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Abstract

The membrane topology of Om45 in the yeast mitochondrial outer
membrane (OM) is under debate. Here, we confirm that Om45 is
anchored to the OM from the intermembrane space (IMS) by its
N-terminal hydrophobic segment. We show that import of Om45
requires the presequence receptors, Tom20 and Tom22, and the
import channel of Tom40. Unlike any of the known OM proteins,
Om45 import requires the TIM23 complex in the inner membrane,
a translocator for presequence-containing proteins, and the
membrane potential (AW). Therefore, Om45 is anchored to the OM
via the IMS by a novel import pathway involving the TIM23
complex.
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Introduction

Most mitochondrial proteins are encoded by the nuclear genome
and synthesized in the cytosol. They are subsequently imported into
mitochondria and sorted to intramitochondrial compartments such
as the outer membrane (OM), intermembrane space (IMS), inner
membrane (IM), and matrix, with the aid of translocator complexes
in the OM and IM [1-3]. Most matrix proteins and some IM proteins
are synthesized as a precursor protein with an N-terminal cleavable
presequence, which contains a mitochondrial targeting signal.
Presequence-containing precursor proteins use the TOM40 complex
in the OM to cross the OM and the TIM23 complex in the IM to cross

1,4,5*

or get inserted into the IM. The TOM40 complex consists of multiple
subunits including presequence receptors, Tom20 and Tom22, and
a channel-forming protein, Tom40. Tim50 of the TIM23 complex
receives a presequence from the Tom40 channel and transfers it to
the Tim23 channel, depending on the membrane potential (A¥)
across the IM [4-6]. Matrix-targeted proteins subsequently use an
import motor mitochondrial Hsp70 (mtHsp70) and its partner
proteins for translocation and unfolding, while IM-sorted proteins
with a hydrophobic sorting signal downstream of the matrix-
targeting signal in the presequence require translocation arrest at
the TIM23 channel followed by lateral release into the IM.

Mitochondrial OM proteins can be categorized into two classes:
B-barrel proteins and proteins with o-helical transmembrane (TM)
segment(s). Newly synthesized P-barrel proteins cross the OM
through the Tom40 channel and are transferred via small Tim
proteins to the TOB/SAM complex, which facilitates the formation
of a B-barrel structure and insertion into the OM [7]. Insertion of
OM proteins with multiple a-helical TM segments is facilitated by
Tom13/Miml together with Mim2. On the other hand, there is
apparently no common pathway for the insertion of OM proteins
with a single TM segment.

Omd45 is one of the most abundant proteins in the OM of yeast
mitochondria [8,9]. The protein level of Om45 increases under
nonfermentable conditions [10], and the role of Om45 in the regula-
tion of porin channels was proposed [11]. Om45 has a stretch of
hydrophobic residues near the N-terminus (residues 5-22) like
Tom20 and Tom?70, both of which are anchored to the OM by their
N-terminal TM segments and expose the C-terminal domains to the
cytosol (Nj,-Coye topology). Om45 has thus been assumed to take a
similar Nj,-Coy topology. Consistent with this model, Tom20 and
Tom70 variants whose N-terminal TM segments are replaced with
residues 1-32 of Om45 are functional in vivo [12]. Besides, anchoring
of Om45 to the OM was reported to require no proteinaceous compo-
nent, but to take place spontaneously [13]. However recently, the
Nin-Cout topology of Om45 was challenged by the observation that
Om45 in isolated mitochondria is not digested by externally added
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protease [11], although conflicting results of protease digestion were
reported previously [8,14]. OM proteins inserted into the OM from
the IMS are unusual, and the import pathway for such proteins and
involvement of possible proteinaceous components should be of
great interest; only Tazl, a yeast ortholog of human tafazzin, was
reported to be inserted into both the OM and IM from the IMS [15].

In this report, we re-examined the submitochondrial localization
of Om45 in yeast mitochondria and found that Om45 is indeed inte-
grated into the OM from the IMS. We found that Om45 travels to
the IMS for insertion into the OM via a novel import pathway medi-
ated by the TIM23 complex and driven by AW.

