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he mitochondrial outer membrane contains translo-

case complexes for the import of precursor proteins.

The translocase of the outer membrane complex
functions as a general preprotein entry gate, whereas the
sorting and assembly machinery complex mediates mem-
brane insertion of B-barrel proteins of the outer mem-
brane. Several a-helical outer membrane proteins are
known to carry multiple transmembrane segments; how-
ever, only limited information is available on the biogene-
sis of these proteins. We report that mitochondria lacking

Introduction

The mitochondrial outer membrane contains proteins of two
distinct architectures: (3-barrel proteins and proteins with a-helical
transmembrane segments. All of these outer membrane proteins
are encoded by nuclear genes, are synthesized as precursors on
cytosolic ribosomes, and are imported into mitochondria. The
precursors of (3-barrel proteins are transported via the trans-
locase of the outer membrane (TOM) complex to the intermem-
brane space. Chaperone complexes formed by small translocase
of the inner membrane proteins transfer these precursors to the
sorting and assembly machinery (SAM; also termed the topo-
genesis of mitochondrial outer membrane (3-barrel protein com-
plex) complex that promotes insertion into the outer membrane
(Matouschek and Glick, 2001; Mihara, 2003; Johnson and
Jensen, 2004; Ryan, 2004; Dolezal et al., 2006; Neupert and
Herrmann, 2007; Chacinska et al., 2009; Endo and Yamano, 2009;

Correspondence to Nikolaus Pfanner: nikolaus.pfanner@biochemie.uni-
freiburg.de

Abbreviations used in this paper: MBS, maleimidobenzoyl-N-hydroxysuccinimide
ester; NTA, nitrilotriacetic acid; SAM, sorting and assembly machinery; TOM,
translocase of the outer membrane.
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the mitochondrial import protein 1 (Mim1) are impaired
in the biogenesis of multispanning outer membrane pro-
teins, whereas overexpression of Mim1 stimulates their
import. The Mim1 complex cooperates with the receptor
Tom70 in binding of precursor proteins and promotes
their insertion and assembly into the outer membrane. We
conclude that the Mim1 complex plays a central role in
the import of a-helical outer membrane proteins with
multiple transmembrane segments.

Walther and Rapaport, 2009; Schleiff and Becker, 2011). In
contrast, the biogenesis of outer membrane proteins with a-helical
transmembrane segments is only partly understood.

a-Helical outer membrane proteins can be divided into
proteins with a single transmembrane segment and proteins
with multiple transmembrane segments. Different views have
been reported on the import pathways of single-spanning outer
membrane proteins. Depending on the precursor protein and
system used, the findings ranged from a spontaneous insertion
into the lipid phase to the involvement of TOM and/or SAM
subunits (Keil and Pfanner, 1993; Motz et al., 2002; Ahting
et al., 2005; Setoguchi et al., 2006; Bellot et al., 2007; Ott et al.,
2007; Sanjuan Szklarz et al., 2007; Stojanovski et al., 2007a;
Kemper et al., 2008; Meineke et al., 2008; Thornton et al., 2010;
Becker et al., 2011). For several precursors of single-spanning

© 2011 Becker et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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TOM subunits, an involvement of the mitochondrial import pro-
tein 1 (Mim1) was reported: mitochondria lacking Miml are
impaired in membrane insertion of the precursors of Tom?20,
Tom70, and small Tom proteins (Becker et al., 2008, 2010;
Hulett et al., 2008; Popov-Celeketi¢ et al., 2008; Lueder and
Lithgow, 2009; Thornton et al., 2010). Mitochondria defective
in Mim1 are also impaired in the biogenesis of the (3-barrel pro-
tein Tom40 (Ishikawa et al., 2004; Waizenegger et al., 2005;
Becker et al., 2008; Lueder and Lithgow, 2009); a recent study
showed that Mim1 does not directly promote the biogenesis of
Tom40 but functions via the import of small Tom proteins that
are needed for Tom40 assembly (Becker et al., 2010). Impor-
tantly, no direct interaction of Mim1 with precursor proteins has
been reported so far, and, thus, it also remains open whether
Mim1 plays a direct role in the import of a-helical outer mem-
brane proteins.

Little is known about the biogenesis of mitochondrial
outer membrane proteins with multiple o-helical membrane
spans. The precursor of the human peripheral benzodiazepine
receptor, which contains five transmembrane segments, binds
to the receptor Tom?70 but does not require other TOM or SAM
subunits for insertion into the outer membrane (Otera et al.,
2007; Yamano et al., 2008). Import of the precursor of Ugol,
a protein of the mitochondrial fusion machinery with three
transmembrane segments, occurs independently of SAM com-
ponents, yet further characteristics have not been analyzed
(Wiedemann et al., 2003; Stojanovski et al., 2007a). Thus, it is
unknown whether multispanning proteins are inserted by a pro-
teinaceous machinery or whether the proteins are directly in-
serted into the lipid bilayer of the outer membrane.

For this paper, we studied the biogenesis of multispanning
outer membrane proteins in the model organism Saccharo-
myces cerevisiae. The precursor proteins interact with the TOM
complex via Tom70, pointing to a general role of the receptor
Tom?70 for multispanning mitochondrial proteins. The critical
component for the subsequent import into the outer membrane
is Mim1, and the precursor proteins directly interact with Mim1.
Our results indicate that the Mim1 complex cooperates with the
receptor Tom70 and forms a central machinery for protein in-
sertion into the mitochondrial outer membrane.

Results and discussion

Role of the TOM machinery in the import
of multispanning outer membrane proteins
Ugol is a 58-kD subunit of the fusion machinery of the mito-
chondrial outer membrane and contains at least three transmem-
brane segments (Fig. 1 A; Sesaki and Jensen, 2001, 2004; Wong
et al., 2003; Coonrod et al., 2007; Hoppins et al., 2009). The
precursor of Ugol was synthesized in reticulocyte lysate in the
presence of [*>S]methionine and imported into isolated yeast
mitochondria. To study whether the precursor of Ugol interacts
with the TOM complex, we generated a yeast strain in which
the central TOM subunit Tom40 was expressed with a C-terminal
HA tag. Upon import of Ugol, mitochondria were lysed
with the nonionic detergent digitonin, and Tom40-associated

JCB « VOLUME 194 « NUMBER 3 « 2011

proteins were copurified by affinity chromatography (Fig. 1 A).
Subunits of the TOM machinery, such as the receptors Tom70
and Tom22, were copurified with Tom40 as expected, whereas
the abundant outer membrane protein porin was not coeluted
with Tom40, demonstrating the specificity of the copurification
approach. Ugol was found in the elution fraction when tagged
Tom40 was used but not when wild-type mitochondria were
used (Fig. 1 A). Additionally, we synthesized the precursor of
Ugol carrying a His tag in chemical amounts using a wheat
germ-based translation system (Becker et al., 2010, 2011).
Ugoly;, was imported into isolated mitochondria, which were
then lysed and subjected to Ni**—nitrilotriacetic acid (NTA)
affinity chromatography. Upon separation by blue native electro-
phoresis, the TOM complex migrates at ~450 kD (Fig. 1 B;
Dekker et al., 1998; Ishikawa et al., 2004; Popov-Celeketi¢
etal., 2008; Dukanovic et al., 2009; Becker et al., 2010; Yamano
etal., 2010). Tagged Ugo1 pulled down a fraction of TOM com-
plexes (Fig. 1 B). We conclude that the precursor of Ugol inter-
acts with the TOM machinery.

