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Cleavage of amino-terminal octapeptides, F/L/IXXS/T/GXXXX, by mitochondrial intermediate peptidase
(MIP) is typical of many mitochondrial precursor proteins imported to the matrix and the inner membrane.
We previously described the molecular characterization of rat liver MIP (RMIP) and indicated a putative
homolog in the sequence predicted from gene YCL57w of yeast chromosome IIL. A new yeast gene, MIP1, has
now been isolated by screening a Saccharomyces cerevisiae genomic library with an RMIP ¢cDNA probe. MIP1
predicts a protein of 772 amino acids (YMIP), which is 54% similar and 31% identical to RMIP and includes
a putative 37-residue mitochondrial leader peptide. RMIP and YMIP contain the sequence LFHEMGHAM
HSMLGRT, which includes a zinc-binding motif, HEXXH, while the predicted YCL57w protein contains a
comparable sequence with a lower degree of homology. No obvious biochemical phenotype was observed in a
chromosomally disrupted yc/57w mutant. In contrast, a mip] mutant was unable to grow on nonfermentable
substrates, while a mip1 ycl57w double disruption did not result in a more severe phenotype. The mip] mutant
exhibited defects of complexes III and IV of the respiratory chain, caused by failure to carry out the second
MIP-catalyzed cleavage of the nuclear-encoded precursors for cytochrome oxidase subunit IV (CoxIV) and the
iron-sulfur protein (Fe-S) of the bc, complex to mature proteins. In vivo, intermediate-size CoxIV was
accumulated in the mitochondrial matrix, while intermediate-size Fe-S was targeted to the inner membrane.
Moreover, mipl mitochondrial fractions failed to carry out maturation of the human ornithine transcarbamy-
lase intermediate (i0TC), specifically cleaved by RMIP. A CEN plasmid-encoded YMIP protein restored
normal MIP activity along with respiratory competence. Thus, YMIP is a functional homolog of RMIP and

represents a new component of the yeast mitochondrial import machinery.

Mitochondrial intermediate peptidase (MIP; EC 3.4.24.93D)
is a thiol-dependent metallopeptidase localized to the mito-
chondrial matrix and involved in two-step processing of a
heterogeneous subgroup of imported mitochondrial precursor
proteins (24, 27). These precursors, targeted to the matrix or
the inner membrane, are initially cleaved by a general mito-
chondrial processing peptidase (MPP; EC 3.4.99.41) (19, 31,
35, 57) which removes most of the targeting signal, leaving a
characteristic octapeptide sequence (F/L/I/XXS/T/GXXXX)
(14, 20) at the protein amino terminus. The resulting interme-
diate-size proteins are then processed to mature subunits by
MIP, which specifically cleaves off the octapeptides (25).

MIP has been purified to homogeneity from rat liver mito-
chondrial matrix (28), and a full-length ¢cDNA has been
isolated (26). Sequence analysis revealed that rat MIP (RMIP)
is structurally related to a putative metallopeptidase predicted
from the sequence of gene YCL57w of yeast chromosome 111
(34). Because a typical mitochondrial targeting signal was
found at the amino terminus of this protein sequence, we
proposed that YCL57w might encode a yeast homolog of
RMIP (26).

Previous studies of Saccharomyces cerevisiae (6, 12, 15, 22)
and Neurospora crassa (17, 51) suggest that the MIP-depen-
dent pathway of mitochondrial enzyme maturation is con-
served in lower eukaryotes. MIP has not been characterized in
these microorganisms, however, and its role in mitochondrial
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biogenesis and cell viability is not known (1). In S. cerevisiae, at
least two mitochondrial protein precursors are processed to
mature subunits in two steps via formation of an octapeptide-
containing intermediate, the Rieske iron-sulfur protein (Fe-S)
of the bc, complex (6, 12, 15), and cytochrome oxidase subunit
IV (CoxIV) (22). We reasoned that, if MIP activity is relevant
to Fe-S and CoxIV biogenesis and, ultimately, respiratory
chain function, inactivation of a putative yeast MIP gene
should cause accumulation of uncleaved intermediate proteins
and, thereby, render the cell deficient in oxidative metabolism.
By this approach, we show here that YCL57w is not responsible
for MIP activity in S. cerevisiae. Rather, a newly isolated
sequence more closely related to RMIP, MIPI, encodes a
functional homolog of mammalian MIP and is required for
mitochondrial respiratory competence.

MATERIALS AND METHODS

Yeast strains, growth media, and plasmids. The following
previously described strains were used: YPH501 (MATa/MAT«
ura3-52/ura3-52 lys2-8014"%*"lys2-801°***" ade2-101°""/ade2-
101" trp1-A63/trp1-A63  his3-A200/his3-A200 leu2-Al/leu2-
Al) (46), AW1-2 (MATa/MATo ura3-52fura3-52 leu2-3,112/
leu2-3,112) (54), ad29c (MATo mifl-1 his4-519 ura3-52 leu2-
3,112 arg3) (35), and B35.1 (MAT« mif2-1 his4-519 ura3-52
leu2-3,112 arg3) (54). The following mutants were constructed
in this study: mipI disruption strains Y6040, a YPHS501 deriv-
ative (MATa ura3-52 lys2-801°"% ade2-101°°" trp1-A63 his3-
A200 leu2-A1 miplA::LEU2), and Y34, an AW1-2 derivative
(MATa ura3-52 leu2-3,112 mipl A::LEU2); ycl57w disruption
strain Y191, an AWI1-2 derivative (MATa ura3-52 leu2-3,112
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ycl57wA::LEU2); and mipl ycl57w double-disruption strain
DKO1, a Y34 derivative (MATa ura3-52 leu2-3,112 miplA::
LEU2 ycl57wA::URA3).

The following liquid and solid media were used: YPD (2%
glucose, 2% peptone, 1% yeast extract), YPGal (2% galactose,
2% peptone, 1% yeast extract), YPEG (3% glycerol, 2%
ethanol, 2% peptone, 1% yeast extract), SD (2% dextrose,
6.7% Bacto-yeast nitrogen base without amino acids) (Difco),
and semisynthetic medium (3% glycerol, 2% ethanol, 0.05%
dextrose, 6.7% Bacto-yeast nitrogen base without amino acids,
0.3% yeast extract). Unless otherwise stated, all amino acids
and other growth requirements of the parental AW1-2 or
YPHS501 were added to liquid and solid SD medium at the
normally recommended concentrations (45).

Plasmids pBluescript (Stratagene) and pGEM-3Z (Pro-
mega) were used for subcloning, sequencing, and DNA ma-
nipulations. The LEU2 gene was excised from plasmid YEp13
(5), and the URA3 gene was excised from plasmid YEp24 (3).
A centromere plasmid, YCp50 (37), carrying the URA3 gene,
was used for complementation studies. Plasmid pGALOTC
has been described before (7). This construct consists of the
cDNA encoding the human ornithine transcarbamylase pre-
cursor (pOTC) joined to plasmid pCGS109, which contains a
2pm replication origin, the URA3 gene, and the inducible
GALI promoter.

Cloning of MIPI by library screening. A A DASH yeast
genomic library (Stratagene) was screened by use of a random
primer-labeled (Boehringer Mannheim) full-length RMIP
cDNA probe (26). Hybridization of Hybond-N nylon mem-
brane filters (Amersham Corp.) was carried out in 6X SSC (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0)-5X
Denhardt’s solution (1X Denhardt’s solution is 0.02% polyvi-
nylpyrrolidone-0.02% Ficoll-0.02% bovine serum albumin
[BSA])-10% dextran sulfate-1% sodium dodecyl sulfate
(SDS), containing 100 pg of salmon sperm DNA per ml, for
over 18 h at 62°C. Filters were washed twice for 10 min in 2X
SSC-0.5% SDS at room temperature and twice for 20 min in
1X SSC-0.5% SDS at 58°C. Autoradiograms were developed
after each washing step. Phage A DNA was prepared from
positive plaques isolated after tertiary screening by standard
procedures (40) and subjected to Southern blotting under the
hybridization conditions described above, except that washings
were carried out at higher stringency in 0.1 X SSC-0.5% SDS at
65°C. Specific DNA fragments were cloned in pBluescript and
analyzed by sequencing from both strands with Sequenase
(U.S. Biochemicals) with universal and specific primers and
subcloned restriction fragments. The following degenerate
primer, based on the putative RMIP zinc-binding site se-
quence, was used for initial identification of the MIPI gene:
5'-GAA/GATGGGNCAT/CGCNATGCA-3' (see Fig. 1).

Cloning of YCL57w by PCR amplification. For cloning of
YCL57w, 2 g of total genomic yeast DNA isolated from strain
AW1-2 was PCR amplified by use of the following primers on
the basis of the published sequence of yeast chromosome III
(34): sense primer, 5'-AACCCGGGCGAAGTAATAGCT
GCTGATTGGTCAGAAT-3' (nucleotides 24444 to 24473 of
the chromosome I1I sequence, including an Smal site at the 5
end); antisense primer, 5'-TTAAGCTTCCTAGGCGTGGT
CAACGATAAGTTATATGT-3’ (nucleotides 27210 to 27239,
including an HindIII site at the 5’ end). PCRs (100 pl) were
carried out in the presence of 100 nM (each) primer and 200
uM (each of the four) dinucleoside triphosphates in a buffer
containing 10 mM Tris-HCl (pH 8.3), 50 mM KC], 1.5 mM
MgCl,, 4 U of Taq polymerase (Cetus), and 10% dimethyl
sulfoxide for 30 cycles of 1.5 min at 94°C, 1.5 min at 65°C, and
1.5 min at 72°C. A PCR-amplified 2.8-kbp fragment, predicted
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to contain the YCL57w coding sequence plus 0.3 kbp of 5’
sequence and 0.4 kbp of 3’ sequence, was isolated, digested
with Smal and Hindlll, cloned into an Smal-HindIII-digested
pGEM-3Z plasmid, and analyzed by DNA sequencing, as
described above. PCR amplifications of the YCL57w sequence
were also carried out directly on positive plaques isolated from
primary screening of a A DASH yeast genomic library. Plaques
were picked from agar plates, placed in 1 ml of SM buffer (100
mM NaCl-10 mM MgSO,-50 mM Tris-HCl [pH 7.5]-2%
gelatin), and left at room temperature for 3 h to allow A DNA
to diffuse out of the agar. SM buffer (20 .l from each plaque)
was used in PCRs under the conditions described above with
specific primers designed such that the 3’ half of YCL57w
would be amplified: 5'-CAGATCCAAACTACTACATTTG
GGACCAC-3' (sense primer; nucleotides 25800 to 25829 of
YCL57w) and 5'-AACGAATTTAGTTCTGTAAGCCCAG
CTCC-3' (antisense primer; nucleotides 26897 to 26869 of
YCL57w). Amplified fragments were analyzed by sequencing,
as described above.