Results and Discussion
Om45 is an outer membrane protein exposed to the IMS

To re-examine the membrane orientation of Om45, we treated
isolated mitochondria with a relatively high concentration (125 pg/ml)
of proteinase K (PK) or trypsin. OM proteins with a cytosolic
domain, Tom70 and Tom22, were digested by both proteases, while
Tim50, an IM protein exposed to the IMS, and Kgdl, a matrix
protein, were not (Fig 1A). Om45 was protected from PK and
trypsin, while it was completely digested when mitochondrial
membranes were solubilized with Triton X-100 (Fig 1A). Although
the expression level of Om45 was markedly enhanced under nonfer-
mentable conditions (Fig 1A, Lactate) as compared with ferment-
able conditions (Fig 1A, Glucose), protease resistance of Om45 was
not affected by the medium (Fig 1A, Glucose, Om45 (Dark)). When
the OM was ruptured by osmotic swelling and the resultant mitop-
lasts were treated with PK, Om45 was digested like the IM proteins
exposed to the IMS, Tim50 and Tim23, but not like the matrix
protein Kgd1 (Fig 1B). These results clearly show the localization of
Om45 in the IMS, not on the mitochondrial surface.

Then, we assessed association of Om45 with membranes by alka-
line treatment. While integral membrane proteins Tom20, Tom?70,
Tim23, and Tim50 were resistant against extraction with Na,CO3
and recovered mainly (Tom20, Tom70, and Tim23) or partly
(Tim50) in the pellet, Tim44, a peripheral IM protein, was extracted
to the supernatant (Fig 1C). Om45 was recovered in both the super-
natant and pellet, suggesting that Om45 is at least partly integrated
in the membrane. Then, we asked which of the membranes, the OM
and IM, Om45 is associated with. We prepared OM and IM vesicles
from mitochondria by sonication and separated them by sucrose
density-gradient centrifugation. Immunoblotting of the fractions
collected from the sucrose gradient showed that Om45 as well as
OM proteins, Tom70 and Tom22, was mainly recovered in the
lighter fractions (Fig 1D, lanes 4-10), while IM proteins, Tim50 and
Tim23, were recovered in the heavier fractions (Fig 1D, lanes
15-19), indicating that Om45 is associated with the OM vesicles.
Taken together, we conclude that Om45 is an OM protein associated
with the OM from the IMS side.

N-terminal segments of Om45 and Tom70 can direct Om45 to
the IMS

Since the revealed membrane topology of Om45 is unusual, we
reasoned that Om45 has a novel targeting signal and follows a
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Figure 1. Om45 is an OM protein exposed to the IMS.

A Mitochondria isolated from the cells cultured in YPD or lactate medium were
treated with 125 pg/ml of PK or trypsin in the presence or absence of 0.2%
Triton X-100 for 20 min on ice. Proteins were analyzed by SDS-PAGE and
immunoblotting with the indicated antibodies. In Om45 (Dark), contrast of
the image was enhanced.

B Mitoplasts were PK-treated, and proteins were analyzed as in (A).

C Mitochondria were incubated in SEM buffer (Buffer), with 0.1 M Na,COs or
with 1% Triton X-100 (TX-100), on ice for 20 min and then subjected to
ultracentrifugation. The resulting supernatants and pellets were analyzed as
in (A).

D OM and IM vesicles generated from mitochondria were subjected to sucrose
density-gradient centrifugation. Each fraction was analyzed as in (A).

novel import pathway. We thus expressed full-length Om45 or its
C-terminally truncated versions fused to the FLAG epitope tag
(Fig 2A) in yeast cells. By immunofluorescence with the anti-FLAG
antibody, truncated Om45 variants as short as 50 residues were
localized to mitochondria, which were stained with anti-Tom40
antibodies (Fig 2B). Then, we performed protease treatment of
mitochondria with these Om45 variants. The C-terminal FLAG tag of
the Om45 variants as well as full-length Om45 was mostly resistant
against PK, while they became protease-sensitive after disrupting
the OM by osmotic swelling, showing that they are localized in the
IMS (Fig 2C).
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Figure 2. The N-terminal 50 residues direct Om45 to the IMS.

A Top: A schematic diagram of Om45 variants (with the FLAG tag). Bottom: The predicted TM segments in residues 1-40 of Om45 and Tom70 are indicated by white
letters on black background.

B Localization of the Om45 variants was assessed by immunofluorescence with the anti-FLAG antibody (FLAG). The mitochondria were visualized with anti-Tom40
antibodies (Tom40). Scale bar, 3 pm.

C Mitochondria or mitoplasts with the indicated Om45 variants were incubated with 125 pg/ml PK with or without 0.2% Triton X-100 (TX-100) for 20 min on ice.
Proteins were analyzed by SDS—PAGE and immunoblotting with the indicated antibodies.

D The indicated **S-labeled proteins were imported into mitochondria in vitro for the indicated times and PK-treated. Imported proteins were analyzed by SDS—PAGE
and radioimaging.

