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A multisubunit complex in the mitochondrial outer membrane is responsible for targeting and membrane
translocation of nuclear-encoded preproteins. This receptor complex contains two import receptors, a general
insertion pore and the protein Mom22. It was unknown if Mom22 directly interacts with preproteins, and two
views existed about the possible functions of Mom22: a central role in transfer of preproteins from both
receptors to the general insertion pore or a more limited function dependent on the presence of the receptor
Mom19. For this report, we identified and cloned Saccharomyces cerevisiae MOM22 and investigated whether it
plays a direct role in targeting of preproteins. A preprotein accumulated at the mitochondrial outer membrane
was cross-linked to Mom22. The cross-linking depended on the import stage of the preprotein. Overexpression
of Mom22 suppressed the respiratory defect of yeast cells lacking Mom19 and increased preprotein import into
moml19A mitochondria, demonstrating that Mom22 can function independently of Mom19. Overexpression of
Mom22 even suppressed the lethal phenotype of a double deletion of the two import receptors known so far
(mom19A mom72A). Deletion of the MOM22 gene was lethal for yeast cells, identifying Mom22 as one of the
few mitochondrial membrane proteins essential for fermentative growth. These results suggest that Mom22
plays an essential role in the mitochondrial receptor complex. It directly interacts with preproteins in transit

and can perform receptor-like activities.

Most mitochondrial proteins are synthesized as preproteins
in the cytosol (4, 20, 25, 43). Many preproteins carry amino-
terminal signal sequences (presequences) that, upon import
into mitochondria, are cleaved off by the matrix-processing
peptidase. These cleavable preproteins are typically imported
via the main import receptor, Mom19 (mitochondrial outer
membrane protein of 19 kDa) (19, 38, 39, 45, 55). Mom19
(Mas20) is part of a high-molecular-weight complex in the
mitochondrial outer membrane that contains a second import
receptor, Mom72 (Mas70), and at least six additional proteins
(28,37, 58). Mom72 has a partially overlapping specificity with
Mom19 yet preferentially acts as receptor for noncleavable
preproteins with internal signal sequences (23, 56, 59). Five of
the additional proteins of the receptor complex, Mom38
(Isp42), Mom30, Mom8a, Mom8b (Isp6), and Mom7, seem to
be involved in forming a general insertion pore (GIP) embed-
ded in the outer membrane that mediates membrane insertion
and translocation of preproteins (32, 58). The sixth protein,
Mom?22, carries a cytosolic domain as do the two receptors and
in addition a segment exposed to the intermembrane space
(31); its possible functions are discussed below.

The genes for several Mom proteins, including Mom22,
were cloned from the fungus Neurospora crassa (31). In Sac-
charomyces cerevisiae, the genes of four of the Mom proteins
were identified, and thus the importance of these Mom pro-
teins for respiratory and fermentative cellular growth could be
determined. At that point, Mom38 was the only Mom protein
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found to be essential for growth of yeast cells also on ferment-
able carbon sources (3). A deletion of MOM19 blocked growth
of yeast cells only on nonfermentable carbon sources, demon-
strating that the receptor Mom19 was required for respiratory
competence of yeast cells (38, 45). A deletion of MOM72 led to
a slightly reduced cell growth on nonfermentable carbon
sources at higher temperatures (23, 59). A deletion of ISP6
alone revealed no appreciable growth defect (28). The impor-
tance of the receptors was underscored by the finding that cells
lacking both Mom19 and Mom?72 were inviable also on fer-
mentable carbon sources (40, 45). Together with biochemical
data on the functions of Mom proteins (19, 23, 35, 38, 55, 56,
59), the following model was proposed. Two receptor-medi-
ated targeting pathways exist for mitochondrial preproteins: a
main route via Moml19 and a more specialized route via
Mom?72. The receptors show partially overlapping specificities
so that they can in part function as backup receptors; however,
Mom?72 is not able to take over all functions of Mom19. The
import pathways then converge at the GIP into a common
import pathway. Therefore, Mom38, the major constituent of
the GIP, is essential under all growth conditions. One result
did not fit into this general model of preprotein targeting.
Ramage et al. (45) reported that overexpression of Mom72
suppressed the respiratory defect of Mom19-deficient yeast
cells, suggesting a more general role for Mom72. A clarifica-
tion by Lithgow et al. (35) was now possible. They provided
convincing evidence that momI9A mutants were not rescued
by overexpression of Mom?72, but that some momli9A yeast
strains could regain respiratory competence (i.e., growth on a
nonfermentable medium) by a mechanism independent of
Mom?72. They speculated that when up-regulated, at least one
additional mitochondrial surface protein can act as an import
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Reference
we. MATa/aw his3-A200/his3-A200 leu2-Al/leu2-Al trpl-A63/trpl1-A63 ura3-52/ura3-52 5
«o.. MATa/o his3-A200/his3-A200 leu2-Al/leu2-Al trpIl-A63/trp1-A63 ura3-52/ura3-52 MOM22/mom22::HIS3 ~ This study
wooe. MATo his4-173 lys2 ura3-52 Atrpl leu2-3,112 17
. MATo ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 54
. MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 mom19::URA3 38

pG-1(TRPI):MOM22

. MATa ade2-101 his3-A200 leu2-A1 ura3-52 trp1-A63 lys2-801 mom19::URA3 + pRS415(LEU2):MOM19 38

wee. MATo ade2-101 his3-A200 leu2-Al ura3-52 trpl1-A63 lys2-801 mom19::URA3 + pG-1(TRPI)::MOM19

e MATo ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 mom19::URA3 + pG-1(TRP1):MOM?22
. MATa ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 mom72::HIS3 38

. MATa/a ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al ura3-52/ura3-52 trpl-A63/trp1-A63
lys2-801/lys2-801 MOM72/mom?72::HIS3 MOM19/mom19::URA3

MATa/o ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al ura3-52/ura3-52 trpl-A63/trpl-A63
lys2-801/lys2-801 MOM72/mom72::HIS3 MOM19/mom19::URA3 + pG-1(TRPI)::MOM?22

MATo ade2-101 his3-A200 leu2-Al ura3-52 trpl1-A63 lys2-801 mom72::HIS3 mom19::URA3 +

This study
This study

This study
This study

This study

receptor. This putative receptor-like component was not iden-
tified.

Different views on the possible roles of Mom22 exist. (i)
Kiebler et al. (31) reported that both preproteins using Mom19
and preproteins using Mom72 needed the function of Mom22
to enter the GIP. This central role of Mom22 might imply that
Mom?22, like Mom38, should be essential for cellular growth.
(ii) Harkness et al. (19) suggested that preproteins imported
via Mom19 require functional Mom22, whereas in the absence
of Mom19, preproteins should enter the outer membrane
mainly without the help of Mom22, implying that a function of
Mom22 in protein import depended on the presence of
Mom19. Moreover, it was unknown if Mom?22 directly interacts
with preproteins.