Chromosomal disruptions. For construction of the deletion
allele mipIA::LEU2, a 4.6-kbp Accl-Accl fragment, containing
MIPI plus 0.9 kbp of 5’ flanking sequences and 1.4 kbp of 3’
flanking sequences (see Fig. 1), was filled in and cloned into
the EcoRYV site of pBluescript. By digestion with Smal and
HindIIl, the entire fragment was excised from the pBluescript
polylinker and subcloned into pGEM-3Z. This construct was
digested with Nael and EcoNI, removing the internal 2,053
nucleotides coding for residues 31 to 717 of YMIP. They were
replaced with a 2.2-kbp Sall-Xhol fragment from the YEp13
plasmid carrying the yeast LEU2 gene (5) (see Fig. 4). A linear
Aval-HindIIl fragment, containing the mipIA:LEU2 allele
plus the 5’ and 3’ flanking sequences, was used for integrative
DNA transformation (39) of diploid strains AW1-2 and
YPHS501. Following sporulation and tetrad dissection, haploid
cells containing the mipl A::LEU? allele were identified on the
basis of ability to grow on SD from which only leucine was
missing [SD(—Leu)] and by Southern blotting.

For construction of the ycI57wA::LEU?2 allele, a pGEM-3Z
plasmid containing the PCR-amplified YCL57w coding se-
quence plus 5’ and 3’ untranslated sequences was digested with
Apal and BamHI, removing the internal 1,717 nucleotides
coding for residues 92 to 663 of the YCL57w protein sequence.
These were replaced with the yeast LEU2 gene. A linear
Smal-HindIIl fragment was used for integrative DNA trans-
formation of diploid strain AW1-2. After sporulation and
dissection, haploid cells carrying the yclS7wA:LEU2 allele
were identified by ability to grow on SD(—Leu) and Southern
blotting.

For construction of the ycl57wA::URA3 allele, the internal
1,717 nucleotides coding for residues 92 to 663 of the YCL57w
protein sequence were replaced with a 1.1-kbp HindIII-Smal
fragment from the YEp24 plasmid carrying the yeast URA3
gene, as described above. A linear Smal-HindIIl fragment
was used for integrative DNA transformation of mipl disrup-
tion mutant Y34, and transformants carrying both the
miplA::LEU2 and ycl57wA::URA3 alleles were identified by
ability to grow on SD(—Leu —Ura). The double chromosomal
disruption was confirmed by PCR and Southern blotting.

Standard procedures were used for lithium acetate transfor-
mation of yeast cells, sporulation and tetrad dissection, total
genomic yeast DNA isolation (38), and Southern blotting (40).

Construction of a MIPI fusion gene with a c-myc epitope. To
construct a MIPI gene coding for a chimeric protein with a
carboxyl-terminal c-myc (9E10) epitope (11), the 3’ end of the
gene was modified by introducing the epitope-encoding nucle-
otide sequence at the sequence corresponding to codon 772
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and stop codon 773. Two overlapping DNA products were
initially synthesized via PCR. A 279-bp PCR product was
synthesized with the following primers: 5'-CGATCAGAGTA
ATTGGTGTGGAAGATTCGG-3' (sense primer 1), overlap-
ping the sequence from nucleotide 2160 to nucleotide 2190
upstream from a unique EcoNI site at position 2269 of the
MIPI coding sequence, and 5'-AGACTTGTGAGACTGT
GCTATAAATTCCAT-3' (antisense primer 2), overlapping
the sequence from nucleotide 2439, near the MIP1 stop codon,
to nucleotide 2409. A second 466-bp PCR product was ampli-
fied with the following primers: 5'-ATGGAATTTATAGCA
CAGTCTCACAAGTCTGAACAGAAACTTATTTCTGA
AGAAGACTTGTAGAGAACAGAGTAGGTGCTTAA-3'
(sense primer 3), overlapping the MIP1 sequence from nucle-
otide 2409 to nucleotide 2462 and containing the c-myc coding
sequence, and 5'-TTAAGCTTAACTAAGCTGCAGGAAG
TGAGTTCGTA-3' (antisense primer 4), overlapping the se-
quence from nucleotide 2971 to nucleotide 2944 of the MIP1 3’
untranslated region (not shown in Fig. 2) and including a
HindIII site at the 5’ end. An 811-bp PCR product, from
nucleotide 2160 to nucleotide 2971, was subsequently synthe-
sized in a reaction mixture containing 10 ng each of the 279-
and 466-bp PCR products plus 200 uM (each) sense primer 1
and antisense primer 4. After digestion with EcoNI and
HindIII, this PCR product was substituted for a 1.5-kbp
EcoNI-HindIII fragment in the original 4.6-kbp insert, contain-
ing MIPI and its 5’ and 3' flanking sequences, in pGEM-3Z.
DNA sequencing showed that ligation had yielded an in-frame
fusion of the MIPI and c-myc epitope reading frames.

Complementation by MIPI or MIP1—c-myc on a centromere
plasmid. For construction of a mip]A::LEU2 mutant comple-
mented by a plasmid copy of wild-type MIPI, a 4.6-kbp
Accl-Accl fragment, containing MIPI plus 0.9 kbp of 5’ and 1.4
kbp of 3’ flanking sequences, was excised from pBluescript by
digestion with BamHI and HindIII and subcloned into a
BamHI-HindIII-digested centromere plasmid, YCp50, carry-
ing the yeast URA3 gene (37). Similarly, a 3.4-kbp Aval-
HindIII fragment, containing the MIPI—c-myc fusion gene plus
650 bp of 5’ and 440 bp of 3’ flanking sequences, was excised
from pGEM-3Z and subcloned into YCp50, as described
above. These constructs were introduced via transformation
into a heterozygous mip! disruption strain. Following sporula-
tion and tetrad dissection, haploid cells containing the
miplA::LEU2 allele and the [CEN-MIPI] or [CEN-MIPI—c-
myc] plasmid were identified on the basis of their ability to
grow on SD(—Leu —Ura).

Analysis of total cell extracts. Yeast total cell extracts were
prepared from 1-ml cell culture aliquots at an optical density at
600 nm (ODgy) of 1. Total proteins were precipitated with
10% trichloroacetic acid for 20 min on ice and then centrifuged
in a microcentrifuge for 20 min at 4°C; the pellet was washed
twice with acetone, dried, subjected to glass bead lysis by
vortexing for 1 min in boiling buffer (10 mM Tris-HCI [pH
8.0]-25 mM EDTA-1% SDS), and immediately placed in a
boiling water bath for 5 min. For immune blotting analysis,
aliquots from these extracts were loaded directly on 9% T-4%
C (for Fe-S detection) or 13% T-4% C (for CoxIV detection)
SDS-polyacrylamide gels (T denotes the total concentration of
acrylamide and bis-acrylamide; C denotes the percentage
concentration of the cross-linker relative to T) and blotted to
nitrocellulose membranes (Gelman Sciences). Protein detec-
tion was by an enhanced chemiluminescence procedure with
reagents from Amersham. For Fe-S detection, we used a
mouse anti-yeast Fe-S monoclonal antibody (a gift of B.
Trumpower, Department of Biochemistry, Dartmouth Medical
School) (15) followed by a horseradish peroxidase-conjugated
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goat anti-mouse immunoglobulin G antiserum (Bio-Rad). For
CoxIV detection, a rabbit anti-yeast CoxIV serum (a gift of G.
Schatz, Biozentrum, Basel University) (21) was used, followed
by a horseradish peroxidase-conjugated donkey anti-rabbit
immunoglobulin G antiserum (Amersham). For cytochrome c,
immune blotting, we used a mouse anti-yeast cytochrome c,
monoclonal antibody (a gift of B. Trumpower).

For in vivo labeling, cells were grown in SD medium
containing the appropriate growth requirements to an ODgy,
of 1 and labeled with 0.1 mCi of Tran3>S-Label (ICN Bio-
chemicals) per ml for 24 min at 30°C. Labeling was stopped by
addition of 0.5% unlabeled methionine and 0.5% unlabeled
cysteine, and the cells were chased at 30°C for 60 min. Aliquots
(1 ml) were withdrawn at the indicated time points, and total
cell extracts were prepared from each aliquot as described
above. Immunoprecipitation was performed on these extracts
in NETMS buffer (150 mM NaCl-10 mM EDTA-0.5% Triton
X-100-0.25% SDS-2% methionine) as described elsewhere
(23). A rabbit anti-yeast CoxIV serum was used for detection
of CoxIV protein (21), while a rabbit anti-rat OTC serum was
used for detection of pGALOTC-encoded OTC protein, as
described elsewhere (7). Immune complexes were recovered
with formalin-fixed Staph A cells (Bethesda Research Labora-
tories), and radiolabeled proteins were analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and fluorog-
raphy, as described before (23).