E Mitochondria (—Swelling) or mitoplasts (+Swelling) with the indicated Om45 variants were analyzed as in (C).
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We next tested in vitro import of Om45 lacking the N-terminal
10-40 residues (Om45A10, Om45A20, and Om45A40) and fusion
proteins consisting of the N-terminal 30 residues of Tom70 followed
by residues 31-393 of Om45 (Tom70N-Om45) or residues 31-100 of
Om45 (Tom70N-Om45-100) (Fig 2A and Supplementary Fig S1A).
Om45 lacking N-terminal 1040 residues was imported into mito-
chondria only inefficiently in vitro (Fig 2D and Supplementary Fig
S1B), suggesting that Om45 is guided to the mitochondrial IMS by
its N-terminal 40 residues. Surprisingly, Tom70N-Om45 and
Tom70N-Om45-100 became resistant against PK like Om45, while
Tom70 remained sensitive to PK (Fig 2D). Tom70N-Om45 and
Tom70N-Om45-100 expressed in yeast cells were resistant against
PK in mitochondria, while they were sensitive to PK in mitoplasts
(Fig 2E). These results indicate that the N-terminal 30 residues
including the TM segment of both Om45 and Tom?70 can direct the
C-terminal domain of Om45 to the IMS, but not the one of Tom?70.
Inability of the N-terminal 30 residues of Tom70 to direct the
Tom70 C-terminal domain may be due to the tight folding of Tom70
as compared with Om45 (Supplementary Fig S2).

The TOM40 complex facilitates Om45 import

How is the mitochondrial targeting signal of Om45 recognized and
how does Om45 cross the OM?2 We tested involvement of the prese-
quence-receptor subunits of the TOM40 complex, Tom20 and
Tom22, in Om45 import. For this purpose, we took advantage of the
yeast mutant strains expressing Tom20 and Tom22 variants, whose
receptor domains can be selectively deleted by a tobacco etch virus
(TEV) protease in vitro (Fig 3A) [16]. Import of Om45 and Tom70N-
Om45 was, like that of the presequence-containing Hsp60 precursor,
retarded in mitochondria lacking the receptor domain of Tom20 or
Tom22 (Fig 3B-D). The targeting signals of Om45 and Tom?70 that
direct Om45 to the IMS are thus recognized by Tom20 and Tom22
despite the dissimilarity of the signals to typical mitochondrial
presequences. On the other hand, import of Om45 does not depend
on Tom70 and Tom?71, receptors for presequence-less proteins (Sup-
plementary Fig S3).

We next asked whether Om45 uses the Tom40 channel to cross
the OM. We tested kinetic competition in import between Om45 and
excess amounts of recombinant pSu9-mouse dihydrofolate reductase
(DHFR), a fusion protein between the presequence of F,-ATPase
subunit 9 and DHFR. pSu9-DHFR uses the TOM40 complex and
TIM23 complex for translocation across the OM and IM, respectively.
Import of Om45 was, like the matrix-targeted Hsp60 precursor,
significantly suppressed by the presence of increasing concentrations
of pSu9-DHFR, suggesting that import of Om45 and pSu9-DHFR
competes with each other at the receptor and/or channel level
(Fig 3E). We then probed direct physical interactions between
translocating Om45 and the TOM40 complex. When we incubated
Om45-DHFR or Om45-Om45-DHFR, a fusion protein consisting of
Om45 or a tandem repeat of Om45 followed by DHFR, respectively,
with isolated mitochondria and then treated the mitochondria with
PK, Om45-Om45-DHFR generated fragments that were partially
protected against degradation, while Om45-DHFR was digested
completely (data not shown). When we incubated Om45-Om45-
DHFR with mitochondria with Tom40-FLAG and then analyzed the
digitonin-solubilized mitochondria by blue-native (BN) PAGE,
Om45-Om45-DHFR was migrated as a large complex (Fig 3F,

© 2014 The Authors
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arrowhead), whose band was gone or shifted to a higher MW region
after incubation with anti-Tom22 antibodies or the anti-FLAG anti-
body. Therefore, Om45-Om45-DHFR likely represents a stable trans-
location intermediate for the Om45 pathway at the TOM40 complex
level. Incubation of mitochondria accumulating stuck Om45-Om45-
DHFR with a bifunctional crosslinker, disuccinimidyl glutarate
(DSG), generated a DSG-dependent higher MW band, which shifted
upward when we replaced endogenous Tom40 with Tom40-HA or
Tom40-FLAG (Fig 3G). This band hence arose from the crosslinked
product between Om45-Om45-DHFR and Tom40, indicating the
physical contact between the translocation intermediate of Om45-
Om45-DHFR with Tom40. Therefore, Om45 most likely uses the
Tom40 channel to cross the OM to reach the IMS. Inability of Om45
to direct a passenger protein like tightly folded DHFR to the IMS may
explain the previous results that chimeric proteins with the Om45
targeting signal are often localized on the mitochondrial surface
[12].