In this study, we cloned S. cerevisiae mitochondrial MOM?22
and found that it is essential for cell viability. A central role of
Mom?22 is supported by its ability to function independently of
Mom19; upon overexpression, Mom22 suppresses the respira-
tory defect of momI9A yeast cells and the lethality of a double
deletion, momI9A mom?72A. By chemical cross-linking, we
provide evidence that Mom?22 directly interacts with prepro-
teins. We propose that Mom?22 mediates transfer of preproteins
from both receptors to the GIP by direct interaction with the
polypeptides and that its preprotein-binding activity leads to re-
ceptor-like activities (at least when Mom19 is missing).

MATERIALS AND METHODS

S. cerevisiae strains and growth media. The S. cerevisiae strains used in this
study are listed in Table 1. For isolation of outer membranes and receptor
complex and for cross-linking experiments, strain PK82 was used and grown in
YP medium containing 3% glycerol. For import experiments with moml9A
mitochondria, strains YPH500, MM112, and MM112-C were used and grown in
synthetic complete medium containing 2% glucose (and lacking L-tryptophan in
the case of MM112-C).

DNA sequencing. DNA sequencing was performed with an automatic sequenc-
ing apparatus (Applied Biosystems model 373A) (36). Cosmid a14-12, contain-
ing an insert localized on chromosome XIV, was obtained from Philippsen. A
shotgun strategy using DNase I partial digestion was used to produce the frag-
ment to be sequenced (14). The two strands were completely sequenced; gaps
were filled in by oligonucleotide-directed sequencing. The complete sequence
was determined with an average 4.8-fold redundancy.

Gene disruption. Deletion of the S. cerevisiae MOM?22 gene was performed
with a PCR-based strategy (5). Two oligonucleotides containing part of the
MOM?22 sequence (positions 37 to 71 and 391 to 425) and part of the HIS3
sequence (17 bases) were used to generate the HIS3 gene from a HIS3 plasmid.
The amplified fragment was used to transform the diploid strain BMA1 deleted
of HIS3 (5). Disruption of one MOM22 gene in the resulting strain OL551 was
confirmed by PCR analysis and Southern blotting.

Expression of Mom22 and Mom19 from plasmids. For overexpression of
Mom?22, a 0.46-kb DNA fragment containing the open reading frame (ORF) of

MOM?22 was subcloned into the high-copy-number plasmid pG-1 (49). This DNA
fragment was amplified from yeast genomic DNA isolated from strain YPH500
by using primers 2735 (5'-GAATTCGGATCCATGGTCGAATTAACTGAAA
TT-3") and 2734 (5'-AAGCTTGTCGACTTAATTGGCTGTTGCTGC-3’), cut
with BamHI and Sall, and ligated into the BarmHI-Sall site of pG-1, placing the
insert immediately downstream of the glyceraldehyde-3-phosphate dehydroge-
nase (GPD) promoter.

A 0.56-kb DNA fragment containing the ORF of MOM19 was subcloned into
plasmid pG-1. This DNA fragment was amplified from yeast genomic DNA
isolated from strain YPHS500 by using primer 478 (5'-GAGAGGATCCATTAT
GTCCCAGTCGAACCC-3') and primer 479 (5'-AAGCTTGTCGACTCAGT
CATCGGATATCGTTAGC-3'), cut, and ligated into pG-1 as described above.

Isolation of mitochondria, outer membranes, and receptor complex and gen-
eration of antisera. Yeast mitochondria and outer membranes were isolated as
described previously (12, 21, 55, 59). The receptor complex was affinity purified
from digitonin-lysed mitochondria by using protein A-Sepharose carrying co-
valently coupled antibodies against Mom38; after washing in digitonin-contain-
ing buffer, bound proteins were eluted at pH 2.5 (37). Rabbit antisera against
Mom?22 were generated from the Mom22 band excised from nitrocellulose car-
rying purified outer membranes (57).

Amino acid sequence analysis. For amino-terminal sequence analysis, purified
receptor complex was separated by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) and transferred to polyvinylidene difluoride
membranes (Immobilon P; Millipore). The Mom22 band was sequenced by using
a pulsed liquid-phase 477A sequencer equipped with an on-line model 120A
PTH amino acid analyzer (Applied Biosystems) (15).

In vitro import of preproteins into isolated mitochondria and cross-linking.
Preproteins were synthesized in rabbit reticulocyte lysates in the presence of
[**S]methionine and incubated with isolated yeast mitochondria in the presence
or absence of a membrane potential Ay for 5 to 20 min as described previously
(6, 57). To perform import at low ATP, the mitochondria were depleted of ATP
by a pretreatment with apyrase (1 U/ml), and import was performed in the
presence of a Ay but absence of ATP (33).

For cross-linking, mitochondria containing accumulated 3°S-labeled prepro-
teins were reisolated through a sucrose cushion, washed, and incubated with
disuccinimidyl suberate (DSS) as described previously (6, 33). After precipitation
with trichloroacetic acid, the samples were analyzed by SDS-PAGE or lysed in
SDS-containing buffer and subjected to immunoprecipitation in Triton X-100
buffer (6, 33).

Miscellaneous. Standard techniques were used for manipulation of DNA,
Escherichia coli, and S. cerevisiae (2, 18, 47, 53), SDS-PAGE, immunodecoration
(31), and storage phosphor imaging technology (Molecular Dynamics).

Nucleotide seq e accession ber. The accession number for the se-
quence reported here is Z46843 in the EMBL/GenBank/DDBJ data banks.

RESULTS

Cloning and primary sequence of yeast MOM22. A screen-
ing for the S. cerevisiee MOM?22 gene with the N. crassa
MOM?22 DNA or with antibodies prepared against N. crassa
Mom?22 (31) was not possible because of lack of cross-hybrid-
ization and antibody cross-reaction. The most likely explana-
tion was the relatively low homology that is usually observed
between Mom proteins from N. crassa and S. cerevisiae (32, 38,
59). We thus prepared the yeast mitochondrial receptor com-
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FIG. 1. Characterization of Mom22 of the yeast mitochondrial receptor com-
plex. The mitochondrial receptor complex was affinity purified from isolated S.
cerevisiae mitochondria with anti-Mom38 antibodies covalently coupled to pro-
tein A-Sepharose. Bound proteins were eluted at pH 2.5, separated by urea-
SDS-PAGE, and stained with Coomassie brilliant blue R250 (lane 1). Some of
the immunoglobulin (Ig) heavy (H) and light (L) chains were also released at low
pH. The Mom?22 band was subjected to amino-terminal amino acid sequencing
as described in Materials and Methods; the sequence is shown in the one-letter
code. For lanes 2 and 3, affinity-purified receptor complex was transferred to
nitrocellulose and immunodecorated with antibodies directed against yeast
Mom?22 (see Materials and Methods) or yeast Mom19 (39).