Analysis of isolated yeast mitochondria and mitochondrial
subfractions. For isolation of mitochondria, mipl and wild-
type cells were grown in YPGal containing 0.05% dextrose,
while disruption strains complemented by a [CEN-MIPI—-
myc] plasmid were grown in semisynthetic medium containing
3% glycerol, 2% ethanol, and 0.05% dextrose. All strains were
grown at 30°C to an ODyy, of 1. Spheroplasts were prepared by
treatment with Zymolyase 20T (ICN Immunobiologicals) and
resuspended in mitochondria isolation buffer (MIB), contain-
ing 0.6 M mannitol and 20 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N’-2-ethanesulfonic acid)-KOH, pH 7.4. Mito-
chondria were subsequently isolated by homogenization with a
motor-driven Teflon pestle in a glass tissue grinder at a speed
of 1,000 rpm, followed by differential centrifugation, according
to the procedure described by Daum et al. (8). Phenylmethyl-
sulfonyl fluoride was added at a final concentration of 10 mM
during homogenization and was omitted from the subsequent
washing steps. Freshly isolated mitochondria were resus-
pended in MIB and adjusted to a protein concentration of 20
mg/ml. Aliquots (25 or 50 pl) were treated with trypsin (final
concentration, 0.4 mg/ml) for 5 min on ice, and soybean trypsin
inhibitor (final concentration, 1 mg/ml) was added; 1% Triton
X-100 was added to other aliquots before trypsin. To prepare
mitoplasts by osmotic shock, mitochondria were diluted with 5
volumes of 20 mM HEPES-KOH (pH 7.4) for 10 min on ice
with occasional agitation on a Vortex mixer, as described
elsewhere (56). Mitoplasts were reisolated by centrifugation at
12,000 X g for 5 min, resuspended in the original volume of
MIB buffer, and treated with trypsin, as described above.

To prepare soluble (matrix plus intermembrane space) and
membrane (outer and inner membrane) mitochondrial frac-
tions, mitochondria were resuspended in MIB (500 pl at 20
mg/ml for mitochondria isolated from mip! and wild-type cells
and 1 ml at 50 mg/ml for mitochondria isolated from [CEN-
MIPI—c-myc]-complemented cells) and subjected to sonication
at 0 to 4°C (with a Branson sonifier with microtip; setting on
20% duty, three 45-s pulses with two 1-min cooling intervals),
followed by centrifugation at 165,000 X g for 30 min at 4°C.
Pellets were resuspended by pipetting in MIB buffer and
brought to the same volume as supernatants. Protein concen-
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tration was measured in all fractions by a protein assay from
Bio-Rad based on the Bradford dye-binding procedure (4).
Fractions were aliquoted and kept at —70°C for subsequent
analyses.

Detection of Fe-S and CoxIV proteins in intact mitochon-
dria and mitochondrial soluble and membrane fractions was by
immune blotting, as described above. Detection of the YMIP-
c-myc fusion protein was also by immune blotting, with a c-myc
(9E10) mouse monoclonal antibody (11) (Santa Cruz Biotech-
nology, Inc.), followed by a horseradish peroxidase-conjugated
goat anti-mouse immunoglobulin G antiserum (Bio-Rad).
Protein quantitations were by densitometric analysis of fluoro-
grams.

Import of YMIP and YMIP—c-myc into isolated rat liver and
yeast mitochondria. The MIP1 and MIPI—c-myc genes, cloned
in pGEM-3Z under phage T7 polymerase promoter control,
were transcribed in vitro, and mRNAs were translated in a
reticulocyte lysate in the presence of [*>S]methionine, by use of
a coupled transcription/translation system from Promega.
Translation products were analyzed by SDS-PAGE with in
vitro-translated RMIP precursor (78 kDa) (26) as a molecular
mass marker.

For isolation of rat liver mitochondria, we used a modifica-
tion of the procedure originally described by Schnaitman and
Greenawalt (41), as described before (24). Briefly, liver tissue
from one male Sprague-Dawley rat, weighing 90 to 130 g, was
rapidly removed and carefully minced with scissors. Four
volumes of HMS buffer (2 mM HEPES [pH 7.4], 220 mM
mannitol, 70 mM sucrose) was added, and homogenization was
carried out with a motor-driven Teflon pestle in a glass tissue
grinder at a speed of 1,000 rpm. The homogenate was centri-
fuged for 1 min at 5,000 X g; the supernatant was collected and
centrifuged at 10,000 X g for 6 min. Contamination of mito-
chondria by lysosomes was minimized by treating the pellet
with a diluted digitonin solution, according to the procedure of
Loewenstein et al. (32). The final mitochondrial pellet was
resuspended in HMS at a protein concentration of 20 mg/ml.

Yeast mitochondria were isolated from [CEN-MIPI—c-myc]-
complemented cells, as described above, and resuspended in
mitochondrial import buffer (0.6 M sorbitol, 50 mM HEPES-
KOH [pH 7.4], 50 mM KCl, 10 mM MgCl,, 2 mM KH,PO4,
2.5 mM EDTA, 2 mM ATP, 1 mg of BSA per ml) at a protein
concentration of 40 mg/ml.

YMIP or YMIP—c-myc translation mixture (6 pl) was incu-
bated with 4 pl of a suspension of freshly isolated rat liver or
yeast mitochondria for 20 min at 27°C. After import, aliquots
were treated with trypsin, plus or minus 1% Triton X-100, as
described above. Import reactions were also separated into
pellets and supernatants by centrifugation at 12,000 X g for 5
min at 4°C, as described elsewhere (24). The products of the
import reactions were analyzed directly by SDS-PAGE and
fluorography.

Biochemical determinations. MPP and MIP activities were
assayed in the mitochondrial subfractions with the following
substrates, as described before (24, 25): N. crassa Rieske Fe-S
protein precursor (pFe-S), S. cerevisiae F, ATPase subunit 8
precursor (pF;B), human pOTC, and methionine intermediate
OTC (M-iOTGC; in this protein, an initiator methionine has
been substituted for the phenylalanine normally present at the
iOTC amino terminus). The corresponding cDNAs were tran-
scribed in vitro, and mRNAs were translated in the presence of
[>°S]methionine, as described above. Processing reactions were
carried out for 30 min at 27°C in a final volume of 10 pl,
containing 1 pl of translation mixture, 1 mM MnCl,, 10 mM
HEPES-KOH (pH 7.4), 1 mM dithiothreitol, and 2.5 pg of
total protein from the mitochondrial subfractions, and ana-
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FIG. 1. Partial restriction map of MIPI and flanking sequences. An
internal 1.1-kbp EcoRI-EcoRI MIPI gene fragment is shown in the
upper part of the figure. The position of the primer complementary to
the zinc-binding site coding sequence, used for initial characterization
of MIP1I, is indicated by the arrow above this fragment. An overlapping
4.6-kbp Accl-Accl fragment, containing the entire MIPI gene plus 3’
and 5’ flanking sequences, is shown in the lower part of the figure.
MIP] is indicated as the solid arrow. The EcoRI-EcoRI restriction
fragments used for sequencing the entire 4.6-kbp fragment are indi-
cated.

lyzed directly by SDS-PAGE. The amounts of the processing
reaction products were determined by densitometric analysis
of fluorograms and used as a measure of MPP or MIP activity.
Fumarase activity was assayed as described by Stitt (48).

Respiratory activities were determined on mipl or wild-type
mitochondria with a multicomponent analysis used for clinical
diagnosis of mitochondrial enzyme deficiency myopathies (9),
consisting of six spectrophotometric enzyme assays. Cyto-
chrome ¢ oxidase activity was measured by the rate of oxida-
tion of cytochrome ¢ (55), succinate-cytochrome c¢ reductase
activity was measured by the rate of reduction of cytochrome ¢
in the presence of succinate (49), rotenone-sensitive NADH
cytochrome ¢ reductase activity was measured by the rate of
cytochrome c¢ reduction in the presence of NADH and rote-
none (18), NADH dehydrogenase activity was measured by the
rate of oxidation of NADH in the presence of artificial electron
acceptor ferricyanide and NAD formation (30), succinate
dehydrogenase activity was measured by the rate of oxidation
of succinate in the presence of artificial electron acceptor
2,6-dichlorophenol-indophenol (DCIP) (58), and citrate syn-
thase activity was measured by the rate of condensation of
acetyl-coenzyme A with oxaloacetate to form citrate and free
coenzyme A (47).

Nucleotide sequence accession number. The nucleotide se-
quence of MIPI (see Fig. 2) has been deposited in GenBank
under accession number U10243.

RESULTS

Two yeast genes, YCL57w and MIPI1, are homologous to
RMIP. The full-length RMIP cDNA was used as a probe to
screen a A DASH S. cerevisiae genomic library under low-
stringency conditions, and 30 positive plaques were isolated
from the primary screening. RMIP ¢cDNA and YCL57w have
56% identity over 106 bp in the zinc-binding site coding region
localized toward the 3’ ends of both genes (26). This might be
sufficient for hybridization of the RMIP cDNA probe to any
clones containing the YCL57w sequence. To identify such
clones, PCR amplifications were performed directly on the A
phage DNA from the 30 primary plaques, and the 3’ half of
YCL57w was specifically amplified from five of them (data not
shown). The remaining 25 positive plaques might represent
clones containing a gene (or genes) different from YCL57w.
Nine clones were recovered after tertiary screening; restriction
analysis indicated that they contained three overlapping inserts
ranging from 15 to 18 kbp. An internal EcoRI fragment of
about 1.1 kbp (Fig. 1) was initially isolated from one of these
clones on the basis of its ability to hybridize to a RMIP cDNA
probe when high-stringency conditions were used. This frag-
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AGAGAGAAAAATACATATATAGCGTCAAAATCAAAACAAATGATGAATTTACTTGCAAAGACTAAATGTGTAAGGGAATAGGTATCAGAACATTAA 96
GTGAAGGCGCCGAAAGTAATATCAGTAATGCTTCGCACGATAATATTGAAAGCCGGGTCCAATGCCTCCATACCGTCACCTTCCCGCCAAAATAAG 192