Mitochondria have three surface receptors for precursor
proteins: Tom20, Tom22, and Tom70 (Brix et al., 1997, 1999;
Abe et al., 2000; Wu and Sha, 2006; Neupert and Herrmann,
2007; Yamano et al., 2008; Yamamoto et al., 2009). We used
mitochondria from yeast mutant strains that lacked either one of
the receptors. Ugol import into mitochondria was assessed by
formation of an ~~140-kD complex resembling the endogenous
Ugol dimer and by generation of protease-protected fragments
(Wiedemann et al., 2003; Stojanovski et al., 2007a; Hoppins
et al., 2009). The import of Ugol was decreased in mitochon-
dria lacking Tom70 but not in mitochondria lacking Tom20
(Figs. 1 Cand S1 A). Import of Ugol1 into fom22A mitochondria
was even enhanced, whereas the control import of a major
B-barrel protein, porin, was impaired (Figs. 1 D and S1 B;
Krimmer et al., 2001). In f7om22A mitochondria, the TOM com-
plex dissociates into smaller core units containing Tom40 and
small Tom proteins (van Wilpe et al., 1999; Wiedemann et al.,
2003). The Tom40 core units were able to interact with Ugol
also in the absence of Tom?22 (Fig. S1 C). To study whether the
TOM core components Tom40 and Tom5 were crucial for im-
port of Ugol, we used mitochondria from a temperature-sensitive
tom40 mutant as well as fom5A mitochondria. Import of Ugol
into both mutant mitochondria was not or only mildly affected,
whereas the import of porin was strongly inhibited (Figs. 1
[E and F] and S1 D). We conclude that the import of Ugol
involves Tom?70 but does not depend on an intact TOM complex.

As a second substrate, we used the 20-kD outer membrane
protein Scm4 (suppressor of cdc4 mutation; Smith et al., 1992;
Zahedi et al., 2006). Scm4 is predicted to contain four a-helical
transmembrane segments. Upon analysis by blue native electro-
phoresis, imported Scm4 assembled into an ~120-kD complex
(Fig. S1 E). The import dependence of Scm4 agreed with that of
Ugol: import of Scm4 was reduced in mitochondria lacking
Tom?70 (Fig. S1 E), and His-tagged Scm4 pulled down a frac-
tion of TOM complexes (Fig. S1 F).

Together with the findings by Otera et al. (2007), these
results suggest that Tom70 functions as a general receptor for
multispanning outer membrane proteins. The precursor proteins
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Figure 1.

Import of Ugo1 into mitochondria involves Tom70. (A, top) A schematic representation of Ugo1. Transmembrane « helices are marked in

gray. (middle) 33S-Ugo1 was imported into wildtype (WT) and Tom40ys mitochondria (Mito.) for 5 min at 25°C. Mitochondria were lysed with digitonin
and subjected to coprecipitation with HA-specific antibodies followed by SDS-PAGE and autoradiography. Load, 2%; elution, 100%. (bottom) Wild-type
and Tom40ya mitochondria were treated as described above and analyzed by SDS-PAGE and Western blotting. Load, 5%; elution, 100%. (B) Chemical
amounts of Ugo1y;, were imported into wild-type mitochondria for 10 min at 25°C. Mitochondria were lysed with digitonin and subjected to Ni2*-NTA
agarose purification, blue native electrophoresis, and Western blotting. Load, 5%; elution, 100%. (C-F) 3*S-Ugo1 or porin was imported into isolated
mitochondria and analyzed by blue native electrophoresis and autoradiography.

can associate with the TOM complex and Tom40 core units;
however, an intact TOM complex is not required for the import
of these precursors, but Tom70 plays the major role.

Mim1 is required for the import of
multispanning outer membrane proteins
Upon recognition by Tom70, two main possibilities are con-
ceivable for the further import of multispanning outer mem-
brane proteins: direct insertion into the lipid phase or insertion
mediated by a proteinaceous machinery. An interesting candi-
date is Miml, which is involved in membrane insertion of
several single-spanning Tom proteins (Becker et al., 2008;
Hulett et al., 2008; Popov-Celeketi¢ et al., 2008; Thornton
etal., 2010).

We analyzed the steady-state levels of mitochondrial pro-
teins in a Mim1-deficient yeast strain and observed a strong re-
duction of the levels of Ugol and Scm4 (Fig. 2 A). The level of
Tom20 was reduced (Becker et al., 2008), whereas control pro-
teins, Mia40 of the intermembrane space assembly machinery
and Tim23 of the inner membrane translocase, were not
affected by the lack of Mim1. The level of Tom70 was only mod-
erately reduced in the mimIA strain (Fig. 2 A), excluding that
the strong reduction of Ugol and Scm4 levels was caused by a
lack of Tom70.

To determine whether Mim1 was required for the import
of Ugol and Scm4, we incubated the **S-labeled precursor pro-
teins with isolated mitochondria and analyzed their import by
blue native electrophoresis. Mim1-deficient mitochondria were
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Figure 2. Assembly of multispanning outer mem- A
brane proteins is inhibited in the absence of Mim1.
(A) Mitochondria (Mito.) were analyzed by SDS-PAGE
and Western blotting. WT, wild type. (B and C) **S-Ugo1
or Scm4 was imported into wild-type and mim 1A mito-
chondria. Mitochondria were lysed with digitonin and
analyzed by blue native electrophoresis.
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strongly inhibited in the assembly of both Ugol and Scm4
(Fig. 2, B and C). Further assays, alkaline extraction, and gener-
ation of protease-protected fragments support the conclusion
that Mim1 promotes membrane insertion of Ugo1 (Fig. S2, A-C).
To directly demonstrate that Mim1 is the critical component for
the import of Ugol, we overexpressed Mim1 in a mimIA yeast
strain under an inducible promoter. Overexpression of Miml
stimulated Ugol import over that of wild-type mitochondria
(Fig. 3). Thus, in vivo protein levels and in organello import
experiments indicate that Miml1 is crucial for the biogenesis of
multispanning outer membrane proteins.