The TIM23 complex mediates Om45 import

How is the translocation of Om45 across the OM driven? Since
Om45 is recognized by Tom20 and Tom22, which mainly recognize
the presequence of the TIM23 pathway substrates, we examined
whether the TIM23 complex is involved in Om45 import. To this
end, we utilized tim23-71,78 and tim50-279,282,286 strains, which
exhibit defects in protein import via the TIM23 pathway [6]. We
isolated mitochondria from these mutant cells and corresponding
wild-type cells and confirmed that mutant mitochondria contain
normal levels of the translocator components (Supplementary Fig
S4A). We then performed in vitro import of 3°S-labeled substrate
proteins into these mitochondria. Interestingly, import of Om45 and
Tom70N-Om45 was impaired in tim23-71,78 and tim50-279,282,286
mitochondria (Fig 4A and B), although Om45 or Tom70N-Om45
does not contain a presequence-like signal. As a control, import of
pSu9-DHFR, a substrate for the TIM23 pathway, was strongly
impaired in both tim23-71,78 and tim50-279,282,286 mitochondria
(Fig 4C). Import of a presequence-less IM protein Tim23, a substrate
for the TIM22 pathway, not the TIM23 pathway, was efficient or
even enhanced in these mutant mitochondria as compared with the
wild-type mitochondria (Fig 4D). Om45 is thus the first OM protein
that uses the TIM23 complex in the IM for its import.

We then asked whether Om45 import depends on the compo-
nents involved in the TIM22 pathway for IM proteins or the Tim40/
Mia40 pathway for IMS proteins (Supplementary Fig S4B-D).
However, Om45 import did not strongly depend on these compo-
nents as compared with the controls, ruling out the involvement of
the TIM22 or Tim40/Mia40 pathway for sorting of Om45 to the IMS.

Membrane potential drives Om45 import

AV is required for the early step of protein translocation across or
insertion into the IM via the TIM23 complex. We thus asked whether
Om45 and Tom70N-OM45 import requires AW in vitro. Isolated mito-
chondria were pretreated with valinomycin or carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) to dissipate A¥, and then incubated
with 3°S-labeled substrates. Import of Om45 and Tom70N-Om45 was
strongly impaired for the de-energized mitochondria (Fig 4E and F),
indicating that Om45 import crucially requires A¥V. We then tested
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Figure 3. The TOM40 complex facilitates import of Om45.

Tom40-HA

Tom40-FLAG

radioimaging. Amounts of the imported proteins at the longest incubation in control

for the indicated time. After import, mitochondria were washed with SEM buffer and

A Mitochondria with Tom20-TEV (20T) or Tom22-TEV (22T) were treated with TEV protease and subjected to SDS—PAGE followed by immunoblotting using the
indicated antibodies.

B-D *S-labeled Hsp60 precursor (B), Om45 (C), and Tom70N-Om45 (D) were incubated with the indicated TEV protease-treated mitochondria for the indicated times at
25°C. After PK digestion, imported proteins were analyzed by SDS—PAGE and
mitochondria were set to 100%. Values are mean 4 SEM (n = 3).

E The indicated 3*S-labeled proteins were premixed with increasing amounts of pSu9-DHFR, then imported into mitochondria at 25°C for 2 min and 5 min,
respectively, and analyzed as in (B-D). Amounts of the imported proteins in the absence of pSu9-DHFR were set to 100%.

F S-labeled Om45-Om45-DHFR was imported to Tom40-FLAG mitochondria
solubilized in 1% digitonin. Then, a clarifying spin followed, and the supernatant was incubated with the indicated antibodies on ice for 50 min, and then analyzed
by 4-10% BN PAGE and radioimaging. Om45-Om45-DHFR stuck at the TOM40 complex is indicated with arrowheads.