plex in chemical amounts. Antibodies directed against yeast
Mom38 were covalently coupled to protein A-Sepharose. Iso-
lated mitochondria were lysed in buffer containing digitonin,
and the receptor complex was affinity purified. Lane 1 of
Fig. 1 shows the typical protein pattern of the yeast receptor
complex, including Mom72, Mom38, Moml19, Mom?22,
Mom8a, Mom8b, and Mom?7 (37). During the acid-induced
release of the complex subunits from the affinity column, some
of the antibody chains were also released; Mom30 was thereby
masked by immunoglobulin light chains. On the basis of the gel
mobility in comparison with that of the N. crassa receptor
complex, Moczko et al. (37) designated the complex subunit
running below Mom19 in a urea-SDS-polyacrylamide gel as
Mom22 (the numbers of the Mom proteins are derived from
their gel mobilities in a standard SDS-polyacrylamide gel [32]).
Below we show that this assignment of yeast Mom22 was cor-
rect. Mom?22 was subjected to amino-terminal sequencing. Six-
teen amino acids could be determined (Fig. 1). In addition, we
prepared an antiserum in rabbits against the protein band
excised from purified outer membranes. The antiserum selec-
tively reacted with Mom22 (Fig. 1, lane 2).

The amino-terminal peptide sequence of yeast Mom22 was
compared with sequences deposited in the MIPS protein data
bank. The peptide sequence was found to be identical to an
amino acid sequence deduced from a 43-kb insert cloned from
S. cerevisiae chromosome XIV in the framework of the Euro-
pean sequencing project. The nucleotide sequence was deter-
mined on both strands by using a shotgun strategy. It revealed
an ORF of 152 codons with a predicted M, of 16,780 (Fig. 2A).
The amino-terminal peptide sequence corresponds to residues
2 to 17 of the predicted sequence, indicating that the initial
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FIG. 2. Gene and deduced amino acid sequences of S. cerevisiae MOM?22.
(A) Nucleotide sequence of the MOM22 gene. The amino acid sequence is given
in the one-letter code. (B) Comparison of the deduced amino acid sequences of
S. cerevisiae (S.c.) and N. crassa (N.c.) MOM22. Identical residues are indicated
by vertical lines; isofunctional residues are indicated by double dots. The hydro-
phobic segment is indicated by a horizontal line.

methionine is removed from Mom?22 after synthesis on cyto-
solic ribosomes.

A smaller ORF of 116 codons (ORF116) is present on the
complementary DNA strand and is included within the
MOM?22 ORF. ORF116 starts at nucleotide position 416 and
ends at position 69 (Fig. 2A). The presence of an ORF larger
than 100 codons opposite an ORF from an expressed gene has
already been found in several instances. These ORFs have
never been found to be functional and usually have a low
codon adaptation index (52). The codon adaptation index for
ORF116 is 0.072, whereas it is 0.284 for the MOM?22 ORF. In
addition, the composition of dipeptides of ORF116 differs
from the general use of dipeptides in yeast proteins, with a
negative score of —137, compared with the positive score 227
obtained with the MOM22 ORF (60). Thus, ORF116 is most
likely not functional.

Yeast Mom?22 shows significant sequence similarity to N.
crassa Mom?22 (49% similarity, including 30% identical amino
acid residues). A comparison of the two sequences reveals
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three typical features (Fig. 2B): segments with an excessively
high abundance of negatively charged residues in the amino-
terminal half, an uncharged hydrophobic sequence of more
than 20 residues in the carboxy-terminal half, and an overall
negative character of the carboxy-terminal tail (beyond the
hydrophobic sequence) with a net charge of —5 in both S.
cerevisiae and N. crassa.

MOM?22 is an essential gene. To determine whether MOM?22
encodes an essential mitochondrial protein, one of the two
copies of the MOM?22 gene in the homozygous his3 diploid
BMAT1 was disrupted by using the HIS3 gene as marker. The
disruption was confirmed by Southern blotting and PCR anal-
ysis. Cells of the resulting strain, OL551, were sporulated, and
the asci were dissected. Each tetrad yielded maximally two
viable spores, even on medium containing a fermentable car-
bon source. All viable spores were His™ and thus did not carry
the null allele of MOM22. The other spores underwent maxi-
mally 11 to 12 divisions and could not be further expanded,
suggesting that after dilution or degradation of preexisting
Mom?22, the cells were inviable. The diploid OL551 was trans-
formed with a plasmid carrying the MOM?22 coding region
under control of the constitutive GPD promoter. Sporulation
of the transformed cells yielded both His™ and His™ spores; all
His™ spores carried the plasmid marker. When a plasmid with
the insert in the opposite orientation was used, all viable spores
(maximally two spores per tetrad) were His™, excluding that
the lethal phenotype of the mom22A null mutation was due to
deletion of ORF116. We conclude that MOM22 is essential for
the viability of yeast cells. Overexpression of Mom19 from the
high-copy-number plasmid pG-1 did not suppress the lethality
of a mom22A null mutation.

A preprotein accumulated at the mitochondrial outer mem-
brane is cross-linked to Mom22. So far, an involvement of
Mom?22 in protein import has been inferred from its presence
in the receptor complex (32, 37) and from the reduction of
protein import into isolated mitochondria by antibodies di-
rected against Mom22 (31). However, it has not been shown
that Mom?22 comes in contact with preproteins.

We investigated if a cleavable preprotein in transit could be
cross-linked to Mom?22 in intact mitochondria. Cross-linking of
a preprotein to mitochondrial surface proteins (the receptors
Mom19 and Mom72) was reported only for the precursor of
the ADP/ATP carrier, which is special as it does not carry a
presequence but rather carries several internal signal se-
quences (58). The cleavable preprotein Su9-DHFR, a fusion
protein between the presequence of F)-ATPase subunit 9 and
dihydrofolate reductase, was successfully used for cross-linking
to import components of the mitochondrial inner membrane
and matrix, Mim17 (Smslp), Mim23 (Mas6p), Mim44 (Isp45),
and mitochondrial Hsp70 (Ssclp) (6, 24, 33, 46). We tested
whether Su9-DHFR was also a suitable substrate for cross-
linking to Mom proteins. The precursor was synthesized in
rabbit reticulocyte lysates in the presence of [>*S]methionine
and accumulated at the outer membrane of isolated yeast
mitochondria in the absence of a membrane potential Ays. The
mitochondria were reisolated, and the amino-reactive homo-
bifunctional noncleavable cross-linking reagent DSS was
added. After quenching of the DSS, mitochondrial proteins
were analyzed by SDS-PAGE. Lane 2 of Fig. 3 shows that
several cross-link products were generated that were not
present in the absence of DSS (Fig. 3, lane 1). In an immuno-
precipitation under stringent conditions, a cross-link product
of 48 kDa was selectively recognized by antibodies directed
against Mom22 (Fig. 3, lane 4). The size of the cross-link
product indicates a reaction between one molecule of Su9-
DHFR (29 kDa) and one molecule of Mom22. A cross-link