The precursors of multispanning proteins
bind to the Mim1 complex
To determine whether Mim1 plays a direct role in protein
import, we asked whether it interacts with the precursor of
Ugol. We imported chemical amounts of Ugol carrying a His
tag into mitochondria. After lysis of mitochondria with non-
ionic detergent, Mim1 was copurified with Ugo1, whereas porin
and Sam50 (Tob55) were not enriched in the eluate (Fig. 4 A).
The yield of copurification was higher for Mim1 than for Tom
subunits (Fig. S3 A).

Mim1 was reported to form oligomeric complexes (Ishikawa
et al., 2004; Waizenegger et al., 2005; Hulett et al., 2008).
Using blue native electrophoresis, we observed a main Mim1
complex of ~200 kD (Fig. 4 B, lane 1). We analyzed the eluate
of the Ni**-NTA affinity chromatography by blue native electro-
phoresis. His-tagged Ugol precipitated a Mim1-containing
complex of ~250 kD (Fig. 4 B, lanes 4 and 6), indicating that
the Mim1 precursor complex can be directly visualized by blue
native electrophoresis. Similarly, His-tagged Scm4 precipitated
a fraction of the Mim1 complex (Fig. S3 B). Additionally, we
studied the import of Om14, a mitochondrial outer membrane

JCB « VOLUME 184 « NUMBER 3 « 2011

protein of 14.6 kD with three predicted a-helical transmem-
brane segments (Burri et al., 2006). Upon import into mito-
chondria, Om14 assembled into a complex of ~180 kD; its
import was strongly inhibited in mimIA mitochondria (Fig. S3 C).
His-tagged Om14 coprecipitated the Mim1 complex (Fig. S3 D).

To determine whether Mim1 also interacts with single-
spanning outer membrane proteins, we imported the precursor
of Tom20 and, for comparison, the precursor of the (3-barrel
protein Tom40. ¥S-Tom?20 was coprecipitated with anti-Mim]1,
and the coprecipitation was strongly increased upon over-
expression of Mim1 (Fig. 4 C). In contrast, only background
amounts of the **S-Tom40 precursor were precipitated, inde-
pendent of the import time and levels of Mim1 (Fig. 4 C). Thus,
Miml can interact with multispanning and single-spanning
outer membrane precursor proteins.

[*3S]Ugo1
Mito. WT mim1A mim1A+Mim1T'
Time (min) 5» 20 40 5 20 40 5 20 40

.
e l l'

1 2 3 4 5 6

kD
- 669

- 440
- 232

- 140

Figure 3. Mim1 promotes the import of Ugo1. **SUgo1 was imported
into mitochondria (Mito.) isolated from wild-type (WT) yeast, mim 1A yeast,
and a mim 1A strain overexpressing Mim1. Mitochondria were lysed with
digitonin and analyzed by blue native electrophoresis.
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Figure 4. Ugo 1 binds to the Mim1 complex. (A) Chemical amounts of Ugo 1,4, were imported into wild-type (WT) mitochondria (Mito.) for 10 min at 25°C.
Mitochondria were lysed with digitonin and subjected to Ni-NTA agarose purification, SDS-PAGE, and immunodecoration. Load, 1%; elution, 100%.
(B) Import and purification of Ugo 114, were performed as described in A followed by blue native electrophoresis and Western blotting. Load, 5%; elution,
100%. (C) **S-Tom20 or Tom40 was imported into wild-type mitochondria and mitochondria from a Mim 1-overexpressing strain. Mitochondria were lysed
with digitonin and subjected to coprecipitation with Mim 1-specific antiserum and SDS-PAGE. Precursor, 5% of reticulocyte lysate.

To characterize the role of Tom70 in the import of multi-
spanning proteins, we performed several assays. The precursor
of Ugol was bound by the purified cytosolic receptor domain of
Tom?70 but not Tom20 (Fig. 5 A), indicating a direct role of
Tom70 in precursor recognition. In mitochondria lacking
Tom70, binding of the Ugol1 precursor to the TOM complex, as
well as to Miml1, was diminished (Fig. 5, B and C). As the
steady-state level of Mim1 was comparable between wild-type
and rom70A mitochondria (Fig. S3 E), these results suggest that
Tom70 is involved in precursor binding to Miml. To probe
whether Tom70 interacts with Mim1, we generated a yeast
strain expressing His-tagged Tom70. A fraction of Miml,
but not porin, was copurified with Tom70 (Fig. 5 D). Using
the heterobifunctional cross-linking reagent maleimidobenzoyl-
N-hydroxysuccinimide ester (MBS), a covalent Tom70-Mim1
product was generated in mitochondria (Fig. 5 E), indicating a
close proximity of Tom70 and Miml in organello. Finally, we
asked why the import of Ugol was increased in tom22A mito-
chondria (Fig. 1 D). The central receptor Tom?22 recruits Tom70
and Tom?20 to the TOM core complex (van Wilpe et al., 1999;
Yamano et al., 2008); dissociation of the TOM complex in tom22A
mitochondria leads to the release of the receptors, and, thus,
more Tom70 may be available for interaction with Mim1. With
tom22A mitochondria, the fraction of Tom70 coprecipitated
with Mim1 was indeed increased (Fig. S3 F). Collectively, we
conclude that Tom70 and Mim1 cooperate in the import of Ugol.

Conclusions

We report that Mim1 is a central component of the mitochon-
drial import pathway for multispanning a-helical outer mem-
brane proteins. Mim1 cooperates with the receptor Tom70 in
the import of the precursors into the outer membrane. Thus,
Tom70 functions as a general receptor for multispanning mito-
chondrial proteins both of the outer membrane (Otera et al.,

2007; this study) and the inner membrane (Brix et al., 1999;
Wiedemann et al., 2001; Suzuki et al., 2002; Young et al., 2003;
Wu and Sha, 2006). Mitochondria defective in Mim1 are
impaired in biogenesis of the (3-barrel protein Tom40 (Ishikawa
et al.,, 2004; Waizenegger et al., 2005; Becker et al., 2008;
Lueder and Lithgow, 2009), of several single-spanning outer
membrane proteins (Becker et al., 2008; Hulett et al., 2008;
Popov-Celeketi¢ et al., 2008; Thornton et al., 2010), and of
multispanning outer membrane proteins (this study). We show
that Mim1 specifically interacts with single-spanning and multi-
spanning precursors, identifying Mim1 as a genuine compo-
nent of an outer membrane import machinery for a«-helical
proteins. It was recently shown that Mim1 indirectly promotes
the biogenesis of Tom40 (Becker et al., 2010), and we indeed
did not observe any specific interaction of Miml with the
Tom40 precursor. It will be interesting to see whether further
single-spanning outer membrane proteins (such as C tail-
anchored proteins), for which a spontaneous membrane inser-
tion has been discussed (Kemper et al., 2008), are imported in a
Miml-dependent manner. A critical step will be to develop
specific import and assembly assays for these outer mem-
brane proteins.