M L R T I I L K A G S N A S I P S P S R Q N K 23
TTACTCAGGTTCTTCGCCACAGCCGGCGCAGTCTCTAGGACCAGTCCAGGAAGCATTAAGAAGATTTTCGACGACAATTCATATTGGAGAAATATT 288
L L RF F AT AGA AV S RTSUPG S I KKI F DDN NS Y WUZRNI 55
AATGGTCAGGATGCTAATAATAGCAAGATCTCACAATATCTTTTTAAAAAAAATAAAACCGGACTTTTCAAGAACCCTTATTTGACTTCTCCAGAT 384
N G 0 D A NN S K I S Q YL PF KIKNIKTGTULT FI KNUPYTULTSUPD 87
GGTTTGCGTAAGTTTAGCCAGGTTTCTTTGCAGCAAGCACAAGAACTTCTCGACAAAATGAGGAATGATTTTAGCGAGAGTGGTAAATTAACCTAT 480
G L R K F s V s L ¢ 0 A Q E L L D KMUPRNDUFSESGI KTLTY 119
ATTATGAACCTGGACAGATTAAGCGATACGCTATGTCGAGTTATTGATTTGTGCGAGTTTATTAGGTCAACACATCCAGATGATGCATTTGTTAGG 576
I M NL DRL S DTULGCU RV IDILTGCETFTIIR ST HUPUDIUDA ATFVR 151
GCAGCACAAGATTGCCATGAACAAATGTTTGAATTCATGAATGTCTTGAACACTGATGTTTCCTTATGTAACATACTAAAGTCGGTTTTAAACAAT 672
A A Q D CHEOQOMTFETFMNUVLNTD VS LCNIILIKSUVLNN 183
CCAGAAGTGTCTTCGAAGTTAAGCGCAGAAGAACTTAAAGTTGGTAAAATATTATTGGATGATTTTGAAAAGTCAGGAATCTATATGAATCCAGAT 768
P E V S S K L S A E EL KV 6 K I L L DDV FEIZ K SGTI Y M NUPD 215
GTTAGAGAAAAGTTTATCCAGTTATCTCAGGAAATCAGTTTAGTAGGTCAAGAATTCATCAACCATACAGACTATCCTGGTTCAAATTCTGTGAAG 864
V REIKT FTI QL S Q E I S L V GG Q E F I N HTUDYUPG S N S VK 247
ATACCATGTAAAGATCTGGATAATAGTAAAGTGAGTACATTTCTATTGAAGCAATTAAATAAAGATGTAAAA AAA AAGTACCTACA 960
I P C K DL DN S KV S TF UL L K L N K DV K G Q N Y K V P T 279
TTTGGGTATGCAGC TTATTAAAA AAATGAGATGGTAAGAAAAAAGTTGTGGACCGCTCTTCACAGTTGTTCTGACAAACAG 1,056
F 6 Y A A Y A L L K S CENJZEMV VR RIKITEKTLWTA ATLUHBSTC S DK Q 311
GTTAAAAGATTGAGTCACTTAATCAAACTAAGGGCAATCTTGGCTAATTTAATGCACAAAACAAGTTACGCAGAGTATCAATTGGAAGGTAAAATG 1,152
V K RL S HL I KLIRATIULA ANILMM MHBEBEI KT S YAZETZYQULETGI KM 343
GCAAAGAATCCGAAAGATGTTCAAGATTTTATTTTGACGTTAATGAACAATACTATAGAGAAGACAGCAAATGAATTGAAATTTATAGCTGAACTC 1,248
A K NP KDV 0 D F I L TLMNNTTIUEIKTA ANTETLI KT FTIATEUL 375
AAGGCCAAAGATCTTAAGAAGCCGTTGACTACAAACACGGACGAAATATTGAAGCTCGTGAGACCATGGGATAGGGATTACTATACTGGCAAATAT 1,344
K A K DL KKUZPULTTNTDETIULKULUVIRUPWDIRDY Y TGIK Y 407
TTCCAGCTCAACCCGTCAAACTCTCCCAATGCCAAAGAAATAAGCTATTATTTTACATTAGGAAATGTCATTCAGGGCTTGTCAGATTTGTTTCAG 1,440
F Q L NP S N S PN AIKUETI S Y Y FTULUGNUVIOQQGUL S DIULTFQ 439
CAAATATATGGTATTAGATTAGAGCCAGCAATTACTGATGAGGGAGAAACATGGTCCCCAGACGTGAGAAGATTGAATGTGATATCTGAAGAGGAA 1,536
Q@ I Y 6 I R L E P A I T DEGETW S P D V RRIULNUVI SETETE 471
GGAATCATCGGCATAATTTATTGTGATTTATTCGAACGAAATGGCAAGACTTCAAATCCGGCTCATTTCACAGTTTGTTGCTCTAGGCAGATATAT 1,632
6 I I 6 I I ¥ €C DL F ERNUGI KT SNUPA AHRT FT VO CTCSZ RUOQOTIZY 503
CCCAGTGAAACTGATTTCTCAACCATCCAAGTCGGTGAGAATCCAGACGGTACCTACTTTCAATTACC TATTTCTT TTTTTCT 1,728
P s ET DV F 8 T I Q V G ENUPDGT YV FQQLUZPUVISLVCNTF S 535
CCAATACTAATCGCTTCTAAAAAAAGTCTTTGTTTTTTGCAGCTTAGTGAAGTTGAAACGCTCTTCCATGAAATGGGACATGCAATGCACTCAATG 1,824
P I L I A S K K S L CF L QL S E V ETTULTFUHEMMGT EA AMMZE E SM 567
TTAGGGAGAACTC AAAACATAA CAAGATGTGCTACTGATTT GAGTTACCAA TCCTGATGGAGCACTTCGCTAAGGAT 1,920
L G R T HM QNI S G TR CA AT DT F YV ETLUPSILMET HT FA ATIKD 599
ATACGAATTCTGACAAAGATTGGCAAACATTACGGGACTGGAGAAACAATTCAGGCTGATATGTTACAGCGCTTCATGAAAAGCACTAACTTCCTT 2,016
I R I L T K I G K H Y G T G E T I Q A DMULOQURUF FMIEKSTNTFL 631
CAAAATTGTGAAACATACTCTCAAGCAAAGATGGCTATGCTGGATCAATCATTTCATGATGAAAAAATCATTTCTGATATTGATAACTTTGACGTT 2,112
Q N C E T Y S Q A KMAMULD S F H D E K I I 8 DI DNV F D V 663
GTGGAAAACTATCAAGCACTAGAACGACGTTTAAAGGTCCTAGTGGACGATCAGAGTAATTGGTGTGGAAGATTCGGCCATTTATTTGGATACGGG 2,208
V EN Y Q0 AL ERU RLIKUVILVDD QS NWCGURV FGHULTFG Y G 695
GCAACTTATTACAGCTACTTATTTGATAGGACGATAGCTTCTAARATCTGGTACGCCCTTTTCGAGGATGATCCGTACAGTCGAAAAAATGGTGAT 2,304
A T Y ¥ S YL FDRTTIA ASI KTIW YA ATLTFEUDTUDUZPY S RIKNGTD 727
AAATTTAAAAAGCATTTACTAAAATGGGGAGGGCTAAAAGACCCTT A GC! TGTTTTAGAATGCCCCATGCTAGAGAAAGGCGGT 2,400
K F K K H L L KWG6 G L KDUPWIKTCTI ADUVLETCUZPMLTETITZKTGG 759
AGCGATGCGATGGAATTTATAGCACAGTCTCACAAGTCTTAGAGAACAGAGTAGGTGCTTAATC C TATT CAACGACGTTTATTCAT 2,496
S D AME F I A Q S HK § * 772
AGCTGAATTCTTTTCACCAAGAAAAAAAAATTGCATAATCTTATAAATACTAAGACCCATTATTTAAAAGGGTCTGAAAACCA 2,579

FIG. 2. Nucleotide and deduced amino acid sequences of MIPI. Amino acids are denoted by the single-letter code. The star indicates the stop

codon.

ment was characterized by sequencing using a degenerate
primer derived from the amino acid sequence of the RMIP
zinc-binding motif HEMGHAMH, on the basis of the idea that
this site should be conserved between homologous genes. The
DNA sequence obtained predicted a protein sequence with
over 60% identity to the RMIP sequence in the zinc-binding
site region (see below). An overlapping AccI-Accl fragment of
about 4.6 kbp was then isolated and sequenced completely
from both strands, by use of the EcoRI restriction fragments
shown in Fig. 1 and universal and specific primers.

This fragment contains three open reading frames, only one
of which is complete. The complete open reading frame, MIP1,
consists of 2,316 bp specifying a primary translation product of
772 amino acids with a predicted molecular mass of 85,030 Da
(Fig. 2). We have designated the MIPI gene product YMIP.
The 37-residue amino-terminal sequence of YMIP contains six
basic amino acids, no acidic residues, and predominantly
hydrophobic and hydroxylated amino acids, characteristics that
are typical of mitochondrial targeting signals (16). Not includ-
ing the leader peptide, the YMIP protein contains a predom-
inance of acidic (Asp and Glu) over basic (Arg and Lys) amino
acids (94 versus 88), and it is generally hydrophilic.

Over its entire length, YMIP bears 31% identity and 54%
similarity to RMIP. In comparison, the predicted YCL57w
protein shows 24% identity and 47% similarity to RMIP. A
typical zinc-binding motif, HEXXH, is localized toward the

carboxyl termini of these proteins (Fig. 3). RMIP and YMIP
share the sequence LFHEMGHAMHSMLGRT, centered
around this motif, while a lower degree of homology is found
here between RMIP and YCL57w.