Mom22 OF THE MITOCHONDRIAL RECEPTOR COMPLEX 3385

kDa

205
98
66
45
36
29

=]
@
173
|
+ w
+
+ =
1

Total
Anti-Mom22 <+ &
Anti-Mom72 + @

Anti-Porin

Preimmune
Anti-Mom19
Anti-Mom22

FIG. 3. Cross-linking of a preprotein accumulated at the mitochondrial outer
membrane to Mom22. Rabbit reticulocyte lysate containing the 3°S-labeled pre-
cursor of Su9-DHFR was incubated with isolated yeast wild-type mitochondria
for 20 min at 25°C in the absence of a membrane potential Ay (6). The mito-
chondria were reisolated and incubated with the cross-linker DSS as indicated.
After quenching of the cross-linker with Tris buffer, the proteins were precipi-
tated with trichloroacetic acid (6). Samples 1 and 2 were directly analyzed by
SDS-PAGE. Samples 3 to 8 (each representing threefold the amount of sample
1 or 2) were dissolved in SDS-containing buffer, diluted 40-fold in 1% Triton
X-100 buffer, immunoprecipitated with protein A-Sepharose and the indicated
antisera, and subjected to SDS-PAGE. The cross-link products between Su9-
DHFR and Mom proteins are indicated by asterisks.

product of 50 kDa was precipitated by antibodies directed
against Mom19 (Fig. 3, lane 5). A cross-link product of about
170 kDa was recognized by antibodies directed against Mom72
(Fig. 3, lane 6). Mom72 has previously been suggested to be-
have as a homodimer also under stringent conditions (58), so
the product of 170 kDa may consist of one molecule of Su9-
DHFR and two molecules of Mom72. With regard to the
intensities of the three cross-link products formed, the best
cross-linking was observed to Mom19, followed by Mom?22.
The cross-linking to Mom72 was only weak, in agreement with
the observation that cleavable preproteins mainly use the re-
ceptor Mom19. Antibodies against the by far most abundant
outer membrane protein porin did not precipitate any of the
cross-link products (Fig. 3, lane 7), excluding unspecific cross-
linking to proteins of the outer membrane. Moreover, none of
the cross-link bands was precipitated by preimmune serum
(Fig. 3, lane 3).

To further control the specificity of the cross-linking to
Mom?22, the preprotein Su9-DHFR was arrested at different
import stages, followed by cross-linking with DSS and immu-
noprecipitation with anti-Mom?22 antibodies. In Fig. 4A, we
depict the distinct import stages. (i) In the absence of a mem-
brane potential Ay, the precursor form of Su9-DHFR was
accumulated at the outer membrane (Fig. 4A, lane 1). Treat-
ment of the mitochondria with proteinase K degraded all pre-
cursor molecules (Fig. 4A, lane 2), demonstrating that the
preproteins were exposed on the mitochondrial surface. (ii) In
the presence of a Ay but at low levels of ATP, Su9-DHFR was
accumulated as a membrane-spanning intermediate. From
most molecules, the first half of the presequence was removed
by the matrix-processing peptidase (Fig. 4A, lane 3), while the
rest of the protein spanned the mitochondrial inner membrane
(6, 33, 50). About half of the molecules spanned not only the
inner membrane but also the outer membrane, as evidenced by
the accessibility of part of the intermediates to added protease
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FIG. 4. Cross-linking of a preprotein to Mom?22 is dependent on the import
stage. >°S-labeled Su9-DHFR was incubated with isolated mitochondria in the
absence of a membrane potential Ay (outer membrane intermediate; as de-
scribed in the legend to Fig. 3), in the presence of Ay but low levels of ATP
(membrane-spanning intermediate), or in the presence of Ay and ATP (full
import into the matrix) as indicated and described in Materials and Methods. (A)
Half of each sample was then treated with proteinase K (50 pg/ml). The mito-
chondria were reisolated and analyzed by SDS-PAGE. p, i, and m, precursor-,
intermediate-, and mature-size forms, respectively, of Su9-DHFR. (B) The mi-
tochondria were reisolated and subjected to cross-linking with DSS and immu-
noprecipitation with preimmune serum or anti-Mom?22 serum as described in the
legend to Fig. 3.

(Fig. 4A, lane 4) (6). (iii) In the presence of Ay and ATP,
Su9-DHFR was completely imported into the mitochondrial
matrix, processed to the mature form (Fig. 4A, lane 5), and not
accessible to externally added protease (Fig. 4A, lane 6). Fig-
ure 4B shows the cross-linking of Su9-DHFR at the distinct
import stages to Mom22. As described above, at stage i, cross-
linking took place (Fig. 4B, lane 2). At stage ii, the efficiency of
cross-linking to Mom?22 was considerably decreased (Fig. 4B,
lane 4). At stage iii (complete import into the matrix), no
cross-link product with Mom22 was observed (Fig. 4B, lane 6).
This stage dependence of cross-linking provides further evi-
dence for the specificity of the cross-linking approach used. We
conclude that Mom?22 is in close proximity to a preprotein
accumulated at the mitochondrial outer membrane.

Overexpression of Mom22 suppresses the respiratory defect
and import defect of momI9A yeast cells. Yeast cells lacking
Mom]19 are strongly impaired in respiration, that is, growth on
nonfermentable carbon sources such as glycerol (38, 45) (Fig.
5A, sector 4). Expression of Mom19 from a centromeric plas-
mid restored respiration of mom19A cells (Fig. SA, sector 3),
excluding the possibility that the respiratory defect was caused
by a secondary mutation or loss of mitochondrial DNA.
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We asked if Mom?22 may be able to substitute for functions
of Mom19. The coding sequence of MOM22 was cloned into
the high-copy-number plasmid pG-1 under the control of the
GPD promoter, and momI9A cells were transformed. This led
to a significant overexpression of Mom22. Isolated mitochon-
dria contained a strongly increased amount of Mom22 (Fig.
5B, lane 2). momI9A cells with overexpressed Mom?22 were
able to grow on a nonfermentable medium (Fig. 5A, sector 2).
The growth on nonfermentable medium (doubling time of 8 to
9 h) was about two- to threefold slower than that of wild-type
yeast cells (doubling time of 3.5 h), and the colonies formed
were smaller than wild-type colonies. Overexpression of
Mom?2?2 thus partially rescues the growth defect of momi19A
yeast cells; in particular, it allows respiratory growth. Trans-
formation of mom19A cells with plasmid pG-1 not containing
MOM?22 did not restore respiratory growth (not shown), ex-
cluding the possibility that a rescue of respiration was indi-
rectly caused by the transformation procedure.