G 35-labeled OM45-Om45-DHFR was incubated with mitochondria containing Tom40 (WT), Tom40-HA, or Tom40-FLAG for 10 min at 25°C. Mitochondria were then

washed with SEM buffer and subjected to crosslinking with 200 uM DSC. The samples were solubilized and subjected to immunoprecipitation using the indicated
antibodies, and immunoprecipitated proteins were detected by radioimaging. Crosslinked products are indicated with arrowheads.

whether import of the C-terminally truncated Om45 variant, Om45-
100, into the IMS also depends on AV. Interestingly, Om45-100 was
efficiently imported into de-energized mitochondria without AV as

674 EMBO reports Vol 15| No 6 | 2014

compared with energized mitochondria (Fig 4G) and reached the
IMS (Fig 4H). Besides, Om45-100 was imported into tim23-71,78
and tim50-279,282,286 mitochondria even more efficiently than
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Figure 4. The TIM23 complex facilitates import of Om45.
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A-D The indicated **s-labeled proteins were imported into tim23-71,78, tim50-279,282,286, or corresponding wild-type mitochondria and analyzed as in Fig 3B-D.
E-G The indicated **S-labeled proteins were imported into mitochondria with (NONE) or without (Val. or CCCP) A at 25°C and analyzed as in (A-D).

H
and treated with 50 pg/ml PK. Proteins were analyzed as

in (A-D).

The indicated **S-labeled proteins were imported into mitochondria for 10 min at 25°C. Then, mitochondria (—Swelling) were converted to mitoplasts (+Swelling)

| 35-labeled OM45-100 was imported into mitochondria isolated from tim23-71,78, tim50-279,282,286, and their corresponding wild-type cells (TIM23 and TIM50) at

25°C and analyzed as in (A-D).
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wild-type mitochondria (Fig 4I). These results suggest that A¥ and
the TIM23 complex are required for driving translocation of
full-length Om45, but not its truncated version, across the OM.
Protein translocation across the IM and/or protein unfolding by
the TIM23 complex requires the action of mtHsp70 powered by ATP
hydrolysis in the matrix. We thus analyzed in vitro import of Om45
into sscl-2 and sscI-3 mitochondria with temperature-sensitive
mtHsp70 mutants [17]. Although import of matrix-targeted pSu9-
DHFR was impaired with sscI-3 mitochondria, import of Om45 was
not affected (Supplementary Fig S5A), suggesting that mtHsp70
import motor is not required for Om45 import. However interest-
ingly, depletion of Pam17, another subunit of the TIM23 complex
that may link the TIM23 core part and mtHsp70 import motor [18],
impaired import of Om45 like pSu9-DHFR (Supplementary Fig S5B).

Conclusions

Om45 is an OM protein that is inserted into the OM from the IMS. In
contrast to the previously proposed spontaneous-insertion model,
Om45 is recognized by the presequence receptors, Tom20 and
Tom22, on the surface of mitochondria and crosses the OM through
the TOM40 complex. Then, the targeting signal of Om45 is trans-
ferred to the TIM23 complex like presequence-containing precur-
sors. Although the precise roles of the TIM23 complex and A¥ in
the Om45 import are not clear, it is likely that the TIM23 complex
uses AV to provide a driving force for translocation of the remaining
domain of Om45 across the OM. Both the N-terminal segments of
Om45 and Tom70 can guide the C-terminal domain of Om45 to the
IMS via this pathway. Finally, Om45 is re-inserted into the OM from
the IMS side and assembled into a complex with, for example,
Om14 [11]. Although a Mim1 dependence of the final step of Om45
assembly is reported in a parallel study [19], involvement of other
component(s), if any, in this new pathway remains to be investi-
gated in future studies.

Materials and Methods

Plasmids, strains, and growth conditions

Construction of plasmids and strains and growth conditions are
described in Supplementary Methods online.

Protease digestion and in vitro protein import

Protease digestion and TEV protease treatment [16] of mitochondria
and in vitro protein import are described in Supplementary Methods
online.

Competition experiments

Recombinant pSu9-DHFR was purified from E. coli cells as described
previously [20]. Different amounts of purified recombinant pSu9-
DHFR were first mixed with 3°S-labeled Om45 or the Hsp60 precur-
sor on ice. Om45 or the Hsp60 precursor was then incubated with
energized mitochondria at 25°C. Import reaction was stopped by
adding valinomycin for the Hsp60 precursor or ice-cold SEM buffer
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(250 mM sucrose, 10 mM MOPS-KOH, pH 7.2, 1 mM EDTA) for
Om45, and unimported proteins were digested with 50 pg/ml PK.
Mitochondria were washed with SEM buffer, and proteins were
analyzed by SDS-PAGE and radioimaging.

Crosslinking

35S-labeled Om45-Om45-DHFR was incubated with mitochondria
for 10 min at 25°C. Mitochondria were collected by centrifugation,
washed with SEM buffer, and then suspended in SEM buffer for
crosslinking with DSG. Details of the crosslinking procedures are
described in Supplementary Methods online.

Supplementary information for this article is available online:
http://embor.embopress.org
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