So far, four mitochondrial protein import pathways have
been established: the presequence pathway that directs prepro-
teins to the matrix, inner membrane, or intermembrane space;
the carrier pathway for noncleavable multispanning inner mem-
brane proteins; the redox-regulated mitochondrial intermem-
brane space assembly pathway; and the 3-barrel SAM pathway
to the outer membrane (Hoogenraad et al., 2002; Koehler, 2004;
Dolezal et al., 2006; Neupert and Herrmann, 2007; Endo and
Yamano, 2009; Schmidt et al., 2010; Sideris and Tokatlidis, 2010).
We conclude that Mim1 forms the core of an a-helical import
machinery of the outer membrane, constituting a fifth mitochon-
drial protein import pathway that transports multispanning outer
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Load, 2%; elution, 100%. WT, wild type. (C, top) **S-Ugo1 was imported into mitochondria for 10 min at 25°C. Mitochondria were lysed with digitonin, and
immunoprecipitation with the indicated antisera was performed, followed by SDS-PAGE and autoradiography. Load, 3%; elution, 100%. (bottom) Quanti-
fication of three independent experiments with standard error of the means. Coprecipitation of **S-Ugo1 with anti-Mim1 in wild type was set to 100%
(control). PI, preimmune. (D) Mitochondria were solubilized with digitonin and incubated with Ni-NTA agarose. Bound proteins were eluted and subjected
to SDS-PAGE and immunodecoration with the indicated antisera. Load, 0.5%; elution, 100%. (E) Mitochondria were subjected to cross-linking with MBS,
solubilized with SDS, and incubated with Ni-NTA agarose. Bound proteins were eluted and analyzed by SDS-PAGE and immunodecoration. Arrowhead,

unspecific band.

membrane proteins and at least some single-spanning outer
membrane proteins. In agreement with our findings, a Mim1-
dependent import of Ugol is reported in a parallel study (see
Papi¢ et. al. in this issue). The Mim1 pathway can use TOM
and/or SAM components but does not use the entire TOM com-
plex (Ahting et al., 2005; Becker et al., 2008; Kemper et al., 2008;
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Thornton et al., 2010; this study). Mim1 contains a single trans-
membrane segment; however, it does not function as a 13-kD
monomer but forms an oligomeric complex of ~200 kD (Ishikawa
2004; Waizenegger et al., 2005; Hulett et al., 2008)
that binds the incoming precursor proteins. The N- and C-terminal

et al.,

domains of Miml are dispensable, whereas its transmembrane
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segment is critical for oligomerization and function (Popov-
Celeketi¢ et al., 2008). The transmembrane segment of Miml1 is
thus likely involved in binding the transmembrane segments of
outer membrane precursor proteins. The oligomeric structure of
the Mim1 complex may provide an appropriate environment for
the insertion of precursor proteins into the lipid phase of the
outer membrane.

Materials and methods

Yeast strains and growth conditions

The S. cerevisiae strains mimI1A, tom70A, and tom20A and the corre-
sponding wild-type strains have been previously described (Moczko et al.,
1994; Honlinger et al., 1995; Becker et al., 2008). TOM22 was deleted
in the YPH499 background via plasmid shuffling. YPH499 was trans-
formed with a Yep532 plasmid encoding Tom22 under the control of the
MET25 promoter and the CYCI terminator. The chromosomal gene
TOM22 was disrupted with a HIS3 cassette. Subsequently, the plasmid
was lost by growth on medium containing 5-fluoroorotic acid. The Tom7 O,
strain was generated by chromosomal integration of a coding region for a
deca-His tag at the C terminus of Tom70 using a HIS3 cassette (Meisinger
et al., 2001). The coding region of Tom40 fused to a triple HA tag was in-
troduced into the centromeric pFL39 plasmid under the control of the
endogenous promoter of TOM40 and the terminator of MIA40. The con-
struct was used for the transformation of YPH499. The chromosomal
TOM40 was deleted by an ADE2 marker. The strains were grown on
YPG or YPS medium (1% yeast extract, 2% peptone, and 3% glycerol or
2% sucrose). The plasmid pRS415 encoding Tom40-HA was introduced
into tom22A (YPH499) and the corresponding wild type (rho®; Tom40u
was coexpressed with wild-type Tom40); the control wild-type (rho®)
strain received the plasmid pRS415 without insert. The strains were
grown on selective medium under fermentative conditions. The Mim1-
overexpressing strain was generated by introducing the ORF of MIMT
info a pYES2 vector containing a URA3 marker under the control of a
galactose-inducible promoter. Yeast cells were grown on selective me-
dium with 2% glucose at 24°C. Overexpression was induced by growth
on selective medium containing 2% galactose overnight at 24°C. Immuno-
decoration with Mim1-specific antiserum confirmed the overproduction
of Mim1.

Protein import into mitochondria

Mitochondria were isolated from yeast cells by differential centrifugation
and were stored at —80°C at a protein concentration of 10 mg/ml in SEM
buffer (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS/KOH, pH 7.2;
Stojanovski et al., 2007b). For in vitro transcription, PCR products contain-
ing an SP6 promoter were generated using yeast genomic DNA as a tem-
plate. In the case of Om14, the cDNA was cloned into the vector SP73
(Om14 is one of the rare yeast proteins that are encoded by an intron-
containing gene; Burri et al., 2006); a nucleotide sequence encoding four
additional methionines was inserted into the OM14 ORF directly before the
stop codon. In vitro transcription was performed according to the manufac-
turer’s recommendation (NMESSAGE mMACHINE SP6 kit; Invitrogen).
Subsequently, RNA was purified (MEGAclear kit; Invitrogen) and used for
in vitro translation (TNT kit; Promegal). The efficiency of the translation re-
action was controlled by SDS-PAGE and autoradiography. In a standard im-
port reaction, 10% (volume/volume) reticulocyte lysate was incubated with
50 pg mitochondria (protein amount) at 25°C in the presence of 2 mM
NADH, 2 mM ATP, 2.5 mM methionine, 5 mM creatine phosphate, and
100 pg/ml creatine kinase in import buffer (3% [weight/volume] BSA,
250 mM sucrose, 80 mM KCl, 5 mM MgCl,, 10 mM MOPS/KOH, pH 7.2,
and 2 mM KHyPO,). Transfer on ice stopped the import reaction.
The mitochondrial pellet was washed with SEM buffer and was sub-
sequently lysed in lysis buffer (20 mM Tris/HCI, pH 7.4, 0.1 mM EDTA,
50 mM NaCl, and 10% [volume/volume] glycerol) containing 1%
(weight/volume) digitonin for 15 min on ice. After a clarifying spin, the
mitochondrial extract was subjected to blue native electrophoresis, and
the imported proteins were visualized by autoradiography. For prote-
ase treatment, import samples were incubated with 50 pg/ml protein-
ase K for 15 min at 4°C. The activity of the protease was stopped by
addition of PMSF and incubation for 10 min at 4°C. After washing, mito-
chondria were analyzed by SDS-PAGE. Carbonate extraction was per-
formed following a previously described improved method (Thornton

et al., 2010). Imported proteins were detected by SDS-PAGE or blue
native electrophoresis and analyzed by digital autoradiography (Storm
820 imaging system; GE Healthcare) and ImageQuant software (ver-
sion 5.2; GE Healthcare).

