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The mitochondrial outer membrane contains import receptors for preproteins and a multisubunit general
insertion pore. Several small outer membrane proteins (<10 kDa) have been identified by their association
with receptors or the general insertion pore, yet little is known about their function. Here, we present evidence
that the biochemically identified Mom8b and the genetically identified Isp6 are identical. A deletion of
Mom8b/Isp6 in Saccharomyces cerevisiae leads to (i) a delay of import of preproteins, (ii) stabilization of
preprotein binding to receptors and the general insertion pore, and (iii) destabilization of the interaction
between receptors and the general insertion pore. These results suggest that Mom8b supports the cooperativity
between receptors and the general insertion pore and facilitates the release of preproteins from import

components and thereby promotes efficient transfer of preproteins.

Targeting of nucleus-encoded preproteins to mitochondria
is mediated by the mitochondrial receptor complex, a multi-
subunit protein complex in the outer membrane of the or-
ganelle. The receptor complex contains import receptors and a
general insertion pore (GIP). The import receptors character-
ized best so far are the mitochondrial outer membrane pro-
teins of 19 kDa (Mom19) and 72 kDa (Mom?72) (also termed
Mas20 and Mas70, respectively) (2, 38). Mom22 (Mas22) and
Mas37 seem to be additional subunits of import receptors (11,
17, 23, 26-28, 34). The GIP with Mom38 (Isp42) as the core
component mediates translocation of preproteins into or
across the outer membrane (24, 36, 37, 52).

In addition to these components, three small proteins have
been found associated with the receptor complex, termed
Mom8a, Mom8b, and Mom?7 (17, 31, 49). These small subunits
have not been characterized on a molecular level, and their
function is unknown.

It was therefore of particular interest that Kassenbrock et al.
(22) identified the Saccharomyces cerevisiae mitochondrial
outer membrane protein Isp6 by a genetic interaction with
Mom38. Isp6 is anchored in the mitochondrial outer mem-
brane by a C-terminal hydrophobic segment (5) and can be
coimmunoprecipitated with anti-Mom38 antibodies. On the
basis of gel mobility, it was concluded that Isp6 was not related
to any of the known components of the translocation machin-
ery of the mitochondrial outer membrane (22).

For this study, we investigated the function of Isp6. Unex-
pectedly, we found that it is identical to a known subunit of the
receptor complex, namely, Mom8b. We demonstrate that
Mom8b modulates the functions of other subunits of the re-
ceptor complex. It promotes interaction between receptors and
the GIP but reduces the stability of binding of preproteins to
the receptor complex. Mom8b thus enhances the efficiency of
preprotein transfer across the mitochondrial outer membrane.
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MATERIALS AND METHODS

Construction of plasmids and yeast mutants. Plasmid pGEM4-ISP6 was con-
structed by insertion of the coding region of the S. cerevisiae ISP6 gene into the
EcoRI-BamHI sites in pGEM4 (Promega), downstream of the SP6 RNA poly-
merase promoter. The presence of the correct sequence was verified by dideoxy
sequencing of both DNA strands. Standard procedures were used for DNA
manipulations (ligation using T4 DNA ligase, digestion with restriction endo-
nucleases, and Escherichia coli transformation) (1, 42).

For disruption of the yeast MOMSb(ISP6) gene by homologous recombina-
tion, the plasmid pGEM4-ISP6 was digested with Sphl and BamHI within the
polylinker of the vector. The resulting overhanging 5’ ends and 3’ ends were
filled in or removed, respectively, by using T4 DNA polymerase, and the vector
was religated in order to remove the Pstl site inside the polylinker. The modified
plasmid was then digested with PstI. The protruding 3’ termini were made blunt
with T4 DNA polymerase, and a blunt-ended cassette containing the URA3 gene
was ligated with T4 DNA ligase. The resulting construct was linearized with Smal
and used to transform the haploid strain YPHS500 (Table 1) as described by Elble
(8). Yeast cells that had integrated the DNA were selected by their uracil
prototrophy. The presence of the correct genomic insertion was tested by PCR
of genomic DNA using primers specific for the MOMSb(ISP6) gene, both by
checking the size of the amplified product and by confirming the existence of an
internal EcoRV site in the amplified fragment belonging to the URA3 gene.

The MOMSb(ISP6) gene in the YEp13 vector was obtained by screening an S.
cerevisiae genomic DNA library, using as a probe a digoxigenin-labeled DNA
fragment corresponding to most of the MOMSb(ISP6) gene. The presence of the
whole open reading frame was checked by restriction analysis.

Mutant strains MM112 (mom19A) and MM208 (mom?72A) have been de-
scribed previously (32) (Table 1). To construct doubly deficient yeast strains,
heterozygous diploids were constructed. Strain MM413 contained one disrupted
copy of MOMS8b and one disrupted copy of MOM72. After sporulation of these
cells, four viable spores per diploid were obtained, and their genotypes were
analyzed by growth on selective media (10 tetrads were analyzed, yielding 5
tetratype tetrads, 3 parental-ditype tetrads, and 2 nonparental-ditype tetrads).
Growth on yeast extract-peptone-dextrose (YPD) medium (2% glucose) and
yeast extract-peptone-glycerol (YPG) medium (3% glycerol) was tested at dif-
ferent temperatures. Strain MM415 contained one disrupted copy of MOMSb
and one disrupted copy of MOM19. The tetrads were classified and the genotypes
of the viable spores were determined (described in the legend to Fig. 6B).