momI9A mitochondria are strongly inhibited in import of
presequence-carrying (cleavable) preproteins (19, 38, 45).
Does the overexpression of Mom?22 restore protein import into
the mutant mitochondria? Rabbit reticulocyte lysates contain-
ing *3S-labeled preproteins, i.e., the o subunit of the mitochon-
drial processing peptidase, the B subunit of the F,-ATPase,
cytochrome c;, and the fusion protein Su9-DHFR, were incu-
bated with isolated yeast mitochondria. In the presence of a
membrane potential Ay, the preproteins were imported into
wild-type mitochondria, as determined by proteolytic process-
ing (Fig. 6, lanes 2) and protection of the imported proteins
against externally added proteinase K (Fig. 6, lanes 8). The
import was strongly reduced with momI9A mitochondria (Fig.
6, lanes 4 and 10). Protein import was significantly increased
with momI19A mitochondria carrying overexpressed Mom?22
(Fig. 6, lanes 6 and 12), although it did not reach the import
value of wild-type mitochondria. We conclude that overexpres-
sion of Mom?22 partially rescues the growth defect and protein
import defect of cells lacking the receptor Mom19.

A deletion of both MOM19 and MOM?72 is lethal to yeast
cells also on fermentable medium (40, 45). We transformed the
heterozygous diploid yeast strain MM412, which contained one
disrupted MOM19 gene and one disrupted MOM72 gene, with
plasmid pG-1 overexpressing Mom22. The resulting diploid,
MM412-C (Table 1), was sporulated. After dissection of asci
and analysis of the resulting tetrads, we found viable haploid
clones (strain MM120-C) with the double deletion momI9A
mom?72A; all these clones contained the plasmid marker (Table
1). The growth on fermentable medium was about twofold
slower than that of wild-type cells. The growth on nonfermentable
medium (doubling time of about 11 h) was about threefold slower
than that of wild-type cells (doubling time of 3.5 h). Thus, over-
expressed Mom?22 can partially substitute for both import recep-
tors and allow viability of momI19A mom?72A cells.

DISCUSSION

We have identified the gene for S. cerevisiae Mom22 and
analyzed the function of this subunit of the mitochondrial
receptor complex with mutant cells and by chemical cross-
linking to preproteins.

The following findings demonstrate that the correct MOM22
gene was cloned. (i) The deduced amino-terminal sequence is
identical to an amino-terminal peptide sequence determined
from the Mom?22 band in the purified yeast mitochondrial
receptor complex (except that the initial methionine is lack-
ing). (ii) S. cerevisiae Mom?22 shows significant homology to N.
crassa Mom?22 (31). A comparison of the S. cerevisiae and N.
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FIG. 5. Overexpression of Mom22 suppresses the respiratory defect of mom19A cells. (A) S. cerevisiae strains were grown on a YPG plate (3% glycerol) for 3 days
at 30°C. The genotypes of the strains are listed in Table 1. WT (wild type), strain YPHS500; mom19A, strain MM112; pG-1, high-copy-number plasmid with the GPD
promoter; pRS415, centromeric plasmid (MOM1I9 under control of its own promoter). Expression of Mom19 from plasmid pG-1 (strain MM112-B; Table 1) also led
to a full restoration of growth of mom19A cells. mom19A cells (without plasmid) showed very slow growth on the YPG plate after 5 days (not shown). (B) S. cerevisiae
was grown on glucose-containing medium. Mitochondria were isolated and subjected to immunodecoration with antiserum directed against Mom22, Mom19, or

ADP/ATP carrier (AAC; an inner membrane protein mainly imported via Mom72).
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FIG. 6. Overexpression of Mom?22 partially restores preprotein import into
momI9A mitochondria. Rabbit reticulocyte lysates containing 3°S-labeled pre-
proteins were incubated with isolated mitochondria (described in the legend to
Fig. 5) in the presence or absence of a membrane potential Ays at 25°C. Import
was stopped by addition of valinomycin to dissipate the membrane potential (57).
Where indicated, the samples were treated with proteinase K (75 wg/ml). The
mitochondria were reisolated and analyzed by SDS-PAGE. Under the conditions
used here, including short import times, mainly the intermediate-sized form of
cytochrome ¢, was generated. a-MPP, o subunit of mitochondrial processing
peptidase; Cyt. ¢;, cytochrome c; F,B, B subunit of F-ATPase; p, i, and m,
precursor-, intermediate-, and mature-size forms, respectively, of a preprotein.

crassa sequences in context with the topology determined for
N. crassa Mom22 (31) suggests three typical features of
Mom?22: a highly negatively charged segment in the amino-
terminal domain that is located on the cytosolic side, a hydro-
phobic membrane anchor segment in the carboxy-terminal
half, and a carboxy-terminal tail in the intermembrane space
with a net negative charge. As the signal sequences of mito-
chondrial preproteins are characterized by the presence of
positively charged residues and the predicted formation of an
amphipathic a helix (61), one might speculate that the nega-
tively charged segments of Mom22 are involved in the transfer
of the positively charged signal sequences.

Yeast cells lacking the MOM?22 gene are inviable also on
fermentable carbon sources, indicating that Mom?22 is an es-
sential protein. Mom22 thus joins the group of mitochondrial
proteins essential for viability of yeast cells, all of which iden-
tified to date are involved in the import of nucleus-encoded
mitochondrial preproteins. This group includes Mom38 of the
outer membrane (3), Mim17, Mim23, and Mim44 of the inner
membrane (43), the two subunits of the mitochondrial process-
ing peptidase (27, 44, 62), and the heat shock proteins Hsp70
(Ssclp), Hsp60 (Mif4p), and Mgel (Ygel) (7, 9-11, 26, 34). It
is remarkable that Mom?22 is only the second essential protein
of the mitochondrial outer membrane, whereas cells lacking
one of the import receptors Mom19 and Mom?72 are viable on
fermentable carbon sources.