Chromosomal disruption of MIPI causes a respiration-

YMIP VETLFHEMGH MLGRTH HQNIBGTRCA T. DFVELPSI 553

RMIP MENL TR YQHVT T.DlA!VPSI 486

YCLS7w IVTFFHELGH GIHDLVGQNK ESRFNGPGSV PWDFVEAPSQ 505

YMIP LMEHFAKDIR ILTKIGKHYG TGBTIQADHL QORFMKSTNFL 593

Il 1 ||=== 1l 1] |:
RMIP LMEYFSNDYR VVSQFAKHYQ rcqn.pnuv SRLCESKKVC 526

(R :

il
YCL57w MLEFWTWNKN BLINLBSHYR TGBRIPESLI NSLIKTKHVN 545

FIG. 3. The putative zinc-binding site regions of RMIP and YMIP
are identical. The deduced YMIP, RMIP (GenBank M96633), and
YCL57w (GenBank X59720) protein sequences were aligned by use of
the computer program PILEUP (University of Wisconsin Genetics
Computer Group) with a gap penalty of 3 and a gap extension penalty
of 0.1. A portion of the alignment in the zinc-binding site region is
shown. The zinc-binding motif (H-E-X-X-H) is underlined. Identical
residues between YMIP and RMIP or between YCL57w and RMIP
are indicated by continuous bars; conservative replacements (D or E,
KorR,LorlorV,ForY orW,andS or T) are indicated by dots.
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FIG. 4. Construction of the deletion allele mipIA::LEU2. See Materials and Methods for details. , MIPI, , LEU2; 1, MIPI flanking

sequences; B, pGEM.

deficient phenotype. For construction of a deletion allele, the
internal 2,053 nucleotides coding for residues 31 to 717 of
YMIP were deleted and replaced by the yeast LEU2 gene (Fig.
4). The mipI A::LEU2 disruption allele was substituted for one
chromosomal copy of MIPI in diploid strains AW1-2 and
YPH501. Heterozygous transformants were sporulated and,
after dissection, over 30 tetrads with four viable spores were
obtained (data not shown). The mipIA::LEU2 disruption seg-
regated 2+:2— on SD(—Leu); haploid cells with the disruption
grew as well as the nondisrupted cells on YPD. Nondisrupted
YPHS501 derivatives produced a red pigment, which is typically
synthesized by ade2 strains under conditions of a normal
respiratory phenotype (44). In contrast, cells with the mipIA::
LEU?2 disruption were completely devoid of red pigmentation,
which is consistent with loss of respiratory competence. This
was confirmed by the inability of these mutants to grow on
YPEG (data not shown). Southern blotting performed on
genomic DNA isolated from respiration-deficient mutants
showed a restriction pattern consistent with the presence of the
miplA::LEU?2 allele in these mutants (data not shown). mipl
disruption strains, derivatives of YPHS501, were used for
subsequent studies.

The mipl disruption phenotype can be complemented by a
CEN plasmid-encoded YMIP protein. For complementation
of miplA::LEU2 mutants, MIP] was subcloned into a CEN
plasmid bearing the yeast URA3 gene. This construct was
introduced via transformation into a heterozygous disruption
strain carrying the wild-type MIP1 and mipIA:LEU2 alleles.
After sporulation and dissection of 11 tetrads, 9 tetrads with
four viable spores were obtained (data not shown). The
miplA:LEU2 disruption segregated 2+:2— on SD(—Leu);
nine disruption spores appeared to have acquired a CEN
plasmid copy of MIPI by their ability to grow on SD(—Ura
—Leu) and were complemented for red pigment formation on
YPD and for normal growth on YPEG (data not shown). An
identical procedure was followed for construction of mipl
strains complemented by a MIP1—c-myc fusion gene, coding for
a chimeric protein with a carboxyl-terminal c-myc (9E10)
epitope, as described in Materials and Methods. The growth
rates of wild-type, mutant, and complemented cells were tested
in liquid YPEG for over 40 h at 30°C (data not shown). While
essentially no growth was observed for three independent mip!
strains, three [CEN-MIPI]- and three [CEN-MIPI-c-myc]-
complemented strains grew as well as wild-type cells, confirm-
ing that the respiration-deficient phenotype of mipl mutants is
caused by loss of a functional MIPI gene and also indicating
that the c-myc epitope tagging of YMIP does not have any
deleterious effects on the function of this protein.

The Fe-S and CoxIV intermediates are not processed to
mature-size proteins in mip! cells. In S. cerevisiae, the prese-
quences of Fe-S and CoxIV precursor proteins are processed
in two steps through an octapeptide-containing intermediate

(6, 12, 15, 22). If MIP1 encodes the yeast homolog of RMIP,
formation of mature Fe-S and mature CoxIV should be
blocked in mipl- and restored in [CEN-MIP1]-complemented
cells.

We performed immune blotting on total cell extracts pre-
pared from these strains and wild-type cells. The temperature-
sensitive mutants mifl and mif2, which accumulate uncleaved
precursors at 37°C because of defects in the general matrix
protease MPP (35, 57), were also used for the migration
positions of precursor species.

The intermediate (iFe-S) and mature forms of yeast Fe-S
can normally be detected by immune blotting of mitochondrial
membranes or the purified bc, complex, while precursor Fe-S
(pFe-S) is generally not detected in yeast mitochondria under
steady-state growth conditions (15). Our results are consistent

A 1 2 LA S 5
pFe/S < _
=
A ;

pCox IV— .
COX IV— e diie

FIG. 5. mipl mutant cells cannot form mature Fe-S and mature
CoxIV subunits. Fe-S (A) and CoxIV (B) immune blotting was
performed on total cell extracts from wild-type (lanes 2 and 7), mipl
(lanes 3 and 8), [CEN-MIPI}-complemented (lanes 4 and 9), and
temperature-sensitive mif] (lanes 1 and 6) and mif2 (lanes 5 and 10)
cells, as described in Materials and Methods. Cells were grown in YPD
at 30°C to an ODg, of 1. The temperature-sensitive mutants mifl and
mif2 were grown for 12 h at room temperature and then shifted to the
nonpermissive temperature for 90 min. For Fe-S detection, a mouse
anti-yeast Fe-S monoclonal antibody was used, while a rabbit anti-yeast
CoxIV serum was used for CoxIV analysis. The migration positions of
precursor- (pFe-S and pCoxIV), intermediate-(iFe-S), and mature-size
(Fe-S and CoxIV) species are indicated. The migration positions of
mature Fe-S and mature CoxIV were confirmed by the migration
positions of the molecular weight (MW) markers trypsin inhibitor
(MW, 21,500) and lysozyme (MW, 14,300), respectively.
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FIG. 6. Uncleaved iCoxIV accumulates in pulse-labeled mipl cells. Wild-type and mipl cells were grown in SD medium containing the
appropriate growth requirements to an ODg, of 1 and labeled with 0.1 mCi of Tran**S-Label per ml for 24 min at 30°C. Labeling was stopped
by addition of 0.5% unlabeled methionine and 0.5% unlabeled cysteine, and the cells were chased at 30°C for 60 min. Aliquots (1 ml) were
withdrawn at the indicated time points, and immunoprecipitation was carried out on total cell extracts with an anti-yeast CoxIV serum, as described
in Materials and Methods. The immunoprecipitated radiolabeled products were analyzed by SDS-PAGE and fluorography.

with these previous observations. iFe-S and mature Fe-S were
detected in wild-type cells (Fig. 5A, lane 2). Conversion of
iFe-S to mature Fe-S was blocked in mip! cells (Fig. 5A, lane
3), as indicated by the absence of mature Fe-S and accumula-
tion of iFe-S. Formation of mature Fe-S was restored in
[CEN-MIPI]-complemented cells (Fig. 5A, lane 4). In mifl
(Fig. 5A, lane 1) and mif2 (lane 5) mutants, unprocessed
precursor, accumulated during 90 min of incubation at the
nonpermissive temperature, indicated the migration position
of pFe-S relative to the positions of iFe-S and mature Fe-S.

In immune blotting of total yeast cell extracts, mature CoxIV
alone is observed, while precursor (pCoxIV) and intermediate
(iCoxIV) forms are not detected under steady-state growth
conditions (10, 21). Consistent with these previous observa-
tions, only mature CoxIV was detected in wild-type cells (Fig.
5B, lane 7). A lack of any immune-detectable CoxIV species
characterized the mip! mutant (Fig. 5B, lane 8), while mature
CoxIV formation was restored in [CEN-MIPI]-complemented
cells (lane 9). mifl (Fig. 5B, lane 6) and mif2 (lane 10) mutants
showed the migration position of uncleaved pCoxIV relative to
the position of mature CoxIV; no iCoxIV was detected in these
mutants.

Because pCoxIV and iCoxIV species can be detected, along
with mature CoxlV, in in vivo labeling experiments (21), it
should be possible to detect accumulation of newly synthesized
iCoxIV in pulse-labeled mipl cells. For this experiment, wild-
type and mutant cells were labeled for 24 min and then chased
for 60 min at 30°C. Aliquots were withdrawn from the cell
cultures at different time points, and the radiolabeled CoxIV
products were recovered by immunoprecipitation and analyzed
by SDS-PAGE (Fig. 6). In wild-type cells, mature CoxIV
accumulated over 24 min of labeling. In mipI cells, formation
of mature CoxIV was blocked, while pCoxIV and iCoxIV
species accumulated over the entire duration of the labeling.
At the end of a 60-min chase, pCoxIV was no longer detected,
while iCoxIV was recovered in an amount corresponding to
approximately 50% of the total amount of precursor plus
intermediate forms present at the start of the chase period.

Taken together, these results indicate that, in wild-type cells,
iCoxIV is rapidly processed to mature CoxIV, such that the
amounts of this intermediate are too small to be detected in a
total cell extract at steady state. They further indicate that, in
mipl cells, the uncleaved iCoxIV is rapidly degraded, in
contrast with the apparent higher stability of iFe-S. The data
regarding iCoxIV are similar to results obtained in cultured
HeLa cells stably transformed with the human pOTC cDNA,
in which pOTC and iOTC can be detected by radiolabeling and
immunoprecipitation, and not by immune blotting (23), con-
sistent with further observations that in vivo-synthesized radio-
labeled iOTC cannot assemble into trimeric native OTC (22a).

As a control, we also analyzed cytochrome c; processing.
This precursor is normally processed to mature ¢, in two steps
by MPP and a different second peptidase, inner-membrane
protease, in the intermembrane space (33, 52). Mature cyto-
chrome ¢, formation was not altered in mip! disruption cells,
indicating that the disruption specifically affects the MIP-
dependent two-step processing pathway (Fig. 7).

mipl mitochondrial subfractions cannot process human
iOTC to mature-size protein. We have shown previously that
human pOTC is cleaved in two sequential steps by purified rat
liver MPP and MIP in vitro, via formation of an octapeptide-
containing intermediate; moreover, an artificial intermediate
OTC protein (M-iOTC), translated in vitro from a methionine
that substitutes for the phenylalanine normally at the iOTC
octapeptide amino terminus (24, 25), was shown to be pro-
cessed to mature OTC by highly purified RMIP independently
of the presence of MPP (28). We have analyzed processing of
these substrates in vitro with crude soluble (representing
matrix plus intermembrane space) and membrane (represent-
ing inner plus outer membrane) fractions, prepared from mip!
and wild-type yeast mitochondria, as described in Materials
and Methods. In vitro-translated substrates were incubated
with identical amounts of total protein from each of these
fractions (normally, 5 pg) for 30 min at 27°C, under conditions
established before for in vitro processing with rat liver MPP
and/or MIP (24, 25, 28). Formation of iOTC and mature-size
OTC was detected upon incubation of pOTC with a crude rat
liver mitochondrial soluble fraction (Fig. 8A, lane 2). Similarly,
although less efficiently, iOTC and OTC were formed upon
incubation of pOTC with a wild-type yeast mitochondrial
soluble fraction (Fig. 8A, lane 3). A much lower conversion of
pOTC to iOTC was detected upon incubation with a wild-type
yeast mitochondrial membrane fraction, leading to formation
of very small amounts of mature-size OTC (Fig. 8A, lane 4).