Isolation of mitochondria. Mitochondria were isolated from the yeast strains
grown at 30°C in YPD medium until mid-logarithmic phase by previously de-
scribed procedures (6, 13). For isolation of *S-labeled mitochondria, an analo-
gous procedure was used, except that the yeast cells were grown in complete
synthetic medium containing 10 p.Ci of [**S]SO,>~ per ml (41). Unless otherwise
indicated, the yeast strain YPH500 (wild type) was used.

Immunoprecipitation of the receptor complex. Isolated mitochondria were
pelleted by a 10-min centrifugation at 16,000 X g and 2°C and lysed by repeated
pipetting in ice-cold digitonin buffer (0.25 M sucrose, 10 mM MOPS [morpho-
linepropanesulfonic acid] [pH 7.2], 0.13 M NaCl, 0.5% digitonin, 10% glycerol,
3% bovine serum albumin [BSA]) containing 1 mM phenylmethylsulfonyl fluo-
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype or relevant characteristic Reference
YPHS500 MATo ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 45
MM307 MATo ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 mom8b(isp6)::URA3 This study
MM307-A MATo ade2-101 his3-A200 leu2-Al ura3-52 trpl1-A63 lys2-801 mom8b(isp6)::URA3 + YEp13-MOMS8b This study
MM112 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 mom19::URA3 32
MM208 MATa ade2-101 his3-A200 leu2-Al ura3-52 trpl-A63 lys2-801 mom72::HIS3 32
MM413 MATa/a ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al ura3-52/ura3-52 trpl-A63/trp1-A63 lys2- This study
801/lys2-801 MOM72/mom72::HIS3 MOMSb(ISP6)/momS8b(isp6)::URA3

MM415 MATa/a ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al ura3-52/ura3-52 trpl-A63/trpI-A63 lys2- This study
801/lys2-801 MOM19/mom19::URA3 MOMSb(ISP6)/mom8b(isp6)::URA3

MM415-A MATa/a ade2-101/ade2-101 his3-A200/his3-A200 leu2-Al/leu2-Al ura3-52/ura3-52 trpl-A63/trp1-A63 lys2- This study
801/lys2-801 MOM19/mom19::URA3 MOMS8b(ISP6)/mom8b(isp6)::URA3 + YEp13-MOMS8b

MM310 MATa ade2-101 his3-A200 leu2-Al ura3-52 trp1-A63 lys2-801 mom72::HIS3 mom8b(isp6)::URA3 This study

ride and incubation for 10 min at 0°C. The insoluble material was removed by
centrifugation at 18,000 X g and 2°C for 10 min. The supernatant was incubated
with a protein A-Sepharose suspension, to which antibodies had been allowed to
adsorb for 1 h at 4°C in the same buffer (where indicated, antibodies were
covalently coupled to the protein A-Sepharose by using the homobifunctional
cross-linker dimethyl pimelimidate at a concentration of 20 mM). Preimmune
sera (antibodies) were obtained from rabbits before immunization with a specific
antigen. The binding reaction was allowed to proceed for 1 h at 4°C, and then the
beads were collected and successively washed three times with digitonin buffer
without BSA and once with 10 mM Tris, pH 7.5. The complexes were dissociated
by being heated at 95°C in electrophoresis sample buffer and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In order to
visualize the low-molecular-weight components of the complex, either urea-SDS-
PAGE (19) or Tricine-SDS-PAGE (43) was used. For the urea-SDS-PAGE, the
separating gel contained 18.2% T, 1.3% C, and 5 M urea (Tris at pH 8.85); with
the Tricine, the separating gel contained 16.5% T and 6% C and a spacer gel of
10% C and 3% C (T and C as defined by Schigger and von Jagow [43]).

Import of preproteins into isolated mitochondria. Radiolabeled preproteins
were obtained by in vitro transcription and translation using rabbit reticulocyte
lysate (Amersham) in the presence of [*>S]methionine as previously described
(48). Import reaction mixtures included BSA-containing buffer, reticulocyte ly-
sate (20 to 50% [vol/vol] for Mom8b and 1% [vol/vol] for other preproteins), 2
mM NADH plus 2 mM ATP or 8§ mM potassium ascorbate (pH 7) plus 0.2 mM
N,N,N',N'-tetramethylphenylenediamine (TMPD), and isolated S. cerevisiae mi-
tochondria (0.3 mg of mitochondrial protein per ml) (48). Import was performed
at 25°C for the times indicated below, and then the mitochondria were reisolated
by centrifugation for 10 to 12 min at 16,000 X g and 2°C. Where indicated, a
treatment with proteinase K (50 to 250 pg/ml) was performed. After being
washed with SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS [pH
7.2]), the pelleted mitochondria were either analyzed by SDS-PAGE or lysed in
ice-cold digitonin buffer and then subjected to coprecipitation of the receptor
complex. Where indicated, surface receptors were removed by treatment of the
mitochondria prior to the import reaction with 50 g of trypsin per ml for 20 min
at 0°C, and the protease was inhibited with a 30-fold weight excess of soybean
trypsin inhibitor (5 min at 0°C). Dissipation of the membrane potential (Ays) was
accomplished by omitting NADH or ascorbate-TMPD from the import reaction
mixture and adding a mixture of valinomycin, oligomycin, and antimycin A (final
concentrations of 0.5, 20, and 8 pM, respectively). To accumulate the precursor
of the ADP-ATP carrier at the receptor stage, reticulocyte lysate and mitochon-
dria were pretreated with apyrase (5 U/ml) for 20 min at 25 or 0°C, respectively;
incubation with mitochondria was performed in the absence of a Ay (39, 48). For
generation of the GIP intermediate, radiolabeled ADP-ATP carrier was incu-
bated with isolated mitochondria in the absence of a Ay and the presence of 2
mM ATP. Surface-bound preproteins were removed by a treatment with trypsin
(20 pg/ml) for 20 min at 0°C (37, 48). All samples were made chemically identical
by addition of solute-free solvents.

