies

and Joseph Varlaro for technical assistance in immunoblotting. We
are also grateful for antibodies supplied by Richard Hallberg,
Syracuse University.

This work was supported by BRSG grant S7RR05403-28 and NIH
grants R55GM44685 (M.E.D.) and R01GM12702 (F.S.) and NIH
training grant T32GM07102 (J.B.S.).

REFERENCES
1. Carlson, M., and D. Botstein. 1982. Two differentially regulated
mRNA's with different 5' ends encode secreted and intracellular
forms of yeast invertase. Cell 28:145-154.

2. Crivellone, M. D., M. Wu, and A. Tzagoloff. 1988. Assembly of
the mitochondrial membrane system. Analysis of structural
mutants of the yeast coenzyme QH2-cytochrome c reductase
comlex. J. Biol. Chem. 263:14323-14333.

3. Daum, G., P. Bohni, and G. Schatz. 1982. Cytochrome b2 and
cytochrome c peroxidase are located in the intermembrane
space of yeast mitochondria. J. Biol. Chem. 257:13028-13033.

4. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

5. Downie, J. A., J. W. Stewart, N. Brockman, A. M. Schweingru-
ber, and F. Sherman. 1977. Structural gene for yeast iso-2-
cytochrome c. J. Mol. Biol. 113:369-384.

6. Downie, J. A., J. W. Stewart, and F. Sherman. 1977. Yeast
mutants defective in iso-2-cytochrome c. J. Mol. Biol. 117:369-
386.

7. Dumont, M. E., T. S. Cardillo, M. K. Hayes, and F. Sherman.
1991. Role of cytochrome c heme lyase in mitochondrial import
and accumulation of cytochrome c in Saccharomyces cerevi-
siae. Mol. Cell. Biol. 11:5487-5496.

8. Dumont, M. E., J. F. Ernst, D. M. Hampsey, and F. Sherman.
1987. Identification and sequence of the gene encoding cyto-
chrome c heme lyase in the yeast Saccharomyces cerevisiae.
EMBO J. 6:235-241.

9. Dumont, M. E., J. F. Ernst, and F. Sherman. 1988. Coupling of
heme attachment to import of cytochrome c into yeast mito-
chondria: studies with heme lyase-deficient mitochondria and
altered apocytochromes c. J. Biol. Chem. 263:15928-15937.

10. Dumont, M. E., A. J. Mathews, B. T. Nall, S. B. Baim, D. C.
Eustice, and F. Sherman. 1990. Differential stability of two
apo-isocytochromes c in the yeast Saccharomyces cerevisiae. J.
Biol. Chem. 265:2733-2739.

11. Fisher, W. R., H. Taniuchi, and C. B. Anfinson. 1973. On the
role of heme in the formation of the structure of cytochrome c.
J. Biol. Chem. 248:3188-3195.

12. Glick, B., and G. Schatz. 1991. Import of proteins into mito-
chondria. Annu. Rev. Genet. 25:21-44.

12a.Goebl, M. Unpublished data.
13. Green, N., H. Alexander, A. Olson, S. Alexander, T. M. Shin-

nick, J. G. Sutcliffe, and R. A. Lerner. 1982. Immunogenic
structure of the influenza virus hemagglutinin. Cell 28:477-487.

14. Hakvoort, T. B. M., J. R. Sprinkle, and E. Margoliash. 1990.
Reversible import of apocytochrome c into mitochondria. Proc.
Natl. Acad. Sci. USA 87:4996-5000.

15. Hartl, F.-U., and W. Neupert. 1990. Protein sorting to mitochon-
dria: evolutionary conservation of folding and assembly. Sci-
ence 247:930-938.

16. Hickey, D. R., K. Jayaraman, C. T. Goodhue, J. Shah, J. M.
Clements, S. Tsunasawa, and F. Sherman. 1991. Synthesis and
expression of genes encoding tuna, pigeon, and horse cy-
tochromes c in the yeast Saccharomyces cerevisiae. Gene
105:73-81.

17. Holzschu, D., L. Principio, K. T. Conklin, D. R. Hickey, J.
Short, R. Rao, G. McLendon, and F. Sherman. 1987. Replace-
ment of the invariant lysine 77 by arginine in yeast iso-1-
cytochrome c results in enhanced and normal activities in vitro

and in vivo. J. Biol. Chem. 262:7125-7131.
18. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and

efficient site-specific mutagenesis without phenotypic selection.
Methods Enzymol. 154:488-492.

19. Kyte, J., and R. F. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

20. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

21. Lill, R., R. A. Stuart, M. E. Drygas, F. E. Nargang, and W.
Neupert. 1992. Import of cytochrome c heme lyase into mito-
chondria: a novel pathway into the intermembrane space.
EMBO J. 11:449-456.

22. Magdolen, V., R. Schricker, G. Strobel, H. Germaier, and W.
Bandlow. 1992. In vivo import of yeast adenylate kinase into
mitochondria affected by site-directed mutagenesis. FEBS Lett.
2"9:267-272.

23. Matner, R. R., and F. Sherman. 1982. Differential accumulation
of two apo-iso-cytochromes c in processing mutants of yeast. J.
Biol. Chem. 257:9811-9821.

24. McKnight, G. L., T. Cardillo, and F. Sherman. 1981. An
extensive deletion causing overproduction of yeast iso-2-cyto-
chrome c. Cell 25:409-419.