Affinity purification

For coimmunoprecipitation, antibodies were covalently coupled to protein
A-Sepharose (GE Healthcare) with dimethylpimelimidate. Mitochondria
were resuspended in lysis buffer containing 1% digitonin at a protein con-
centration of T mg/ml for 20 min on ice. After a clarifying spin, the super-
natant was incubated with the indicated matrix under constant rotation for
1 h at 4°C. After excessive washing with lysis buffer containing 0.1-0.3%
digitonin, the proteins were eluted and subjected to SDS-PAGE, Western
blotting, and immunodecoration with the indicated antisera. For coprecipi-
tation of 3S-labeled precursor proteins, the precursors were imported into
isolated mitochondria for 5-40 min (two- to sixfold import reaction). After
the import reaction, mitochondria were washed and lysed in lysis buffer.
Binding fo the anti-HA matrix and washing steps were performed as de-
scribed above. Samples were subjected to SDS-PAGE, and %S-abeled
proteins were analyzed by digital autoradiography. Affinity purification
under native conditions using Ni-NTA agarose was performed as previ-
ously described (Thornton et al., 2010).

Cross-linking

Wild-type and Tom7Oy;; mitochondria were treated with the cross-linking
reagent MBS for 30 min at 4°C in SEM buffer. The cross-linking reac-
tion was stopped by an addition of 100 mM DTT and 100 mM Tris/
HCI, pH 7.4, and by incubation for 15 min at 4°C. For affinity purifica-
tion of the cross-linked products, mitochondria were solubilized with 1%
SDS in lysis buffer for 15 min at room temperature. After a clarifying
spin, the mitochondrial lysate was diluted 1:10 in lysis buffer contain-
ing 0.2% Triton X-100 and 10 mM imidazole and incubated with
Ni-NTA agarose. After excessive washing, bound proteins were eluted
with 250 mM imidazole and 0.1% SDS in lysis buffer. Samples were
subjected to SDS-PAGE.

Purification of imported His-tagged precursor proteins

The assay was performed essentially as previously described (Becker
etal., 2011). In brief, chemical amounts of His-tagged precursor proteins
were synthesized by in vitro transcription/translation (RTS 100 Wheat
Germ CECF kit; 5Prime). Import of Histagged proteins into isolated mito-
chondria was performed in a sixfold import reaction for 10 min. After
washing and reisolation, mitochondria were lysed in lysis buffer contain-
ing 1% digitonin and 10 mM imidazole and incubated on ice for 20 min
before a clarifying spin. The supernatant was mixed with the preequili-
brated Ni-NTA agarose and incubated under constant rotation for 1 h at
4°C. After excessive washing with lysis buffer containing 0.1% digitonin
and 20 mM imidazole, proteins were eluted by 250 mM imidazole in
lysis buffer and analyzed by SDS-PAGE or blue native electrophoresis
and Western blotting.

Binding assay with cytosolic receptor domains

The cytosolic domains of Tom70 and Tom20 (Tom7Ocp and Tom20cp)
were recombinantly expressed and purified as previously described (Brix
et al., 1997). For binding studies, Tom70cp and Tom20cp were bound
to Ni-NTA agarose and incubated with **S-Ugo1 precursor in import
buffer containing 0.2% BSA for 40 min at 4°C. After excessive washing,
bound proteins were eluted with 500 mM imidazole in lysis buffer and
subjected to SDS-PAGE. Bound proteins were defected by Coomassie staining
and autoradiography.

Miscellaneous

Western blotting signals were detected using the ECL kit (GE Healthcare).
Scanning of xray films was performed using ScanMaker 1000XL and Silver-
Fast SDKXRay 6.6.2r1 software (Microtek). Quantification was performed
using ImageQuant 5.2 software. Nonrelevant lanes were excised digitally
(indicated by separating white lines).

Online supplemental material

Fig. S1 shows that mitochondrial import of the multispanning proteins Ugo1
and Scm4 requires Tom70. Fig. S2 provides additional evidence for a role
of Mim1 in the import of Ugo1 by using alkaline extraction and protease
protection. Fig. S3 shows additional evidence for the interaction of Mim1
with precursor proteins and Tom70. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.201102044/DC1.

Biogenesis of mitochondrial outer membrane * Becker et al.

393

620z Jequiede( 90 uo 3senb Aq 4pd #0201 L.0Z A0l/296006 /L8€E/E/¥6 | 4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201102044/DC1

394

We thank Dr. Nils Wiedemann for discussion.

This work was supported by the Deutsche Forschungsgemeinschaft,
Sonderforschungsbereich 746, Baden-Wirttemberg ~ Stiftung, Excellence
Initiative of the German federal and stafe governments (Biological Signalling
Studies [EXC 294] and Spemann Graduate School of Biology and Medi-
cine [GSC4]), Bundesministerium fir Bildung und Forschung (Dynamo),
Landesforschungspreis Baden-Wirttemberg, and the Cotifried Wilhelm
Leibniz Program.

Submitted: 8 February 2011
Accepted: 11 July 2011

References

Abe, Y., T. Shodai, T. Muto, K. Mihara, H. Torii, S. Nishikawa, T. Endo, and D.
Kohda. 2000. Structural basis of presequence recognition by the mito-
chondrial protein import receptor Tom20. Cell. 100:551-560. doi:10
.1016/S0092-8674(00)80691-1

Ahting, U., T. Waizenegger, W. Neupert, and D. Rapaport. 2005. Signal-
anchored proteins follow a unique insertion pathway into the outer mem-
brane of mitochondria. J. Biol. Chem. 280:48-53.