Miscellaneous. Antibodies against the C-terminal 14 amino acid residues of
Isp6 were generated in rabbits by using a chemically synthesized peptide that was
coupled to keyhole limpet hemocyanin via an N-terminal cysteine (12). Standard
procedures were used for immunoblotting by using the enhanced chemilumines-
cence system (Amersham), assessment of the Al by using the fluorescent dye
3,3'-dipropylthiadicarbocyanine iodide [DiSC5(5); Molecular Probes, Inc.] (7, 10,
46), and storage phosphor imaging technology (Molecular Dynamics).

RESULTS

Evidence for identity of Isp6 with Mom8b. The coding re-
gion of ISP6 was cloned into the vector pGEM4. By in vitro
transcription and translation in rabbit reticulocyte lysate in the
presence of [>*S]methionine, the precursor of Isp6 was synthe-

sized. We incubated the precursor with isolated S. cerevisiae
mitochondria and found association of Isp6 with the mitochon-
dria. In order to address the question of whether in vitro-
imported Isp6 was associated with the outer membrane recep-
tor complex, we tested for coprecipitation with antibodies
directed against Mom19 or Mom38. Mitochondria with in
vitro-imported Isp6 were lysed with digitonin, and the mito-
chondrial receptor complex was coprecipitated (24, 31, 49).
Isp6 was indeed coprecipitated with antibodies directed against
Mom19 or against Mom38 but not with preimmune serum
(Fig. 1A, lanes 1 to 3). The import of Isp6 was not inhibited by
dissipation of the Ay across the inner membrane (Fig. 1A, lane
4), demonstrating that its import, like that of other outer mem-
brane proteins, is independent of a Ay (14). We conclude that
in vitro-synthesized Isp6 is targeted to the mitochondrial re-
ceptor complex.

We questioned whether Isp6 corresponded to one of the
known small components of the mitochondrial receptor com-
plex. **S-labeled yeast mitochondria were lysed in digitonin-
containing buffer, and the receptor complex was coprecipitated
with anti-Mom38 antibodies and resolved by urea-SDS-PAGE
to visualize the small subunits Mom8a and Mom§8b (Fig. 1B,
lane 4) (31) (Mom?7 from >°S-labeled yeast cells cannot be
detected by autoradiography because of a lack of sulfur-con-
taining amino acids besides the posttranslationally removed
initial methionine [16, 31]). In parallel, the **S-labeled precur-
sor of Isp6 was imported into unlabeled mitochondria, and
then the receptor complex was coprecipitated with anti-
Mom38 antibodies. Surprisingly, Isp6 showed the same gel
mobility as Mom8b (Fig. 1B, lanes 2 and 4), although Kassen-
brock et al. (22) had reported that Isp6 ran below the 6-kDa
marker. We noticed that this experiment and our previous
experiments were analyzed by urea-SDS-PAGE, whereas Kas-
senbrock et al. (22) had used Tricine-SDS-PAGE. Separation
of a *S-labeled receptor complex on a Tricine gel indeed
resulted in a larger mobility difference between Mom8a and
Mom@b. In vitro-imported Isp6 again ran at the same position
as the lower of the two bands (Fig. 1B, lanes 6 and 8), raising
the possibility that Isp6 is identical to Mom8b.

We thus disrupted the ISP6 gene with the URA3 gene. In
agreement with the results of Kassenbrock et al. (22), the
mutant S. cerevisiae cells were viable on fermentable and non-
fermentable carbon sources at 30°C. When **S-labeled isp6A
mitochondria were subjected to coprecipitation with anti-
Mom38 antibodies, the band corresponding to Mom8b was
indeed lacking, whereas Mom8a was unaffected (Fig. 1C, lane
2).