By chemical cross-linking to a preprotein arrested at the
mitochondrial outer membrane, we found that Mom22 is in
close proximity to a preprotein in transit. The specificity of the
cross-linking approach was underscored by its dependence on
the import stage of the preprotein and the lack of cross-linking
of the preprotein to the most abundant outer membrane pro-
tein porin. This represents the first evidence for a direct inter-
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action of Mom?22 with preproteins. In addition, the prese-
quence-carrying (cleavable) preprotein was cross-linked to the
main import receptor Mom19 and, with low efficiency, to the
special import receptor Mom72. This finding is of particular
importance for Mom19, as its major function in import of
cleavable preproteins had been shown by inhibitory antibodies
and the use of mutant mitochondria, yet a demonstration of a
direct interaction of cleavable preproteins with Mom19 was
lacking. Import studies using Mom?72-deficient mutant mito-
chondria had suggested that some cleavable preproteins re-
quire Mom?72 for a small fraction of their import. Coimmuno-
precipitation experiments with the purified receptor (51) and
the cross-linking reported here suggest a direct interaction of
Mom?72 with cleavable preproteins.

Since Mom?22 contains a domain exposed to the cytosol and
interacts with preproteins in transit, one might speculate about
possible receptor-like functions of Mom22. In view of the ob-
servation by Lithgow et al. (35) that a Mom19-deficient yeast
strain regained respiration and rescued mitochondrial protein
import by an unknown mechanism, for example, up-regulation
of an unknown mitochondrial import receptor, MasXp, we
asked whether Mom?22 was able to rescue momI9A cells. Over-
expression of Mom?22 in respiratory-defective momI9A cells
indeed led to respiratory competence. The strongly reduced
protein import capability of momI9A mitochondria was in-
creased by the overexpression of Mom?22. Thus, Mom22 seems
to be able to fulfill receptor-like functions and might be con-
sidered a third mitochondrial import receptor. Mom22 seems
to directly interact with preproteins during their transfer from
the receptors Mom19 or Mom72 to the GIP. This ability to
interact with preproteins on the outer membrane surface may
give Mom?22 receptor-like properties. In the absence of
Mom109, these receptor-like activities of Mom?22 can partially
substitute and can restore respiratory competence, in contrast
to Mom?72. momlI9A mitochondria contained a reduced
amount of Mom22 (reduction by about 60% compared with
wild-type mitochondria; Fig. 5B, lane 1). It is thus possible that
the inhibition of protein import into mom19A mitochondria is
partially caused by a reduction of Mom22. Mom19 seems to
play at least two roles in the mitochondrial receptor complex:
(i) it is a major site for direct interaction with preproteins, as
indicated by the cross-linking experiments; and (ii) it is in-
volved in the biogenesis and possibly also in the stabilization of
Mom22 (19, 29, 48). The observation that Mom22 can be
overexpressed also in the absence of Mom19 demonstrates
that Mom19 is not strictly required for the biogenesis or sta-
bility of Mom22 and supports the view of a flexible stoichiom-
etry in the mitochondrial receptor complex (37).

Mom?22 was found to be functional even in the absence of
both receptors Mom19 and Mom72. Whereas a moml9A
mom?72A double mutant is inviable also on fermentable carbon
sources, the overexpression of Mom?22 permitted slow growth
in the absence of Mom19 and Mom?72 on both fermentable and
nonfermentable media. Mom22 can thus partially substitute
for the functions of the two previously characterized import
receptors.

Two different views existed about the role of Mom22 in the
receptor complex. (i) The first posits a central role of Mom22
in mediating transfer of preproteins to the general insertion
pore. At Mom?22, the targeting pathways converge, and
Mom?22 could thus be seen as the main entry gate for the GIP
(31). (ii) Preproteins imported via Mom19 require the function
of Mom?22, whereas in the absence of Mom19, protein import
does not require Mom22 (19). Our results argue against the
second view, as Mom?22 can function in protein import in the
absence of Mom19. The observation that Mom22 is an essen-
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tial protein like the GIP-component Mom38, whereas Mom19
is dispensable on fermentable carbon sources, supports the
first view of a central role of Mom22. This includes receptor-
like activities of Mom?22. The central importance of Mom?22 is
underscored by the lack of rescue of a mom22A null mutation
by overexpression of Mom19.

The most prominent structural feature of Mom?22 is a high
abundance of negative charges in the amino-terminal domain
which has been shown to be located on the cytosolic side (31).
Interestingly, we found that several components of the mito-
chondrial protein import machinery contained negatively
charged segments mostly with a predicted a-helical character,
though none of them was as highly negatively charged as the
cytosolic domain of Mom22. These segments are located as
follows: in the cytosol, in the carboxy-terminal portion of the
mitochondrial import stimulation factor MSF (1); on the cyto-
solic side of the outer membrane, in the carboxy-terminal re-
gions of Mom19 (38, 45) and Mom72 (59) and in the amino-
terminal domain of Mom22; on the intermembrane space side
of the outer membrane, in the carboxy-terminal tails of
Mom?22 and Mom38 (4, 30, 32); on the intermembrane space
side of the inner membrane, in the amino-terminal domain of
Mim23 (13, 16, 33); and in the matrix, in the mitochondrial
processing peptidase (22, 27, 44). Recent evidence indeed re-
inforces the importance of positively charged residues in pre-
sequences not only for targeting and membrane translocation
of preproteins (8) but also for cleavage by processing peptidase
(41, 42). We did not identify a significantly negatively charged
segment in an import component at the matrix side of the inner
membrane, yet transfer of the presequences across the inner
membrane strictly depends on the presence of a membrane
potential that is negative on the matrix side. We speculate that
the negatively charged segments of import components and the
membrane potential are important to guide a stepwise import
of the positively charged mitochondrial signal sequences (acid
chain hypothesis).

ACKNOWLEDGMENTS

We are grateful to P. Philippsen for providing cosmid a14-12, to B.
Dujon for yeast strain BMAI1, and to J. Rassow and G. Schatz for
discussion. We thank I. Becker and K. Kleine for assistance with the
sequence identification and N. Zufall for expert technical assistance.

This study was supported by the Deutsche Forschungsgemeinschaft,
the Fonds der Chemischen Industrie, the BRIDGE program of CEE,
and the Groupement de recherches et d’études du Génome.

REFERENCES

1. Alam, R., N. Hachiya, M. Sakaguchi, S.-I. Kawabata, S. Iwanaga, M. Kita-
jima, K. Mihara, and T. Omura. 1994. cDNA cloning and characterization of
mitochondrial import stimulation factor (MSF) purified from rat liver cy-
tosol. J. Biochem. 116:416-425.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1989. Current protocols in molecular biology.
John Wiley & Sons Inc., New York.

3. Baker, K. P., A. Schaniel, D. Vestweber, and G. Schatz. 1990. A yeast
mitochondrial outer membrane protein essential for protein import and cell
viability. Nature (London) 348:605-609.

4. Baker, K. P., and G. Schatz. 1991. Mitochondrial proteins essential for
viability mediate protein import into yeast mitochondria. Nature (London)
349:205-208.