Becker, T., S. Pfannschmidt, B. Guiard, D. Stojanovski, D. Milenkovic, S. Kutik,
N. Pfanner, C. Meisinger, and N. Wiedemann. 2008. Biogenesis of the
mitochondrial TOM complex: Mim1 promotes insertion and assembly of
signal-anchored receptors. J. Biol. Chem. 283:120-127. doi:10.1074/
jbc.M706997200

Becker, T., B. Guiard, N. Thornton, N. Zufall, D.A. Stroud, N. Wiedemann,
and N. Pfanner. 2010. Assembly of the mitochondrial protein import
channel: role of Tom5 in two-stage interaction of Tom40 with the
SAM complex. Mol. Biol. Cell. 21:3106-3113. doi:10.1091/mbc
.E10-06-0518

Becker, T., L.S. Wenz, N. Thornton, D.A. Stroud, C. Meisinger, N. Wiedemann,
and N. Pfanner. 2011. Biogenesis of mitochondria: dual role of Tom?7 in
modulating assembly of the preprotein translocase of the outer mem-
brane. J. Mol. Biol. 405:113-124. doi:10.1016/j.jmb.2010.11.002

Bellot, G., P.F. Cartron, E. Er, L. Oliver, P. Juin, L.C. Armstrong, P. Bornstein,
K. Mihara, S. Manon, and F.M. Vallette. 2007. TOM22, a core compo-
nent of the mitochondria outer membrane protein translocation pore, is a
mitochondrial receptor for the proapoptotic protein Bax. Cell Death
Differ. 14:785-794. doi:10.1038/sj.cdd.4402055

Brix, J., K. Dietmeier, and N. Pfanner. 1997. Differential recognition of prepro-
teins by the purified cytosolic domains of the mitochondrial import recep-
tors Tom20, Tom22, and Tom70. J. Biol. Chem. 272:20730-20735.
doi:10.1074/jbc.272.33.20730

Brix, J., S. Riidiger, B. Bukau, J. Schneider-Mergener, and N. Pfanner. 1999.
Distribution of binding sequences for the mitochondrial import receptors
Tom?20, Tom22, and Tom70 in a presequence-carrying preprotein and a
non-cleavable preprotein. J. Biol. Chem. 274:16522-16530. doi:10.1074/
jbc.274.23.16522

Burri, L., K. Vascotto, LE. Gentle, N.C. Chan, T. Beilharz, D.I. Stapleton, L.
Ramage, and T. Lithgow. 2006. Integral membrane proteins in the mito-
chondrial outer membrane of Saccharomyces cerevisiae. FEBS J. 273:
1507-1515. doi:10.1111/j.1742-4658.2006.05171.x

Chacinska, A., C.M. Koehler, D. Milenkovic, T. Lithgow, and N. Pfanner. 2009.
Importing mitochondrial proteins: machineries and mechanisms. Cell.
138:628-644. doi:10.1016/j.cell.2009.08.005

Coonrod, E.M., M.A. Karren, and J.M. Shaw. 2007. Ugolp is a multipass trans-
membrane protein with a single carrier domain required for mitochon-
drial fusion. Traffic. 8:500-511. doi:10.1111/j.1600-0854.2007.00550.x

Dekker, P.J.T., M.T. Ryan, J. Brix, H. Miiller, A. Honlinger, and N. Pfanner.
1998. Preprotein translocase of the outer mitochondrial membrane: mo-
lecular dissection and assembly of the general import pore complex. Mol.
Cell. Biol. 18:6515-6524.

Dolezal, P., V. Likic, J. Tachezy, and T. Lithgow. 2006. Evolution of the molec-
ular machines for protein import into mitochondria. Science. 313:314—
318. doi:10.1126/science.1127895

Dukanovic, J., K.S. Dimmer, N. Bonnefoy, K. Krumpe, and D. Rapaport. 2009.
Genetic and functional interactions between the mitochondrial outer
membrane proteins Tom6 and Sam37. Mol. Cell. Biol. 29:5975-5988.
doi:10.1128/MCB.00069-09

Endo, T., and K. Yamano. 2009. Multiple pathways for mitochondrial protein
traffic. Biol. Chem. 390:723-730. doi:10.1515/BC.2009.087

Honlinger, A., M. Kiibrich, M. Moczko, F. Girtner, L. Mallet, F. Bussereau, C.
Eckerskorn, F. Lottspeich, K. Dietmeier, M. Jacquet, and N. Pfanner.
1995. The mitochondrial receptor complex: Mom?22 is essential for cell
viability and directly interacts with preproteins. Mol. Cell. Biol. 15:
3382-3389.

JCB « VOLUME 194 « NUMBER 3 « 2011

Hoogenraad, N.J., L.A. Ward, and M.T. Ryan. 2002. Import and assembly of
proteins into mitochondria of mammalian cells. Biochim. Biophys. Acta.
1592:97-105. doi:10.1016/S0167-4889(02)00268-9

Hoppins, S., J. Horner, C. Song, J.M. McCaffery, and J. Nunnari. 2009.
Mitochondrial outer and inner membrane fusion requires a modified car-
rier protein. J. Cell Biol. 184:569-581. doi:10.1083/jcb.200809099

Hulett, J.M., F. Lueder, N.C. Chan, A.J. Perry, P. Wolynec, V.A. Liki¢, P.R.
Gooley, and T. Lithgow. 2008. The transmembrane segment of Tom20 is
recognized by Mim1 for docking to the mitochondrial TOM complex.
J. Mol. Biol. 376:694-704. doi:10.1016/j.jmb.2007.12.021

Ishikawa, D., H. Yamamoto, Y. Tamura, K. Moritoh, and T. Endo. 2004.
Two novel proteins in the mitochondrial outer membrane mediate
B-barrel protein assembly. J. Cell Biol. 166:621-627. doi:10.1083/jcb
.200405138

Johnson, A.E., and R.E. Jensen. 2004. Barreling through the membrane. Nat.
Struct. Mol. Biol. 11:113-114. doi:10.1038/nsmb0204-113

Keil, P., and N. Pfanner. 1993. Insertion of MOM22 into the mitochondrial outer
membrane strictly depends on surface receptors. FEBS Lett. 321:197-
200. doi:10.1016/0014-5793(93)80107-6

Kemper, C., S.J. Habib, G. Engl, P. Heckmeyer, K.S. Dimmer, and D. Rapaport.
2008. Integration of tail-anchored proteins into the mitochondrial outer
membrane does not require any known import components. J. Cell Sci.
121:1990-1998. doi:10.1242/jcs.024034

Koehler, C.M. 2004. New developments in mitochondrial assembly. Annu. Rev.
Cell Dev. Biol. 20:309-335. doi: 10.1146/annurev.cellbio.20.010403.105057

Krimmer, T., D. Rapaport, M.T. Ryan, C. Meisinger, C.K. Kassenbrock, E.
Blachly-Dyson, M. Forte, M.G. Douglas, W. Neupert, F.E. Nargang, and
N. Pfanner. 2001. Biogenesis of porin of the outer mitochondrial mem-
brane involves an import pathway via receptors and the general import
pore of the TOM complex. J. Cell Biol. 152:289-300. doi:10.1083/jcb
.152.2.289

Lueder, F., and T. Lithgow. 2009. The three domains of the mitochondrial
outer membrane protein Mim1 have discrete functions in assembly of
the TOM complex. FEBS Lett. 583:1475-1480. doi:10.1016/j.febslet
.2009.03.064

Matouschek, A., and B.S. Glick. 2001. Barreling through the outer membrane.
Nat. Struct. Biol. 8:284-286. doi:10.1038/86140

Meineke, B., G. Engl, C. Kemper, A. Vasiljev-Neumeyer, H. Paulitschke, and D.
Rapaport. 2008. The outer membrane form of the mitochondrial protein
Mecrl follows a TOM-independent membrane insertion pathway. FEBS
Lett. 582:855-860. doi:10.1016/j.febslet.2008.02.009