To obtain further evidence for the identity of Isp6 and
Mom8b, we raised an antiserum against the C-terminal 14
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FIG. 1. Evidence for identity of Isp6 and Mom8b. (A) Import of in vitro-synthesized Isp6 into isolated mitochondria and assembly into the receptor complex. Rabbit
reticulocyte lysate containing 3°S-labeled precursor of Isp6 was incubated with isolated S. cerevisiae mitochondria in the presence of either NADH (+ Ay) or
valinomycin, antimycin A, and oligomycin (— A) for 15 min at 25°C. The mitochondria were reisolated and lysed with digitonin, and immunoprecipitations with
antibodies directed against Mom19 or Mom38 or with preimmune serum were performed as described in Materials and Methods. The precipitates were analyzed by
urea-SDS-PAGE and visualized by storage phosphor imaging technology. (B) Similar mobilities of Mom8b and Isp6 in different gel electrophoresis systems. In
vitro-labeled precursor of Isp6 was imported into isolated mitochondria as described above. The mitochondria were isolated and lysed with digitonin buffer, and the
solution was split into halves, which were subjected to coprecipitation with anti-Mom38 antibodies (samples 2 and 6) or preimmune antibodies (samples 1 and 5). In
parallel, 3*S-labeled mitochondria (**S-Mitoch.) were lysed with digitonin buffer and subjected to coprecipitation with anti-Mom38 antibodies (lanes 4 and 8) or
preimmune antibodies (lanes 3 and 7). The precipitates were dissociated by being heated in sample buffer for 3 min at 95°C and analyzed by urea-SDS-PAGE (lanes
1 to 4) or Tricine-SDS-PAGE (lanes 5 to 8) following the conditions described in Materials and Methods. (C) Coprecipitation of the receptor complex from
mitochondria lacking Isp6. Mitochondria were isolated from wild-type (WT) strain YPHS500 and from strain MM307 (disrupted ISP6 gene, isp6A) after growth in
synthetic medium containing [>°S]SO,2". The mitochondria were solubilized with digitonin, and coprecipitations with antibodies directed against Mom38 or preimmune
antibodies were performed. The precipitates were analyzed by urea-SDS-PAGE and storage phosphor imaging technology. (D) Immunodecoration of Mom8b with
antibodies directed against Isp6. Unlabeled S. cerevisiae wild-type mitochondria were lysed with digitonin and subjected to coprecipitation with antibodies against
Mom38 that had been covalently coupled to protein A-Sepharose (17, 31). The sample was split. Both halves were separated by urea-SDS-PAGE and transferred to
a polyvinylidene fluoride membrane (Immobilon P; Millipore). One half was stained with Coomassie brilliant blue R250 (lane 1). The other half was immunodecorated
with antibodies generated against the C terminus of Isp6 (lane 2).
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FIG. 2. Mitochondria lacking Mom8b (mom8bA) are impaired in import of cleavable preproteins. Rabbit reticulocyte lysates with radiolabeled precursors of a-MPP
(A) and F,B (B) were incubated with isolated energized mitochondria at 25°C for the times indicated. The mitochondria were reisolated, and the sample was split into
halves. One half was treated with proteinase K (Prot. K). The mitochondria were reisolated again and analyzed by SDS-PAGE and storage phosphor imaging
technology. The amount of mature-size protein (m) in the samples without proteinase K treatment after a 5-min import was set at 100%. Results of an experiment
typical of five independent experiments, all of which revealed similar degrees of import inhibition into mom8bA mitochondria, are shown. In the case of F;3, a small
amount of precursor form (p) was protected against proteinase K, representing imported but not yet processed preprotein (this is often observed for F; with short
import times). With mom8bA mitochondria, the amount of imported p-form protein was reduced, like that of the m form, compared with that in wild-type (WT)

mitochondria.

amino acid residues of Isp6. We performed a large-scale co-
precipitation of the receptor complex from unlabeled yeast
mitochondria which allows preparation of sufficient quantities
to detect the small subunits by staining with Coomassie blue
(17, 31). By this method, yeast Mom7 can also be visualized
(Fig. 1D, lane 1). The antiserum directed against Isp6 selec-
tively recognized the band of Mom8b (Fig. 1D, lane 2). More-
over, the N-terminal amino acid residues of Mom8a and
Mom?7 could be determined from the purified receptor com-
plex, proving that Mom8a and Mom?7 are distinct proteins not
related to Mom8b (16).

The combined evidence thus demonstrates that Isp6 is iden-
tical to Mom8b and therefore is a genuine component of the
mitochondrial receptor complex. Since Mom8b was identified
first and the “Mom” nomenclature is the only one used to
describe the other two small subunits of the mitochondrial
receptor complex, we will use MomS8b as the name.

Mom8b promotes efficient transfer of preproteins. Does a
deletion of Mom8b affect the import of precursor proteins?
Two typical mitochondrial preproteins, the a-subunit of the
mitochondrial processing peptidase (a-MPP) and the B-sub-
unit of the F,-ATPase (F,B), were synthesized in reticulocyte
lysates in the presence of [*>S]methionine and incubated with
isolated energized mitochondria. The import of preproteins
was determined by the proteolytic removal of the presequence
(formation of the mature-size form) and protection of the
imported protein against externally added proteinase K. With
both preproteins, the import into mom8bA mitochondria was
not completely blocked but significantly reduced compared
with that of wild-type mitochondria (Fig. 2).