FIG. 7. Maturation of cytochrome c, is not affected in mipl cells.
The same blot used for Fe-S detection (Fig. SA) was reprobed with a
mouse anti-yeast ¢, monoclonal antibody, as described in the legend
for Fig. 5. Results from wild-type (lane 2), mip! (lane 3), and
[CEN-MIPI}-complemented (lane 4) cells and from temperature-
sensitive mifl (lane 1) and mif2 (lane 5) cells are shown. The migration
positions of mature ¢, and mature Fe-S are indicated.
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FIG. 8. mipl mitochondria contain normal MPP activity but are devoid of MIP activity. Mitochondria were isolated from wild-type and mip/
cells grown in YPGal, resuspended in MIB (500 pl at 20 mg/ml), subjected to sonication at 0 to 4°C (three 45-s pulses at 20 W with three 1-min
intervals), and separated into supernatant (representing matrix plus intermembrane space) and pellet (representing inner plus outer membrane)
by centrifugation at 165,000 X g for 30 min at 4°C. Pellets were resuspended in the same volume of MIB as the supernatants, and total protein
concentrations were assayed in each fraction by the Bradford procedure (4). Radiolabeled human pOTC and M-iOTC (this intermediate is
translated from a methionine that substitutes for the amino-terminal phenylalanine in the normal iOTC), and S. cerevisiae pF, were synthesized
by coupled in vitro transcription/translation. Processing reaction mixtures contained 1 wl of pOTC (A, lanes 1 to 6), M-iOTC (lanes 7 to 12), or
pF.B (B) translation mixtures and 5 pg of total protein from either the wild-type soluble (lanes 3, 9, and 15) and membrane (lanes 4, 10, and 16)
fractions or the mip!I soluble (lanes 5, 11, and 17) and membrane (lanes 6, 12, and 18) fractions, in a final volume of 10 pl of 10 mM HEPES-KOH
(pH 7.4)-1 mM dithiothreitol-1 mM MnCl,. A rat liver soluble mitochondrial fraction was used in control reactions (lanes 2, 8, and 14).
Incubations were carried out at 27°C for 30 min, and the reactions were analyzed directly by SDS-PAGE and fluorography.

Although we could detect processing of pOTC to iOTC by
both the soluble (Fig. 8A, lane 5) and membrane (lane 6) mipl
mitochondrial fractions, iOTC was not processed to mature-
size OTC by these fractions. Essentially identical results were
obtained when the N. crassa pFe-S, also known to be cleaved in
two steps (17) and previously shown to be processed in vitro by
rat liver MPP and MIP (24), was used as the substrate (data
not shown).

With both wild-type and mipl mitochondrial subfractions,
processing of human pOTC and N. crassa pFe-S was not as
efficient as processing of yeast pF,f (see Fig. 8B, below).
Because mature-size OTC and Fe-S formation by MIP is
dependent upon initial cleavage of the corresponding precur-
sors by MPP (24), we further tested for the presence of MIP
activity in mipl mitochondria using M-iOTC (Fig. 8A, lane 7)
as the substrate. Formation of significant amounts of mature-
size OTC was detected upon incubation of M-iOTC with both
the soluble (Fig. 8A, lane 9) and membrane (lane 10) fractions
from wild-type yeast mitochondria. In contrast, M-iOTC was
not processed by either of the mipl mitochondrial fractions
(Fig. 8A, lanes 11 and 12), strongly supporting the conclusion
that MIPI encodes a functional homolog of RMIP. On the
other hand, pF,B (Fig. 8B, lane 13), normally processed in one
step by MPP alone (24, 53), was efficiently processed to
mature-size F,B by the soluble and membrane fractions from
both wild-type (lanes 15 and 16) and mipI mitochondria (lanes
17 and 18), confirming that the MIP-dependent two-step
processing pathway is specifically affected in mip! mitochon-
dria.

YMIP is not required for pFe-S and pCoxIV import into
mitochondria in vivo. It has been shown before that the Fe-S
and CoxIV subunits are initially targeted to the mitochondrial
matrix and subsequently assemble into the cytochrome bc, and
cytochrome oxidase complex, respectively, in the inner mem-
brane (10, 17). It has also been shown that conversion of iFe-S
to mature Fe-S normally occurs after iFe-S is assembled in the
cytochrome bc, complex and that iFe-S is normally present in
this complex (15).

We have analyzed whether the unprocessed iFe-S and
iCoxIV proteins which accumulate in mip! cells remain soluble
in the mitochondrial matrix or are targeted to the inner
membrane in vivo. Mitochondria isolated from wild-type and

mipl disruption cells were treated with trypsin to digest any
membrane-bound or incompletely imported precursors and
subsequently fractionated into soluble and membrane frac-
tions, by sonication at 4°C followed by high-speed centrifuga-
tion. This fractionation procedure was chosen because it does
not involve the use of detergents and because it should be
rapid enough to prevent complete degradation of any unproc-
essed iCoxIV accumulated in mip! mitochondria at steady
state. When trypsin-treated mip! mitochondria were analyzed,
both iFe-S and iCoxIV were protected from externally added
protease (Fig. 9, lanes 4 and 10, respectively) but became
protease accessible when trypsin treatment was performed in
the presence of 1% Triton X-100 (data not shown). Upon
fractionation of trypsin-treated wild-type mitochondria, over
70% of iFe-S and mature-size Fe-S proteins were localized, as
expected, to the membrane fraction (Fig. 9A, lane 3), while less
than 30% was found in the soluble fraction (lane 2). In mipl
mitochondria, partitioning of uncleaved iFe-S between soluble
(Fig. 9A, lane 5) and membrane (lane 6) fractions paralleled
that of iFe-S and mature Fe-S in wild-type mitochondria,
suggesting that the unprocessed iFe-S had been normally
targeted to the inner membrane. Over 70% of mature-size
CoxIV protein was found in the membrane fraction from
wild-type mitochondria, and no iCoxIV protein was detected
(Fig. 9B, lane 9). Small amounts of unprocessed iCoxIV could
be detected in mipI mitochondria; most of this intermediate
was found in the supernatant (Fig. 9B, lane 11), and less than
30% was found in the membrane fraction (lane 12), a distri-
bution opposite to that of mature CoxIV and similar to the
distribution of fumarase, a soluble mitochondrial matrix en-
zyme (Fig. 9C).

YMIP is required for normal respiratory chain function.
The lack of maturation of iFe-S and iCoxIV might affect the
biogenesis of complex III and complex IV of the respiratory
chain, respectively, which would explain the inability of mipl
mutants to utilize nonfermentable substrates for growth. Re-
spiratory activities were assayed in wild-type and mipl mito-
chondria (Table 1). Mutant mitochondria were devoid of
cytochrome ¢ oxidase activity, indicating a lack of function of
complex IV. Further, they exhibited a complete deficiency of
succinate-cytochrome ¢ reductase activity and a 72% reduction
of rotenone-sensitive NADH cytochrome ¢ reductase activity,
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FIG. 9. YMIP is not required for pFe-S and pCoxIV import in vivo.
Mitochondria were isolated from wild-type and mip! cells, resus-
pended in MIB at 20 mg of protein per ml, and treated with trypsin
(0.4-mg/ml final concentration) for 5 min on ice, followed by soybean
trypsin inhibitor (1-mg/ml final concentration). Soluble and membrane
fractions were prepared from trypsin-treated mitochondria, as de-
scribed in the legend for Fig. 8. Fe-S (A) and CoxIV (B) proteins were
detected by immune blotting, as described in the legend for Fig. 5.
Samples (50 pg) of trypsin-treated mitochondria from wild-type (lanes
1 and 7) or mipl (lanes 4 and 10) cells were analyzed. Amounts of
protein corresponding to 1% of the total protein recovered in either
the wild-type soluble (lanes 2 and 8) and membrane (lanes 3 and 9)
fractions or the mip1 soluble (lanes 5 and 11) and membrane (lanes 6
and 12) fractions were analyzed. Fumarase activity (C) was assayed in
wild-type and mip! soluble (S) and membrane (P) fractions by the
method of Stitt (48) and is expressed as a percentage of the total

activity recovered in these fractions.

consistent with a defect at the level of complex III, as a fault
here would impair oxidation of both reduced flavin adenine
dinucleotide (FADH)-linked and NADH-linked substrates. A
66% reduction of NADH dehydrogenase activity and a 90%
reduction of succinate dehydrogenase activity were also de-
tected in the mutant mitochondria, while citrate synthase
activity was normal.