Meisinger, C., M.T. Ryan, K. Hill, K. Model, J.H. Lim, A. Sickmann, H. Miiller,
H.E. Meyer, R. Wagner, and N. Pfanner. 2001. Protein import channel of
the outer mitochondrial membrane: a highly stable Tom40-Tom22 core
structure differentially interacts with preproteins, small tom proteins, and
import receptors. Mol. Cell. Biol. 21:2337-2348. doi:10.1128/MCB.21.7
.2337-2348.2001

Mihara, K. 2003. Cell biology: moving inside membranes. Nature. 424:505-506.
doi:10.1038/424505a

Moczko, M., B. Ehmann, F. Girtner, A. Honlinger, E. Schéfer, and N. Pfanner.
1994. Deletion of the receptor MOM 19 strongly impairs import of cleav-
able preproteins into Saccharomyces cerevisiae mitochondria. J. Biol.
Chem. 269:9045-9051.

Motz, C., H. Martin, T. Krimmer, and J. Rassow. 2002. Bcl-2 and porin follow
different pathways of TOM-dependent insertion into the mitochon-
drial outer membrane. J. Mol. Biol. 323:729-738. doi:10.1016/S0022-
2836(02)00995-6

Neupert, W., and J.M. Herrmann. 2007. Translocation of proteins into mitochon-
dria. Annu. Rev. Biochem. 76:723-749. doi:10.1146/annurev.biochem
.76.052705.163409

Otera, H., Y. Taira, C. Horie, Y. Suzuki, H. Suzuki, K. Setoguchi, H. Kato, T.
Oka, and K. Mihara. 2007. A novel insertion pathway of mitochondrial
outer membrane proteins with multiple transmembrane segments. J. Cell
Biol. 179:1355-1363. doi:10.1083/jcb.200702143

Ott, M., E. Norberg, K.M. Walter, P. Schreiner, C. Kemper, D. Rapaport, B.
Zhivotovsky, and S. Orrenius. 2007. The mitochondrial TOM complex is
required for tBid/Bax-induced cytochrome c¢ release. J. Biol. Chem.
282:27633-27639. doi:10.1074/jbc.M703155200

Papi¢, D., K. Krumpe, J. Dukanovic, K.S. Dimmer, and D. Rapaport. 2011.
Multispan mitochondrial outer membrane protein Ugol follows a unique
Mim1-dependent import pathway. J. Cell Biol. 194:397-405.

Popov-Celeketi¢, J., T. Waizenegger, and D. Rapaport. 2008. Mim1 functions in
an oligomeric form to facilitate the integration of Tom?20 into the mito-
chondrial outer membrane. J. Mol. Biol. 376:671-680. doi:10.1016/j
.jmb.2007.12.006

Ryan, M.T. 2004. Chaperones: inserting beta barrels into membranes. Curr.
Biol. 14:R207-R209. doi:10.1016/j.cub.2004.02.024

620z Jequiede( 90 uo 3senb Aq 4pd #0201 L.0Z A0l/296006 /L8€E/E/¥6 | 4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


dx.doi.org/10.1016/S0167-4889(02)00268-9
dx.doi.org/10.1083/jcb.200809099
dx.doi.org/10.1016/j.jmb.2007.12.021
dx.doi.org/10.1083/jcb.200405138
dx.doi.org/10.1083/jcb.200405138
dx.doi.org/10.1038/nsmb0204-113
dx.doi.org/10.1016/0014-5793(93)80107-6
dx.doi.org/10.1242/jcs.024034
dx.doi.org/10.1146/annurev.cellbio.20.010403.105057
dx.doi.org/10.1083/jcb.152.2.289
dx.doi.org/10.1083/jcb.152.2.289
dx.doi.org/10.1016/j.febslet.2009.03.064
dx.doi.org/10.1016/j.febslet.2009.03.064
dx.doi.org/10.1038/86140
dx.doi.org/10.1016/j.febslet.2008.02.009
dx.doi.org/10.1128/MCB.21.7.2337-2348.2001
dx.doi.org/10.1128/MCB.21.7.2337-2348.2001
dx.doi.org/10.1038/424505a
dx.doi.org/10.1016/S0022-2836(02)00995-6
dx.doi.org/10.1016/S0022-2836(02)00995-6
dx.doi.org/10.1146/annurev.biochem.76.052705.163409
dx.doi.org/10.1146/annurev.biochem.76.052705.163409
dx.doi.org/10.1083/jcb.200702143
dx.doi.org/10.1074/jbc.M703155200
dx.doi.org/10.1016/j.jmb.2007.12.006
dx.doi.org/10.1016/j.jmb.2007.12.006
dx.doi.org/10.1016/j.cub.2004.02.024
dx.doi.org/10.1016/S0092-8674(00)80691-1
dx.doi.org/10.1016/S0092-8674(00)80691-1
dx.doi.org/10.1074/jbc.M706997200
dx.doi.org/10.1074/jbc.M706997200
dx.doi.org/10.1091/mbc.E10-06-0518
dx.doi.org/10.1091/mbc.E10-06-0518
dx.doi.org/10.1016/j.jmb.2010.11.002
dx.doi.org/10.1038/sj.cdd.4402055
dx.doi.org/10.1074/jbc.272.33.20730
dx.doi.org/10.1074/jbc.274.23.16522
dx.doi.org/10.1074/jbc.274.23.16522
dx.doi.org/10.1111/j.1742-4658.2006.05171.x
dx.doi.org/10.1016/j.cell.2009.08.005
dx.doi.org/10.1111/j.1600-0854.2007.00550.x
dx.doi.org/10.1126/science.1127895
dx.doi.org/10.1128/MCB.00069-09
dx.doi.org/10.1515/BC.2009.087

Sanjuan Szklarz, L.K., V. Kozjak-Pavlovic, F.N. Vogtle, A. Chacinska, D.
Milenkovic, S. Vogel, M. Diirr, B. Westermann, B. Guiard, J.C.
Martinou, et al. 2007. Preprotein transport machineries of yeast mito-
chondrial outer membrane are not required for Bax-induced release
of intermembrane space proteins. J. Mol. Biol. 368:44-54. doi:10
.1016/j.jmb.2007.01.016

Schleiff, E., and T. Becker. 2011. Common ground for protein translocation:
access control for mitochondria and chloroplasts. Nat. Rev. Mol. Cell Biol.
12:48-59. doi:10.1038/nrm3027

Schmidt, O., N. Pfanner, and C. Meisinger. 2010. Mitochondrial protein import:
from proteomics to functional mechanisms. Nat. Rev. Mol. Cell Biol.
11:655-667. doi:10.1038/nrm2959