5. Baudin, A., O. Ozier-Kalogeropoulos, A. Denouel, F. Lacroute, and C. Cul-
lin. 1993. A simple and efficient method for direct gene deletion in Saccha-
romyces cerevisiae. Nucleic Acids Res. 21:3329-3330.

6. Blom, J., M. Kiibrich, J. Rassow, W. Voos, P. J. T. Dekker, A. C. Maarse, M.
Meijer, and N. Pfanner. 1993. The essential yeast protein MIM44 (encoded
by MPII) is involved in an early step of preprotein translocation across the
mitochondrial inner membrane. Mol. Cell. Biol. 13:7364-7371.

7. Bolliger, L., O. Deloche, B. S. Glick, C. Georgopoulos, P. Jeno, N. Kronidou,
M. Horst, N. Morishima, and G. Schatz. 1994. A mitochondrial homolog of
bacterial GrpE interacts with mitochondrial hsp70 and is essential for via-
bility. EMBO J. 13:1998-2006.



VoL. 15, 1995

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Brink, S., U.-I. Fligge, F. Chaumont, M. Boutry, M. Emmermann, U.
Schmitz, K. Becker, and N. Pfanner. 1994. Preproteins of chloroplast enve-
lope inner membrane contain targeting information for receptor-dependent
import into fungal mitochondria. J. Biol. Chem. 269:16478-16485.

. Cheng, M. Y., F.-U. Hartl, J. Martin, R. A. Pollock, F. Kalousek, W. Neupert,

E. M. Hallberg, R. L. Hallberg, and A. L. Horwich. 1989. Mitochondrial
heat-shock protein hsp60 is essential for assembly of proteins imported into
yeast mitochondria. Nature (London) 337:620-625.

Craig, E. A,, J. Kramer, and J. Kosic-Smithers. 1987. SSC1, a member of the
70-kDa heat shock protein multigene family of Saccharomyces cerevisiae, is
essential for growth. Proc. Natl. Acad. Sci. USA 84:4156-4160.

Craig, E. A., J. Kramer, J. Shilling, M. Werner-Washburne, S. Holmes, J.
Kosic-Smithers, and C. M. Nicolet. 1989. SSC1, an essential member of the
yeast HSP70 multigene family, encodes a mitochondrial protein. Mol. Cell.
Biol. 9:3000-3008.

Daum, G., P. C. Bohni, and G. Schatz. 1982. Import of proteins into mitochon-
dria: cytochrome b, and cytochrome ¢ peroxidase are located in the intermem-
brane space of yeast mitochondria. J. Biol. Chem. 257:13028-13033.

Dekker, P. J. T., P. Keil, J. Rassow, A. C. Maarse, N. Pfanner, and M. Meijer.
1993. Identification of MIM23, a putative component of the protein import
machinery of the mitochondrial inner membrane. FEBS Lett. 330:66-70.
Démolis, N., L. Mallet, F. Bussereau, and M. Jacquet. 1995. Improved
strategy for large scale DNA sequencing using DNasel cleavage for gener-
ating random clones. BioTechniques, 18:453-457.

Eckerskorn, C., W. Mewes, H. Goretzki, and F. Lottspeich. 1988. A new
siliconized-glass fiber as support for protein-chemical analysis of electroblot-
ted proteins. Eur. J. Biochem. 176:509-519.

Emtage, J. L. T., and R. E. Jensen. 1993. MAS6 encodes an essential inner
membrane component of the yeast mitochondrial protein import pathway. J.
Cell Biol. 122:1003-1012.

Gambill, B. D., W. Voos, P. J. Kang, B. Miao, T. Langer, E. A. Craig, and N.
Pfanner. 1993. A dual role for mitochondrial heat shock protein 70 in
membrane translocation of preproteins. J. Cell Biol. 123:109-117.

Guthrie, C., and G. R. Fink (ed.). 1991. Methods in enzymology, vol. 194.
Guide to yeast genetics and molecular biology. Academic Press, Inc., San
Diego, Calif.

Harkness, T. A. A,, F. E. Nargang, 1. van der Klei, W. Neupert, and R. Lill.
1994. A crucial role of the mitochondrial protein import receptor MOM19
for the biogenesis of mitochondria. J. Cell Biol. 124:637-648.

Hartl, F.-U., and W. Neupert. 1990. Protein sorting to mitochondria: evolu-
tionary conservations of folding and assembly. Science 247:930-938.

Hartl, F.-U., J. Ostermann, B. Guiard, and W. Neupert. 1987. Successive
translocation into and out of the mitochondrial matrix: targeting of proteins
to the intermembrane space by a bipartite signal peptide. Cell 51:1027-1037.
Hawlitschek, G., H. Schneider, B. Schmidt, M. Tropschug, F.-U. Hartl, and
W. Neupert. 1988. Mitochondrial protein import: identification of processing
peptidase and of PEP, a processing enhancing protein. Cell 53:795-806.
Hines, V., A. Brandt, G. Griffiths, H. Horstmann, H. Briitsch, and G. Schatz.
1990. Protein import into yeast mitochondria is accelerated by the outer
membrane protein MAS70. EMBO J. 9:3191-3200.

Horst, M., P. Jeno, N. G. Kronidou, L. Bolliger, W. Oppliger, P. Scherer, U.
Manning-Krieg, T. Jascur, and G. Schatz. 1993. Protein import into yeast
mitochondria: the inner membrane import site protein ISP45 is the MPI1
gene product. EMBO J. 12:3035-3041.

Horwich, A. 1990. Protein import into mitochondria and peroxisomes. Curr.
Opin. Cell Biol. 2:625-633.

Ikeda, E., S. Yoshida, H. Mitsuzawa, I. Uno, and A. Toh-e. 1994. YGEI is a
yeast homologue of Escherichia coli grpE and is required for maintenance of
mitochondrial functions. FEBS Lett. 339:265-268.

Jensen, R. E., and M. P. Yaffe. 1988. Import of proteins into yeast mitochondria:
the nuclear MAS2 gene encodes a component of the processing protease that is
homologous to the MASI-encoded subunit. EMBO J. 7:3863-3871.
Kassenbrock, C. K., W. Cao, and M. G. Douglas. 1993. Genetic and bio-
chemical characterization of ISP6, a small mitochondrial outer membrane
protein associated with the protein translocation complex. EMBO J. 12:
3023-3034.

Keil, P., and N. Pfanner. 1993. Insertion of MOM?22 into the mitochondrial
outer membrane strictly depends on surface receptors. FEBS Lett. 321:197-200.
Kiebler, M. 1993. Untersuchungen zur Struktur und Funktion des mitochondri-
alen Rezeptorkomplexes. Thesis. Universitat Miinchen, Munich, Germany.
Kiebler, M., P. Keil, H. Schneider, I. J. van der Klei, N. Pfanner, and W.
Neupert. 1993. The mitochondrial receptor complex: a central role of
MOM22 in mediating preprotein transfer from receptors to the general
insertion pore. Cell 74:483-492.