The observation of a reduced efficiency of import into

mom8bA mitochondria can be explained either by a specific
effect of deletion of Mom8b on the function of the outer
membrane receptor complex or by indirect effects on mito-
chondrial function, such as reduction of the Ay across the
inner membrane or reduced stability of the mitochondrial
membranes. To exclude the latter two possibilities, we assessed
the Ay and tested the stability against externally added pro-
teases of mom8bA and wild-type mitochondria. By use of the
fluorescent dye DiSC5(5), we assessed the mitochondrial Ay. A
decrease in fluorescence quenching indicates the formation of
a Ay (7, 10, 46). The decreases in fluorescence quenching with
mom8bA mitochondria and wild-type mitochondria were sim-
ilar (Fig. 3), indicating that mom8bA mitochondria were not
impaired in generation of a Ay. The protease resistance of
mom8bA mitochondria was indistinguishable from that of wild-
type mitochondria, as determined with marker proteins for the
mitochondrial subcompartments (data not shown). Moreover,
we show below that the Mom proteins, such as the receptors
Mom19 and Mom?72 and the GIP component Mom38, con-
tained by mom8bA and wild-type mitochondria were compa-
rable.

We next examined whether specific functions of the receptor
complex in the interaction with preproteins were impaired.
With the precursor of the ADP-ATP carrier, a noncleavable
preprotein with internal signal sequences, two distinct stages of
interaction with the receptor complex can be distinguished (37,
39, 47, 48): (i) at low ATP concentrations and in the absence of
a Ay, the preprotein is preferentially accumulated at the sur-
face receptors, and (ii) in the presence of ATP and the absence
of a Ay, the preprotein is inserted into the GIP and protected
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FIG. 3. Mitochondria lacking Mom8b are able to generate a Ays. The Ays was assessed by fluorescence photometry with the potential-sensitive dye DiSC5(5). At the
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against externally added trypsin (whereas the receptors are
degraded by trypsin) (33, 36, 48).

We first tested whether the import of the ADP-ATP carrier
into the inner membrane was impaired in mom8bA mitochon-
dria and found a reduction of the import efficiency (Fig. 4A)
similar to that observed for the cleavable preproteins o-MPP
and F,B. Then the precursor of the ADP-ATP carrier was
accumulated at the two distinct outer membrane stages de-
scribed above (receptor stage and GIP stage [Fig. 4B and C,
respectively]). The mitochondria were lysed with detergent,
and coprecipitations with antibodies directed against receptor
Mom19 or Mom72 (Fig. 4B) or against Mom38 (Fig. 4C) were
performed. Surprisingly, the fraction of total mitochondrion-
associated preprotein that was found in the coprecipitate with
anti-Mom19 or anti-Mom38 antibodies was significantly in-
creased with momS8bA mitochondria compared with that for
wild-type mitochondria (Fig. 4B and C, bars 3 and 4). Only a
slight increase was observed in the coprecipitates with anti-
Mom?72 antibodies (Fig. 4B, bars 5 and 6). The efficiencies of
the coimmunoprecipitations were comparable to those previ-
ously reported for interactions between preproteins and im-
port components (30, 51, 53). Preimmune antibodies did not
precipitate significant amounts of accumulated preproteins
(Fig. 4B and C, bars 1 and 2), excluding that the increased yield
of preproteins coprecipitated from mom8bA mitochondria was
due to unspecific precipitation.

Moreover, the increased yields of coprecipitates from
momS8bA mitochondria were not caused by a binding of pre-
proteins to Mom proteins after lysis of mitochondria, since
after addition of preproteins to lysed mitochondria, only back-
ground levels were coprecipitated with anti-Mom antibodies
from both mom8bA and wild-type mitochondria (Fig. 4C, bars

7 and 8, and data not shown). Thus, the yields of preproteins
associated with solubilized Mom proteins are so much smaller
than those in intact mitochondria that they cannot contribute
to the observed coprecipitable amounts of preprotein.

Since the coimmunoprecipitations include four washes of
the antibody-bound protein complexes, relatively stable asso-
ciations are preferentially detected, suggesting that the sta-
bility of association between preproteins and some compo-
nents of the receptor complex, at least Mom19 and Mom38,
is increased in mom8bA mitochondria.