25. Moerschell, R. P., G. Das, and F. Sherman. 1991. Transforma-
tion of yeast directly with synthetic oligonucleotides. Methods
Enzymol. 194:362-369.

26. Moerschell, R. P., Y. Hosokawa, S. Tsunasawa, and F. Sherman.
1990. The specificities of yeast methionine aminopeptidase and
acetylation of amino-terminal methionine in vivo: processing of
altered iso-1-cytochromes c created by oligonucleotide transfor-
mation. J. Biol. Chem. 265:19638-19643.

27. Nasmyth, K., and S. Reed. 1980. Isolation of genes by comple-
mentation in yeast: molecular cloning of a cell cycle gene. Proc.
Natl. Acad. Sci. USA 17:2119-2123.

28. Parent, S. A., C. M. Fenimore, and K. A. Bostian. 1985. Vector
systems for expression, analysis and cloning of DNA sequences
in S. cerevisiae. Yeast 1:83-138.

29. Parker, J. H., and F. Sherman. 1969. Fine-structure mapping
and mutational studies of gene controlling yeast cytochrome c.
Genetics 62:9-22.

30. Reid, G. A., and G. Schatz. 1982. Import of proteins into
mitochondria. Yeast cells grown in the presence of carbonyl
cyanide m-chlorophenylhydrazone accumulate massive amounts
of some mitochondrial precursor polypeptides. J. Biol. Chem.
257:13056-13061.

31. Rothstein, R. J., and F. Sherman. 1980. Genes affecting the
expression of cytochrome c in yeast: genetic mapping and
genetic interactions. Genetics 94:871-889.

32. Russo, P., W.-Z. Li, D. M. Hampsey, K. S. Zaret, and F.
Sherman. 1991. Distinct cis-acting signals enhance 3' endpoint
formation of CYCl mRNA in the yeast Saccharomyces cerevi-
siae. EMBO J. 10:563-571.

33. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

34. Sanders, H. K., P. A. Mied, M. Briquet, J. Hernandez-Rodigues,
R. F. Gottal, and J. R. Mattoon. 1973. Regulation of mitochon-
dria biogenesis: yeast mutants deficient in synthesis of b-ami-
nolevulinic acid. J. Mol. Biol. 80:17-39.

35. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for the separation of
proteins in the range from 1 to 100 kDa. Anal. Biochem.
166:368-379.

36. Sherman, F. 1964. Mutants of yeast deficient in cytochrome c.
Genetics 49:39-48.

37. Sherman, F. 1965. The genetic control of the cytochrome
system in yeast, p. 465-479. In M. Jacques and C. Senez (ed.),
124th Colloques Internationaux du Centre National de la Re-
cherche Scientifique. Mecanismes de Regulation des Activites
Cellulaires chez les Micro-organismes. Marseille, 1963. Centre
National de la Recherche Scientifique, Paris.

38. Sherman, F., G. R. Fink, and J. B. Hicks. 1987. Methods in

MOL. CELL. BIOL.



ROLE OF CYC2 IN MITOCHONDRIAL IMPORT OF CYTOCHROME c 6451

Yeast Genetics. Cold Spring Harbor Laboratory. Cold Spring
Harbor, N.Y.

39. Sherman, F., M. Jackson, S. W. Liebman, A. M. Schweingruber,
and J. W. Stewart. 1975. A deletion map of cycl mutants and its
correspondence to mutationally altered iso-1-cytochromes c of
yeast. Genetics 81:51-73.

40. Sherman, F., and P. P. Slonimski. 1964. Respiration-deficient
mutants of yeast. II. Biochemistry. Biochim. Biophys. Acta
90:1-15.

41. Sherman, F., J. W. Stewart, M. Jackson, R. A. Gilmore, and
J. H. Parker. 1974. Mutants of yeast defective in iso-1-cyto-
chrome c. Genetics 77:255-284.

42. Sherman, F., J. W. Stewart, J. H. Parker, E. Inhaber, N. A.
Shipman, G. J. Putterman, R. L. Gardisky, and E. Margoliash.
1968. The mutational alteration of the primary structure of yeast
iso-1-cytochrome c. J. Biol. Chem. 243:5446-5456.

43. Sherman, F., J. W. Stewart, and A. M. Schweingruber. 1980.
Mutants of yeast initiating translation of iso-1-cytochrome c
within a region spanning 37 nucleotides. Cell 20:215-222.

44. Sherman, F., H. Taber, and W. Campbell. 1965. Genetic deter-
mination of iso-cytochromes c in yeast. J. Mol. Biol. 13:21-39.

45. Steliwagen, E., R. Rysavy, and G. Babul. 1972. The conforma-
tion of horse heart apocytochrome c. J. Biol. Chem. 247:8074-
8077.

46. van Loon, A. P. G. M., R. J. de Groof, M. De Haan, A. Dekker,
and L. Grivell. 1984. The DNA sequence of the nuclear gene
coding for the 17-kd subunit VI of yeast ubiquinol-cytochrome c

reductase: a protein with an extremely high content of acidic
amino acids. EMBO J. 3:1039-1043.

47. Zimmerman, R., B. Hennig, and W. Neupert. 1981. Different
transport pathways of individual precursor proteins in mito-
chondria. Eur. J. Biochem. 116:455-460.

VOL. 13, 1993