Kiebler, M., R. Pfaller, T. Sollner, G. Griffiths, H. Horstmann, N. Pfanner,
and W. Neupert. 1990. Identification of a mitochondrial receptor complex
required for recognition and membrane insertion of precursor proteins.
Nature (London) 348:610-616.

Kiibrich, M., P. Keil, J. Rassow, P. J. T. Dekker, J. Blom, M. Meijer, and N.
Pfanner. 1994. The polytopic mitochondrial inner membrane proteins
MIM17 and MIM23 operate at the same preprotein import site. FEBS Lett.
349:222-228.

Mom22 OF THE MITOCHONDRIAL RECEPTOR COMPLEX

34,

35.

36.

38.

39.

40.
. Niidome, T., S. Kitada, K. Shimokata, T. Ogishima, and A. Ito. 1994. Argi-

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

3389

Laloraya, S., B. D. Gambill, and E. A. Craig. 1994. A role for a eukaryotic
GrpE-related protein, Mgelp, in protein translocation. Proc. Natl. Acad. Sci.
USA 91:6481-6485.

Lithgow, T., T. Junne, C. Wachter, and G. Schatz. 1994. Yeast mitochondria
lacking the two import receptors Mas20p and Mas70p can efficiently and
specifically import precursor proteins. J. Biol. Chem. 269:15325-15330.
Mallet, L., F. Bussereau, and M. Jacquet. 1994. Nucleotide sequence anal-
ysis of an 11.7 kb fragment of yeast chromosome II including BEM1, a new
gene of the WD-40 repeat family and a new member of the KRE2/MNT1
family. Yeast 10:819-831.

. Moczko, M., K. Dietmeier, T. Sollner, B. Segui, H. F. Steger, W. Neupert,

and N. Pfanner. 1992. Identification of the mitochondrial receptor complex
in Saccharomyces cerevisiae. FEBS Lett. 310:265-268.

Moczko, M., B. Ehmann, F. Girtner, A. Honlinger, E. Schéfer, and N.
Pfanner. 1994. Deletion of the receptor MOM19 strongly impairs import of
cleavable preproteins into Saccharomyces cerevisiae mitochondria. J. Biol.
Chem. 269:9045-9051.

Moczko, M., F. Girtner, and N. Pfanner. 1993. The protein import receptor
MOM19 of yeast mitochondria. FEBS Lett. 326:251-254.

Moczko, M., and N. Pfanner. Unpublished data.

nine residues in the extension peptide are required for cleavage of a pre-
cursor by mitochondrial processing peptidase: demonstration using synthetic
peptide as a substrate. J. Biol. Chem. 269:24719-24722.

Ou, W.-J., T. Kumamoto, K. Mihara, S. Kitada, T. Niidome, A. Ito, and T.
Omura. 1994. Structural requirement for recognition of the precursor proteins
by the mitochondrial processing peptidase. J. Biol. Chem. 269:24673-24678.
Pfanner, N., E. A. Craig, and M. Meijer. 1994. The protein import machinery
of the mitochondrial inner membrane. Trends Biochem. Sci. 19:368-372.
Pollock, R. A,, F.-U. Hartl, M. Y. Cheng, J. Ostermann, A. Horwich, and W.
Neupert. 1988. The processing peptidase of yeast mitochondria: the two
co-operating components MPP and PEP are structurally related. EMBO 1J.
7:3493-3500.

Ramage, L., T. Junne, K. Hahne, T. Lithgow, and G. Schatz. 1993. Func-
tional cooperation of mitochondrial protein import receptors in yeast.
EMBO J. 12:4115-4123.

Ryan, K. R., and R. E. Jensen. 1993. Mas6p can be cross-linked to an
arrested precursor and interacts with other proteins during mitochondrial
protein import. J. Biol. Chem. 268:23743-23746.

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.

Schatz, G. 1994. Personal communication.

Schena, M., D. Picard, and K. R. Yamamoto. 1991. Vectors for constitutive
and inducible gene expression in yeast. Methods Enzymol. 194:389-398.
Scherer, P. E., U. C. Manning-Krieg, P. Jeno, G. Schatz, and M. Horst. 1992.
Identification of a 45-kDa protein at the protein import site of the yeast
mitochondrial inner membrane. Proc. Natl. Acad. Sci. USA 89:11930-11934.
Schlossmann, J., K. Dietmeier, N. Pfanner, and W. Neupert. 1994. Specific
recognition of mitochondrial preproteins by the cytosolic domain of the
import receptor MOM72. J. Biol. Chem. 269:11893-11901.

Sharp, P. M., and W. H. Li. 1987. The codon adaptation index—a measure
of directional synonymous codon usage bias, and its potential applications.
Nucleic Acids Res. 15:1281-1295.

Sherman, F., G. R. Fink, and J. B. Hicks. 1986. Methods in yeast genetics: a
laboratory manual. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, N.Y.

Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics 122:19-27.

Sollner, T., G. Griffiths, R. Pfaller, N. Pfanner, and W. Neupert. 1989.
MOM]19, an import receptor for mitochondrial precursor proteins. Cell
59:1061-1070.

Sollner, T., R. Pfaller, G. Griffiths, N. Pfanner, and W. Neupert. 1990. A
mitochondrial import receptor for the ADP/ATP carrier. Cell 62:107-115.
Sollner, T., J. Rassow, and N. Pfanner. 1991. Analysis of mitochondrial
protein import using translocation intermediates and specific antibodies.
Methods Cell Biol. 34:345-358.

Sollner, T., J. Rassow, M. Wied J. Schlc P. Keil, W. Neupert,
and N. Pfanner. 1992. Mapping of the protein import machinery in the
mitochondrial outer membrane by crosslinking of translocation intermedi-
ates. Nature (London) 355:84-87.

Steger, H. F., T. Sollner, M. Kiebler, K. A. Dietmeier, R. Pfaller, K. S.
Triilzsch, M. Tropschug, W. Neupert, and N. Pfanner. 1990. Import of
ADP/ATP carrier into mitochondria: two receptors act in parallel. J. Cell
Biol. 111:2353-2363.

Termier, M. 1994. Personal communication.

von Heijne, G., J. Steppuhn, and R. G. Herrmann. 1989. Domain structure of
mitochondrial and chloroplast targeting peptides. Eur. J. Biochem. 180:535-545.
Witte, C., R. E. Jensen, M. P. Yaffe, and G. Schatz. 1988. MASI, a gene
essential for yeast mitochondrial assembly, encodes a subunit of the mito-
chondrial processing protease. EMBO J. 7:1439-1447.