Moms8b is required for the stability of the receptor complex.
We wondered if the deletion of Mom8b affected the associa-
tion of Mom proteins in the mitochondrial receptor complex.
We performed coimmunoprecipitations of proteins from digi-
tonin-lysed mitochondria with antibodies directed against
Mom19, Mom72, or Mom38. The immunoprecipitates were
decorated with specific antisera to visualize the content of
Mom19 and Mom38 (Fig. 5A). The efficiency of coprecipita-
tion of Mom19 from mom8bA mitochondria with both anti-
Mom?72 antibodies and anti-Mom38 antibodies was signifi-
cantly decreased compared with that of wild-type mitochondria
(Fig. SA, lanes 5, 6, 9, and 10; Table 2). The efficiency of
coprecipitation was further decreased when the mitochondria
were preincubated at 37°C (Fig. 5A, lanes 7, 8, 11, and 12;
Table 2). Similarly, the efficiency of coprecipitation of Mom38
was decreased with anti-Mom19 and anti-Mom?72 antibodies
(Fig. 5A, lanes 2, 4, 6, and 8; and Table 2). The lower efficiency
of coprecipitation was not caused by a lower mitochondrial
content of those complex subunits, as Western blotting (im-
munoblotting) indicated that they were present in comparable
amounts in wild-type and mom8bA mitochondria (Fig. 5B).
Moreover, the antibodies precipitated comparable amounts of
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FIG. 4. Deletion of Mom8b impairs import of the precursor of the ADP-ATP carrier (AAC) and stabilizes interaction of the precursor with Mom proteins. (A)
Mitochondria lacking Mom8b are impaired in the import of the AAC. The experiment was performed as described in the legend to Fig. 2 except that 3°S-labeled
precursor of AAC was used and all samples were treated with proteinase K after the import. (B and C) Increased yields of coprecipitated preproteins from mom8bA
mitochondria. The precursor of the AAC was accumulated at the receptor stage in the absence of a Ay and at low ATP concentrations (B) or was accumulated at the
GIP stage in the absence of a Ay but in the presence of ATP (C) (samples 1 to 4) (see Materials and Methods). The mitochondria were reisolated, lysed with digitonin,
and subjected to coimmunoprecipitations with antibodies directed against Mom19, Mom72, or Mom38 or preimmune antibodies as indicated. For samples 5 to 8 of
panel C, 3*S-labeled precursor of AAC was added to digitonin-lysed mitochondria, and then coprecipitations were done as indicated. The total amount of AAC
precursor that was immunoprecipitated by antiserum directed against AAC was set at 100% for each condition. The values shown (with standard errors of the means

of three or four independent determinations) indicate the fraction of coprecipitable AAC precursor at each stage. WT, wild type.
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FIG. 5. Deletion of Mom8b destabilizes interactions of Mom38, Mom19, and Mom72. (A) Coprecipitations of Mom19, Mom?72, and Mom38. Isolated mitochondria
(nonradiolabeled) were preincubated for 5 min at 37 or 4°C, lysed with digitonin, and subjected to coimmunoprecipitations with anti-Mom19 (lanes 1 to 4), anti-Mom72
(lanes 5 to 8), and anti-Mom38 (lanes 9 to 12) antibodies (which had been covalently bound to protein A-Sepharose). The immunoprecipitates were analyzed by
Western blotting with antisera directed against Mom38 or Mom19. The lower panel of lanes 5 to 8 was exposed twice as long as the other panels. (B) Deletion of Mom8b
does not reduce the total amounts of Mom19, Mom38, and Mom72 present in mitochondria. Wild-type mitochondria and mom8bA mitochondria (10 pg of protein
each) were subjected to Western blotting with antisera directed against Mom?72, Mom38, and Mom19. WT, wild type.

the genuine antigen from wild-type and mom8bA mitochondria
under nondenaturing conditions (digitonin extraction) (Fig.
5A; Table 2), excluding the possibility that in mom8bA mito-
chondria, these complex subunits had a tendency for aggrega-
tion or denaturation that prevented their solubilization by the
digitonin treatment. Moreover, anti-Mom38 antibodies copre-
cipitated Mom8a with wild-type efficiency (Fig. 1C, lanes 1 and
2; Table 2), whereas anti-Mom19 antibodies precipitated
smaller amounts of Mom8a (Table 2).

We conclude that the total mitochondrial amounts of the
analyzed components of the receptor complex (Moml9,
Mom72, Mom38, and Mom8a) are not decreased by a deletion
of Mom8b; however, their association in a complex is destabi-
lized. While Mom8a remains stably bound to Mom38, the
association of Mom19 and Mom72 with Mom38-Mom8a is
weakened. The dissociation of the complex is enhanced at high
temperatures.

TABLE 2. Deletion of Mom8b decreases the stability of association
of Mom19, Mom38, and Mom72¢

mom8bA/wild-
Mom protein Precipitated protein type ratio

4°C 37°C

Total Mom19 1.1 0.9
Mom38 1.0 0.9

Mom72 1.0 1.1

Coprecipitated Mom19 with anti-Mom38 0.3 0.1
Mom19 with anti-Mom72 0.4 0.3

Mom38 with anti-Mom?72 0.4 0.1

Mom8a with anti-Mom19 0.4 ND

Mom8a with anti-Mom38 1.0 ND

“ The experiment was performed as described in the legend to Fig. 5A. Shown
are the ratio between momS8bA and wild-type mitochondria of the total immu-
noprecipitable amounts of Mom proteins (with antiserum specific for each Mom
protein) and the mom8bA/wild-type ratio of the coprecipitated amounts of the
Mom proteins. For determination of the values for Mom8a, the experiment was
performed as described in the legend to Fig. 1C. Values are the means of three
to five independent experiments with standard errors of the means of <0.1. ND,
not determined.

Synthetic phenotypes of double deletions mom19A mom8bA
and mom72A mom8bA. Synthetic phenotypes have been found
to be of high value to characterize functional cooperation of
components by genetic means. That is, mutations in two com-
ponents (or deletions) lead to a phenotype not observed with
mutation or deletion of a single component and thereby pro-
vide indication for a functional relationship between two com-
ponents (18, 21, 41). The biochemical results obtained suggest
a functional relationship of Mom8b to the import receptors.
We examined whether genetic evidence for a functional rela-
tionship between Mom19 or Mom72 and Mom8b could be
obtained.