YMIP is imported to the mitochondria and predominantly
behaves as a soluble matrix protein. When the MIP1 gene and
the MIP1-c-myc fusion gene were transcribed and translated in
vitro, a major product of about 85 kDa was obtained in both
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pYMIP-c-myc —
YMIP-c-myc 7B

FIG. 10. The YMIP and YMIP—c-myc precursors are imported by
isolated mitochondria in vitro. (A) Six microliters of in vitro-translated
pYMIP (unprocessed; lane 1) was incubated with 4 ul of freshly
isolated rat liver mitochondria in HMS buffer at 8 mg of mitochondrial
protein per ml (final concentration) for 20 min at 27°C (lane 2). After
import, one sample was treated with trypsin (lane 3), as described in
the legend for Fig. 9. Triton X-100 (1%) was added to another sample
before trypsin (lane 4). Mitochondria were also reisolated by centrif-
ugation for 5 min at 12,000 X g, and the resulting supernatant (lane 5)
and pellet (lane 6) were analyzed separately. Import reactions were
analyzed directly by SDS-PAGE and fluorography. (B) Mitochondria
were isolated from [CEN-MIPI—-c-myc]-complemented cells that had
been grown in semisynthetic medium (containing 3% glycerol, 2%
ethanol, and 0.05% dextrose) to an ODg, of 1 and resuspended in
import buffer (0.6 M sorbitol, 50 mM HEPES-KOH [pH 7.4], 50 mM
KCl, 10 mM MgCl,, 2 mM KH,PO4, 2.5 mM EDTA, 2 mM ATP, 1 mg
of BSA per ml). Six microliters of in vitro-translated pYMIP—c-myc
(unprocessed; lane 7) were incubated with 4 pl of this mitochondrial
suspension at 16 mg of mitochondrial protein per ml (final concentra-
tion) for 20 min at 27°C (lane 8). After import, identical samples were
treated with trypsin (lane 9) or 1% Triton X-100 and trypsin (lane 10)
or separated into pellet (lane 11) and supernatant (lane 12), as
described above. The 75-kDa band is visible immediately below the
mature-size YMIP—c-myc band.

cases, the MIPI-c-myc product presenting a slightly lower
mobility, consistent with the presence of the c-myc epitope at
the protein carboxyl terminus (data not shown). To analyze the
intramitochondrial localization of YMIP, the putative YMIP
and YMIP-c-myc precursors were initially incubated with
freshly isolated rat liver or yeast mitochondria, under condi-
tions established before for import of the RMIP precursor
(26). pYMIP (Fig. 10A, lane 1) was processed by rat liver
mitochondria to a smaller product likely to represent mature-
size¢ YMIP (lane 2). This product was protected from exter-
nally added trypsin (Fig. 10A, lane 3), but mostly became
protease accessible when trypsin treatment was performed in
the presence of 1% Triton X-100 (lane 4). When the mito-
chondria were reisolated by centrifugation after import, most
of the unprocessed pYMIP remained in the supernatant (Fig.
10A, lane 5), while mature YMIP sedimented with the mito-
chondrial pellet (lane 6). Essentially identical results were
obtained when in vitro-translated pYMIP—c-myc was incubated
with mitochondria isolated from [CEN-MIP]1—c-myc]-comple-

TABLE 1. Respiratory activities of wild-type and mipI mitochondria

Sp act (wmol/min/mg) of:

Source of

mitochondria Cytochrome Succinate-c NADH-¢ Succinate NADH Citrate
oxidase reductase reductase dehydrogenase dehydrogenase synthase
Wild type 6.41 0.93 2.56 5.00 30.46 12.43
mipl 0.07 0.01 0.72 0.52 13.41 12.43
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FIG. 11. A YMIP—c-myc fusion protein is imported to the mito-
chondria in vivo. (A) In vitro-translated pYMIP—c-myc (unprocessed;
lane 1) was incubated with freshly isolated rat liver mitochondria (lane
2), and trypsin treatment was carried out upon import (lane 3), as
described in the legend for Fig. 10. (B) A sample treated identically to
the sample shown in panel A, lane 3 (lane 4), and a sample containing
500 pg (total protein) of a mitochondrial suspension from [CEN-
MIPI—c-myc]-complemented cells (lane 5) were analyzed by immune
blotting, with a c-myc epitope (9E10) mouse monoclonal antibody. (C)
Freshly isolated mitochondria from [CEN-MIPI-c-myc]-complement-
ed cells were adjusted to a protein concentration of 20 mg/ml in MIB.
Aliquots (60 wl) were analyzed without further treatment (lane 6) or
were treated with trypsin (lane 7) or 1% Triton X-100 and trypsin (lane
8). Mitoplasts were prepared by dilution of the mitochondria with 5
volumes of 20 mM HEPES-KOH (pH 7.4) for 10 min on ice and
agitation on a Vortex mixer, followed by centrifugation at 12,000 X g
for 5 min at 4°C, and analyzed directly (lane 9) or after trypsin
treatment (lane 10), as above. In fluorograms A, B, and C, the 75-kDa
band is visible below the mature-size YMIP—c-myc band.

mented cells (Fig. 10B, lanes 7 to 12) or with rat liver
mitochondria (Fig. 11A, lanes 1 to 3). Consistent with normal
growth of [CEN-MIPI—c-myc]-complemented cells on YPEG,
these results indicate that c-myc epitope tagging of YMIP does
not affect mitochondrial targeting of this protein.

We then analyzed the intramitochondrial localization of the
YMIP—c-myc fusion protein in vivo. A sample containing in
vitro-translated pYMIP—c-myc precursor (Fig. 11A, lane 1)
that had been imported into isolated rat liver mitochondria
(lane 2) and subsequently treated with trypsin (lane 3) was
analyzed by immune blotting (Fig. 11B, lane 4) at the same
time as 500 pg of mitochondria (total protein) isolated from
[CEN-MIP1—c-myc]-complemented cells (lane 5), by use of a
mouse monoclonal anti-c-myc epitope (9E10) antibody (11). In
yeast mitochondria (Fig. 11B, lane 5), an 85-kDa protein with
the same electrophoretic mobility as the mature-size YMIP-
c-myc protein formed by isolated rat liver mitochondria (lane
4) was detected. Three additional bands, of 75, 45, and 35 kDa,
were also detected in yeast mitochondria (Fig. 11B, lane 5).
Neither the 85-kDa protein nor these other bands were
detected in the cytosolic fraction or in a total cell extract from
cells complemented by a nonfusion MIPI gene (data not shown).
A 75-kDa band was also present in the pYMIP—c-myc in vitro
translation mixture (Fig. 10B, lane 1, and Fig. 11A, lane 1).
Unlike the full-length pYMIP—-myc, however, this shorter
product was not imported or processed by isolated yeast (Fig.
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FIG. 12. Partitioning of the mature-size YMIP-c-myc fusion pro-
tein between mitochondrial soluble and membrane fractions. Mito-
chondria isolated from [CEN-MIP1—c-myc}-complemented cells were
adjusted to a protein concentration of 50 mg/ml in 0.5 ml of MIB and
treated with trypsin (0.2 mg/ml final concentration) for 20 min on ice;
soybean trypsin inhibitor (1 mg/ml) was then added. The trypsin-
treated mitochondrial suspension was subjected to sonication followed
by high-speed centrifugation, as described in the legend for Fig. 8.
Trypsin-treated mitochondria (500 pg) (lane 1), total mitochondrial
extract after sonication (50 pg) (lane 2), supernatant (25 pg from a
total soluble protein recovery of 1.1 mg) (lane 3), and membrane (25
ng from a total membrane protein recovery of 0.75 mg) (lane 4) were
analyzed by immune blotting, as described in the legend for Fig. 11.

10B, lanes 8 and 9) or rat liver (Fig. 11A, lanes 2 and 3)
mitochondria.

When aliquots (120 pg of total protein) of the isolated yeast
mitochondria (Fig. 11C, lane 6) were treated with trypsin,
YMIP—c-myc was protected (lane 7), becoming protease acces-
sible when trypsin treatment was performed in the presence of
1% Triton X-100 (lane 8). When mitochondria were subjected
to osmotic shock and mitoplasts were reisolated by centrifuga-
tion, YMIP—c-myc sedimented with the pellet (Fig. 11C, lane
9) and was protected from externally added trypsin (lane 10).
These data indicate that the MIPI—c-myc fusion gene product
is imported to the mitochondria in vivo. The 75-, 45-, and
35-kDa bands also appeared to be protected from externally
added trypsin, both in intact mitochondria and in mitoplasts
(only the data for the 75-kDa band are shown in Fig. 11C);
however, only the 75-kDa protein was fully digested by trypsin
in the presence of Triton X-100 (lane 8), while about 50% of
the 45-kDa protein and most of the 35-kDa protein were
resistant to trypsin treatment (not shown).

To define the intramitochondrial localization of the mature-
size YMIP—c-myc protein, isolated yeast mitochondria were
treated with trypsin and subsequently fractionated by sonica-
tion and high-speed centrifugation into soluble and membrane
fractions, as described above. This fractionation procedure was
carried out twice with mitochondria isolated from two inde-
pendent [CEN-MIP1—c-myc]-complemented strains, giving very
similar results regarding protein recovery and specific enzymatic
activities each time. In Fig. 12, trypsin-treated mitochondria
(500 pg) (lane 1), total mitochondrial extract after sonication
(50 p.g) (lane 2), and soluble (25 pg) (lane 3) and membrane
(25 ng) (lane 4) fractions were analyzed at the same time. By
densitometric analysis, the amount of mature-size YMIP—c-
myc detected in the soluble fraction was 10 to 15% higher than
the amount detected in the membrane fraction. Thus, relative
to the total protein recovered in the supernatant (1.1 mg) and
the pellet (0.75 mg), mature YMIP—c-myc was found in these
fractions at levels of about 60 and 40%, respectively.

The 75-kDa band was detected almost exclusively in the
membrane fraction (Fig. 12, lane 4). Because the levels of
specific MIP activity recovered in the soluble and membrane
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fractions correlated with the amounts of mature-size YMIP-
c-myc protein and not with the amounts of 75-kDa protein (see
below), the 75-kDa band may not have any functional signifi-
cance; it may represent an abnormal transcription/translation
product of the CEN plasmid-encoded MIPI—c-myc fusion gene
which is incompletely imported. The 45- and 35-kDa bands
appear to represent carboxyl-terminal products of some pro-
teolytic cleavage(s) within the 85- and 75-kDa proteins, respec-
tively. The occurrence of an internal cleavage in the mature-
size YMIP—c-myc protein would be consistent with our
previous observations that a highly purified RMIP fraction also
contains two peptides, of 45 and 28 kDa, resulting from a single
cleavage within the full-length RMIP protein (28). This inter-
nal proteolytic cleavage is not autocatalytic and may be respon-
sible for the rapid inactivation of RMIP in mitochondrial
matrix (28).