Yeast cells lacking either Mom8b or Mom72 are viable on
fermentable and nonfermentable carbon sources at both 30
and 37°C (22, 32, 40, 50), although growth of the single mu-
tants on nonfermentable medium at 37°C is reduced (Fig. 6A,
sectors 2 and 3). By crossing of the mom8bA strain and the
mom72A strain and sporulation of the resulting diploid, we
generated strain MM310, which lacked both Mom8b and
Mom?72 (Table 1). The doubling times for the double mutant at
30°C on fermentable and nonfermentable media were about
twofold less than that of the single mutants (growth of the
single mutants at 30°C is indistinguishable from that of wild-
type cells on both media). At 37°C on nonfermentable me-
dium, the double mutant was inviable (Fig. 6A, sector 4).
When Mom8b was expressed from a plasmid, growth of the
mom8bA strain on nonfermentable medium at 37°C was fully
restored, and growth of the mom72A mom8bA strain was like
that of the mom72A strain (including viability at 37°C on non-
fermentable medium). These results argue for a synthetic
growth defect of the double mutant lacking Mom8b and
Mom72.

Similarly, we tried to obtain a momlI9A mom8bA double
mutant. We crossed the mom8bA strain with a mom19A strain
(which is viable on fermentable medium [32]) and sporulated
the resulting heterozygous diploid (MM415; Table 1). On fer-
mentable medium at 30°C, viable and inviable spores were
obtained. Figure 6B shows representative tetrads, a nonparen-
tal-ditype tetrad and a tetratype tetrad. Analysis of the geno-
types of the viable spores showed that inviability was due to a
lack of both genes. The doubly deficient spores germinated but
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FIG. 6. Synthetic growth defects of S. cerevisiae double mutants lacking Mom8b and either Mom72 or Mom19. (A) Strains YPH500 (wild type [WT]), MM208
(mom?72A), MM307 (mom8bA), and MM310 (mom72A momS8bA) were grown on a YPG plate at 37°C. (B) The heterozygous diploid strain MM415, containing one
disrupted allele of the MOM19 gene and one disrupted allele of the MOMSb gene, was sporulated, and the asci were dissected. The phenotypes of the viable spores
were analyzed to assign the genotypes of the spores as indicated. A total of 55 tetrads were analyzed, including 14 tetrads of the parental ditype, 12 tetrads of the
nonparental ditype, and 29 tetratype tetrads. Results are shown for one nonparental-ditype tetrad (lane 1) and one tetratype tetrad (lane 2) grown on YPD medium

at 30°C.

stopped growth after ~12 divisions, even when transferred to
new plates. As a control, strain MM415 was transformed with
a plasmid expressing Mom8b (strain MM415-A). Sporulation
of these cells yielded viable spores which could be deduced to
contain disrupted chromosomal copies of momI9 and momS8b,
and all of these cells carried the plasmid marker. At the lower
temperature (23°C), momlI9A momS8bA cells were found to
grow also in the absence of the plasmid, yet extremely slowly.
We conclude that the deletion of both Mom8b and Mom19
leads to a strong synthetic growth defect.

DISCUSSION

We report that Isp6 is identical to Mom8b of the receptor
complex in the yeast mitochondrial outer membrane and pro-
motes cooperation between receptors and the GIP and thereby
supports efficient transfer of preproteins. Mom8b/Isp6 is thus
the first small subunit of the receptor complex that can be
functionally characterized by biochemical and genetic means.

Kassenbrock et al. (22) had identified Isp6 as a high-copy-
number suppressor of a mutation in Mom38. On the basis of its
gel mobility, they concluded that Isp6 was not any of the known
components of the receptor complex. By analyzing the mobility
in different gel systems, we surprisingly found that Isp6 im-
ported into isolated mitochondria had the same gel mobility as
the previously identified small subunit Mom8b. A yeast mutant
with a disrupted ISP6 gene selectively lacked Mom8b of the
receptor complex, and antibodies generated against a C-termi-
nal peptide of Isp6 specifically recognized Mom8b. By deter-
mination of peptide sequences, the other two small subunits of
the complex, Mom8a and Mom?7, were shown not to be related
to Isp6. We conclude that Isp6 is identical to MomS8b. It is
quite satisfying that two fundamentally different approaches
(coprecipitation [17, 31] and genetic suppression [22]) led to
the identification of the same small subunit of the receptor
complex, providing the strongest evidence so far for a signifi-
cance of the presence of small subunits in preparations of the
mitochondrial receptor complex.

The import of preproteins was two- to threefold delayed in
mom8bA mitochondria compared with that in wild-type mito-
chondria. This was found for typical preproteins with amino-

terminal presequences which are imported mainly via the
Mom19 pathway and for a preprotein with internal signal se-
quences which preferentially uses the Mom72 pathway. A role
of Mom&8b in protein import is thus not restricted to only one
of the import pathways. The generation of a Ay and the sta-
bility of the membranes of mom8bA mitochondria were indis-
tinguishable from those of wild-type mitochondria, excluding
these indirect effects as a cause for the reduced rate of protein
import. When the association of preproteins with Mom pro-
teins was studied, we made a surprising observation. The yield
of outer membrane-accumulated preproteins coprecipitated
with Mom19 and Mom38 from mom8bA mitochondria was
significantly higher than that from wild-type mitochondria (i.e.,
the fraction of accumulated preprotein that was found in the
coprecipitate after several washing steps). This suggests that a
deletion of Mom8b increases the stability of interaction of
preproteins with Mom19 and Mom38.

In contrast, a deletion of Mom8b decreased the stability of
interaction of receptors Mom19 and Mom72 with Mom38
without changing the total mitochondrial amounts of these
Mom proteins. The association between Mom38 and Mom8a
was not affected. The dissociation of the receptors from
Mom38-Mom8a was enhanced at the higher temperature. We
conclude that Mom8b has a stabilizing effect on the receptor
complex and favors the association of receptors Mom19 and
Mom?72 with Mom38-MomS8a. It was previously shown that a
large fraction (at least 70 to 80%) of all Mom19 molecules is
present in the affinity-purified receptor complex but that the
interaction between Mom72 and the receptor complex is quite
transient, i.e., only ~15 to 20% of the Mom72 molecules are
found in the affinity-purified complex in the presence of
Mom8b (23, 31); the fraction is further decreased upon dele-
tion of Mom8b. Since only the small fraction of Mom72 which
can be detected in association with the complex should be
influenced by a deletion of Mom8b, this provides an explana-
tion for the only minor increase in the coprecipitation of ac-
cumulated preproteins with Mom72 from mom8bA mitochon-
dria (Fig. 4B).

Stabilizing effects of small subunits in multisubunit mem-
brane complexes of mitochondria have been reported for com-
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plexes of the respiratory chain. The best example is the dele-
tion of the 8.5-kDa component of the yeast bc; complex (3).
This impaired the association of other subunits with the com-
plex without affecting the total mitochondrial levels of the
other subunits. Maarse et al. (29) similarly reported destabi-
lizing effects of deletion of a small subunit on other complex
subunits, though in that case, the cellular steady-state levels of
some subunits were decreased.

A functional relationship of Mom8b to both receptors is also
suggested by genetic evidence for interaction of Mom8b with
Mom19 and Mom?72 (synthetic growth defects of double dele-
tion mutants). Upon demonstration of the identity of Isp6 with
Mom8b, the genetic and biochemical evidence for interaction
of Isp6 with Mom38 provided by Kassenbrock et al. (22) can be
set in context. Together, the genetic data suggest a functional
interaction of Mom8b with (at least) three other Mom pro-
teins, receptors Mom19 and Mom?72 and the essential protein
Mom38 of the GIP. This agrees well with the biochemically
observed linker function of Mom8b in stabilizing the interac-
tions between receptors and the GIP.

Chemical cross-linking with preproteins arrested at the
outer membrane showed one or two small proteins (about 5 to
10 kDa) which were close to a preprotein at the GIP (49).
Cross-linking experiments with the mom8bA mitochondria in-
dicate that Mom8b is not among these cross-linking products,
suggesting Mom8a and Mom?7 as likely candidates for the small
proteins interacting with preproteins (25).

We propose the following working model for the function of
Mom8b in the mitochondrial receptor complex. Preproteins
are initially recognized and bound by the import receptors
Mom19 and Mom?72, possibly in cooperation with partner pro-
teins, such as Mom22 and Mas37 (11, 17, 23, 34, 38). Mom8b
stabilizes the interaction of import receptors with the compo-
nents of the GIP (Mom38) and thereby promotes the release
of preproteins from the receptors for transfer to the GIP. In
addition, Mom8b may promote the release of preproteins from
Mom38 and thus also support preprotein transfer from the
GIP to further components of the mitochondrial import ma-
chinery; possible explanations are the general stabilizing effect
of Mom8b on the receptor complex and/or modulatory effects
on the function of Mom38. An influence of Mom8b on the
function of Mom38 is in agreement with the genetic charac-
terization of interaction of the two components (multicopy
suppression and synthetic lethality [22]). In summary, Mom8b
seems to function as a linker between receptors and the GIP
and to thereby promote an efficient flow of preproteins (prob-
ably without direct interaction with preproteins).

A small subunit (<10 kDa) has also been found in the
protein translocation complex of the endoplasmic reticulum.
The essential protein Sss1p (Sec61vy) (9, 15) shows similarity to
SecE, a subunit of the preprotein translocase of bacteria (4, 35,
44). In analogy to the interaction of Mom8b with the core
subunit of the mitochondrial GIP (Mom38), Ssslp-Sec61y-
SecE genetically and physically interacts with the core mem-
brane subunit of the translocase (Sec61p-Sec6la of the endo-
plasmic reticulum and SecY of bacteria) (4, 9, 15, 35, 44), yet
no evidence for direct interaction of the small subunit with
preproteins could be detected (20). It is tempting to speculate
that small subunits in a translocation complex have important
modulatory effects on the functions of other (larger) subunits
of the transport machinery and the stability of the complex.
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