MIP activity was measured by incubating in vitro-translated
M-iOTC with identical amounts (2.4 or 0.8 g of total protein)
of the soluble and membrane fractions used for YMIP—c-myc
localization studies. On the basis of the amounts of mature
OTC formed in 30 min at 27°C, the levels of MIP activity
recovered in the soluble fraction (Fig. 13A, lanes 3 and 4) were
1.5-fold higher than those recovered in the membrane fraction
(lanes 5 and 6). This result was reproduced in three indepen-
dent assays. Thus, relative to the total protein recovered in
these two fractions (see above), over 60% of MIP activity was
soluble while about 40% was membrane associated (Fig. 13A,
graph), consistent with the intramitochondrial distribution of
mature-size YMIP—c-myc protein.

Identical conditions were used for MPP activity determina-
tion, with in vitro-translated yeast pF,B as the substrate. On
the basis of the amounts of mature-size F,B produced, MPP
activity was recovered in the soluble fraction (Fig. 13B, lanes 9
and 10) at a level twofold higher than in the membrane
fraction (lanes 11 and 12). This result was also confirmed by
three independent assays. Thus, relative to the total protein in
each fraction, over 75% of MPP activity was soluble (Fig. 13B,
graph). Immune blotting of mature-size Fe-S protein (Fig. 13,
lanes 13 to 15 and graph) and fumarase activity determinations
(Fig. 13D, graph) were also performed in the same fractions, as
described above. Consistent with the hydrophilicity of the
predicted YMIP sequence, partitioning of MIP activity be-
tween soluble and membrane fractions appeared to parallel
the distribution of MPP and fumarase activity more closely
than that of the Fe-S protein.

Construction and analysis of a strain with a disrupted copy
of YCL57w. The genetic inactivation of YCL57w was carried
out to exclude the possibility that this gene may encode a
redundant MIP-like activity. Gene YCL57w was PCR ampli-
fied from genomic yeast DNA with specific primers on the
basis of the published sequence of yeast chromosome III (34).
The internal 1,717 bp coding for residues 92 to 663 of YCL57w
were deleted and replaced by the yeast LEU2 gene. This null
allele was substituted for one chromosomal copy of YCL57w in
diploid strain AW1-2. After sporulation and tetrad dissection,
the presence of the ycl57wA::LEU2 disruption in haploid
strains capable of growing on SD(—Leu) was confirmed by
Southern blotting (data not shown). Haploid strains with the
disrupted ycl57wA::LEU2 allele grew equally as well as wild-
type cells both on YPD and YPEG plates (data not shown).

We also analyzed the growth phenotype of double-disrup-
tion strains, harboring a mipIA::LEU2 and a ycl57wA::URA3
allele, as described in Materials and Methods. The growth
rates of wild-type, ycl57w, and mipl ycI57w cells were tested in
liquid YPD and YPEG at 30°C (data not shown). The ycl57w
cells grew as well as wild-type cells in both media. The growth
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FIG. 13. Partitioning of MIP activity between mitochondrial solu-
ble and membrane fractions. In vitro-translated M-iOTC (A, fluoro-
gram) and pF,B (B, fluorogram) were incubated with the soluble (2.5
ng [lanes 3 and 9] or 0.8 ug [lanes 4 and 10] of total protein) and
mitochondrial-membrane (2.5 pg [lanes 5 and 11] or 0.8 ug [lanes 6
and 12] of total protein) fractions described in the legend for Fig. 12.
A rat liver mitochondrial soluble fraction was used in control reactions
(lanes 2 and 8). Processing reactions were carried out and analyzed as
described in the legend for Fig. 8. This experiment was repeated three
times, and the amounts of mature OTC and mature F;8 formed in
different reactions were estimated by densitometry of fluorograms and
used as arbitrary measures of MIP and MPP activity, respectively. The
amounts of Fe-S protein in trypsin-treated mitochondria (500 pg) (C,
fluorogram, lane 13) and in the mitochondrial soluble (25 p.g) (lane 14)
and membrane (25 pg) (lane 15) fractions were measured by immune
blotting and densitometry, and fumarase activity was measured by the
method described by Stitt (48). The percents MIP activity (A, graph),
MPP activity (B, graph), mature Fe-S protein (C, graph), and fumarase
activity (D) in the soluble (S) and membrane (P) fractions relative to
the total protein recovered in each of these two fractions were
estimated.
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phenotype of mip1 ycl57w cells was undistinguishable from that
of mipl mutant cells, and, thus, the double disruption did not
result in a more severe phenotype than the mipl disruption
alone, ruling out possible overlapping functions between the
MIPI and YCL57w genes.

Processing of pFe-S was analyzed in ycI57w disruption cells,
as described above. Normal production of mature Fe-S subunit
was detected. In addition, we analyzed two-step processing of
human pOTC, which also requires MIP activity for maturation
(24). This precursor was introduced in wild-type and ycl57w
mutant cells on a 2um plasmid, pGALOTC, carrying the
inducible GALI promoter, as described before (6, 7). After
pulse labeling and immunoprecipitation, normal production of
mature-size¢ OTC was detected in both strains (data not
shown).

DISCUSSION

We have pursued the molecular characterization and genetic
inactivation of the yeast homolog of mammalian MIP to study
the role played by MIP in mitochondrial biogenesis and cell
viability. We previously found a 24% identity between the
protein sequence predicted from gene YCL57w of yeast chro-
mosome III (34) and RMIP (26) and have now isolated a new
yeast gene, MIPI, with a predicted protein sequence bearing
31% identity to RMIP.

We and others have shown that RMIP is structurally related
to the members of a new family of thiol-dependent metal-
lopeptidases, including rat testis oligopeptidase (EC 3.4.24.15),
the two bacterial peptidases oligopeptidase A and dipeptidyl
carboxypeptidase, and rabbit liver microsomal endopeptidase
(26, 29). In these proteins, a highly conserved region is
centered around a zinc-binding motif, HEXXH, which likely
represents the catalytic core of these enzymes. YMIP and
RMIP share a 16-amino-acid sequence that includes this motif,
suggesting that they may have very similar, if not identical,
catalytic activities.

This hypothesis is supported by three independent lines of
evidence. First, loss of MIP activity occurs as a direct conse-
quence of mipl disruption. Yeast cells harboring this disrup-
tion fail to carry out at least two reactions predicted to be
catalyzed by MIP in yeast, i.e., the processing of iFe-S and
iCoxVI to the corresponding mature subunits. Moreover, mip!
mitochondrial subfractions cannot process human iOTC, a
substrate specifically cleaved by RMIP (28). On the other
hand, normal processing of iFe-S and iCoxIV in vivo and of
human iOTC in vitro can be restored when mipl cells are
complemented by a CEN plasmid-encoded YMIP protein.

A second line of evidence is provided by the fact that
disruption of another sequence, having 24% identity with
RMIP, ie., YCL57w, does not affect MIP activity. Cells
harboring this disruption show normal processing of both the
endogenous pFe-S and the episomally encoded human pOTC.
Also, these cells have a normal respiratory phenotype. Further,
because a double mip! ycl57w mutant does not present a more
severe phenotype than the single mip! disruption mutant, it
appears that there are no overlapping functions between MIP!
and YCL57w. It has recently been proposed that YCL57w may
encode the cytosolic and mitochondrial forms of the yeast
protease yscD (50), an 83-kDa thiol-dependent metallopepti-
dase previously characterized in S. cerevisiae (13). Consistent
with our observations in ycl57w disruption cells, yeast mutants
devoid of yscD activity did not show any obvious alteration
under a variety of different conditions, including normal
growth on nonfermentable carbon sources (13). Although the
mitochondrial role of YCL57w remains essentially uncharac-
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terized, from the available data it is possible to conclude that
this gene is not involved in any crucial event in mitochondrial
function.

Finally, MIP1 is functionally similar to another proteolytic
component of the yeast mitochondrial import apparatus, the
inner-membrane protease. This enzyme consists of two nucle-
us-encoded subunits, IMP1p and IMP2p, and is required for
the second maturation step of imported cytochrome b, and c,
precursors, as well as processing of the mitochondrially en-
coded cytochrome oxidase subunit II, and its inactivation leads
to loss of respiratory competence (33, 42). Likewise, by block-
ing cleavage of iCoxIV and iFe-S to the corresponding mature
subunits, YMIP inactivation severely affects the function of
these proteins and, ultimately, the respiratory chain function.
YMIP is not required for translocation of pFe-S and pCoxIV in
vivo: MPP cleavage of these precursors occurs normally in
mipl cells, and the unprocessed iFe-S and iCoxIV proteins
accumulated in mipl mitochondria at steady state are in a
trypsin-protected location. Further, the distribution of iFe-S in
mipl mitochondria is essentially identical to that of iFe-S and
mature Fe-S species in wild-type mitochondria, suggesting that
YMIP is not required for sorting of the Fe-S protein to the
inner membrane. On the other hand, the partitioning of
unprocessed iCoxIV in mip! mitochondria is opposite to that
of wild-type CoxIV and may reflect a sorting defect and/or the
inability of iCoxIV to assemble with the other subunits of
complex IV. Mistargeting of iCoxIV to the mitochondrial
matrix may explain its rapid turnover in contrast with the
apparent higher stability of iFe-S.

In addition to the severe defects of complexes III and IV of
the respiratory chain, the biochemical consequences of mipl
inactivation appear to include a partial defect of complex I, as
indicated by 66% reduction of NADH dehydrogenase activity,
and an almost complete deficiency of complex II, as indicated
by a 90% reduction of succinate dehydrogenase activity. We do
not know whether these results represent a primary effect of
the mipl disruption or a secondary pleiotropic effect of the
block at the level of complex III and complex IV. It is
noteworthy, however, that a typical MIP-processing site is
present in the targeting signal of the yeast homolog of the
succinate dehydrogenase flavoprotein of complex II (36, 43),
suggesting that the MIP-catalyzed maturation of this protein is
also affected in mipl mitochondria, and we cannot exclude the
possibility that one or more of the nucleus-encoded subunits of
complex I also requires YMIP activity for maturation. On the
other hand, because YMIP is required for maturation of only
a limited number of mitochondrial precursors, its inactivation
does not affect global protein import or viability, and thus
YMIP should be included among the nonessential components
of the yeast mitochondrial import apparatus (1).
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