Sesaki, H., and R.E. Jensen. 2001. UGOI encodes an outer membrane protein
required for mitochondrial fusion. J. Cell Biol. 152:1123-1134. doi:10
.1083/jcb.152.6.1123

Sesaki, H., and R.E. Jensen. 2004. Ugolp links the Fzolp and Mgm1p GTPases
for mitochondrial fusion. J. Biol. Chem. 279:28298-28303. doi:10.1074/
jbc.M401363200

Setoguchi, K., H. Otera, and K. Mihara. 2006. Cytosolic factor- and TOM-
independent import of C-tail-anchored mitochondrial outer membrane
proteins. EMBO J. 25:5635-5647. doi:10.1038/sj.emboj.7601438

Sideris, D.P., and K. Tokatlidis. 2010. Oxidative protein folding in the mito-
chondrial intermembrane space. Antioxid. Redox Signal. 13:1189-1204.
doi:10.1089/ars.2010.3157

Smith, S.A., P. Kumar, I. Johnston, and J. Rosamond. 1992. SCM4, a gene that
suppresses mutant cdc4 function in budding yeast. Mol. Gen. Genet.
235:285-291. doi:10.1007/BF00279372

Stojanovski, D., B. Guiard, V. Kozjak-Pavlovic, N. Pfanner, and C. Meisinger.
2007a. Alternative function for the mitochondrial SAM complex in bio-
genesis of a-helical TOM proteins. J. Cell Biol. 179:881-893.
doi:10.1083/jcb.200706043

Stojanovski, D., N. Pfanner, and N. Wiedemann. 2007b. Import of proteins into
mitochondria. Methods Cell Biol. 80:783-806. doi:10.1016/S0091-
679X(06)80036-1

Suzuki, H., M. Maeda, and K. Mihara. 2002. Characterization of rat TOM70 as
a receptor of the preprotein translocase of the mitochondrial outer mem-
brane. J. Cell Sci. 115:1895-1905. doi:10.1242/jcs.00032

Thornton, N., D.A. Stroud, D. Milenkovic, B. Guiard, N. Pfanner, and T. Becker.
2010. Two modular forms of the mitochondrial sorting and assembly ma-
chinery are involved in biogenesis of a-helical outer membrane proteins.
J. Mol. Biol. 396:540-549. doi:10.1016/j.jmb.2009.12.026

van Wilpe, S., M.T. Ryan, K. Hill, A.C. Maarse, C. Meisinger, J. Brix, P.J.T.
Dekker, M. Moczko, R. Wagner, M. Meijer, et al. 1999. Tom22 is a multi-
functional organizer of the mitochondrial preprotein translocase. Nature.
401:485-489. doi:10.1038/46802

Waizenegger, T., S. Schmitt, J. Zivkovic, W. Neupert, and D. Rapaport. 2005.
Miml, a protein required for the assembly of the TOM complex of mito-
chondria. EMBO Rep. 6:57-62. doi:10.1038/sj.embor.7400318

Walther, D.M., and D. Rapaport. 2009. Biogenesis of mitochondrial outer mem-
brane proteins. Biochim. Biophys. Acta. 1793:42-51. doi:10.1016/j
.bbamcr.2008.04.013

Wiedemann, N., N. Pfanner, and M.T. Ryan. 2001. The three modules of ADP/
ATP carrier cooperate in receptor recruitment and translocation into mito-
chondria. EMBO J. 20:951-960. doi:10.1093/emboj/20.5.951

Wiedemann, N., V. Kozjak, A. Chacinska, B. Schonfisch, S. Rospert, M.T.
Ryan, N. Pfanner, and C. Meisinger. 2003. Machinery for protein sorting
and assembly in the mitochondrial outer membrane. Nature. 424:565—
571. doi:10.1038/nature01753

Wong, E.D., J.A. Wagner, S.V. Scott, V. Okreglak, T.J. Holewinske, A. Cassidy-
Stone, and J. Nunnari. 2003. The intramitochondrial dynamin-related
GTPase, Mgmlp, is a component of a protein complex that mediates
mitochondrial fusion. J. Cell Biol. 160:303-311. doi:10.1083/jcb
.200209015

Wu, Y., and B. Sha. 2006. Crystal structure of yeast mitochondrial outer mem-
brane translocon member Tom70p. Nat. Struct. Mol. Biol. 13:589-593.
doi:10.1038/nsmb1106

Yamamoto, H., K. Fukui, H. Takahashi, S. Kitamura, T. Shiota, K. Terao, M.
Uchida, M. Esaki, S. Nishikawa, T. Yoshihisa, et al. 2009. Roles of
Tom70 in import of presequence-containing mitochondrial proteins.
J. Biol. Chem. 284:31635-31646. doi:10.1074/jbc.M109.041756

Yamano, K., Y. Yatsukawa, M. Esaki, A.E. Hobbs, R.E. Jensen, and T. Endo.
2008. Tom20 and Tom?22 share the common signal recognition pathway
in mitochondrial protein import. J. Biol. Chem. 283:3799-3807. doi:10
.1074/jbc.M708339200

Yamano, K., S. Tanaka-Yamano, and T. Endo. 2010. Mdm10 as a dynamic con-

stituent of the TOB/SAM complex directs coordinated assembly of
Tom40. EMBO Rep. 11:187-193. doi:10.1038/embor.2009.283

Young, J.C., N.J. Hoogenraad, and F.U. Hartl. 2003. Molecular chaperones
Hsp90 and Hsp70 deliver preproteins to the mitochondrial import recep-
tor Tom70. Cell. 112:41-50. doi:10.1016/S0092-8674(02)01250-3

Zahedi, R.P., A. Sickmann, A.M. Boehm, C. Winkler, N. Zufall, B. Schonfisch,
B. Guiard, N. Pfanner, and C. Meisinger. 2006. Proteomic analysis of the
yeast mitochondrial outer membrane reveals accumulation of a subclass
of preproteins. Mol. Biol. Cell. 17:1436-1450. doi:10.1091/mbc.E05-
08-0740

Biogenesis of mitochondrial outer membrane « Becker et al.

395

620z Jequiede( 90 uo 3senb Aq 4pd #0201 L.0Z A0l/296006 /L8€E/E/¥6 | 4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


dx.doi.org/10.1016/S0092-8674(02)01250-3
dx.doi.org/10.1091/mbc.E05-08-0740
dx.doi.org/10.1091/mbc.E05-08-0740
dx.doi.org/10.1016/j.jmb.2007.01.016
dx.doi.org/10.1016/j.jmb.2007.01.016
dx.doi.org/10.1038/nrm3027
dx.doi.org/10.1038/nrm2959
dx.doi.org/10.1083/jcb.152.6.1123
dx.doi.org/10.1083/jcb.152.6.1123
dx.doi.org/10.1074/jbc.M401363200
dx.doi.org/10.1074/jbc.M401363200
dx.doi.org/10.1038/sj.emboj.7601438
dx.doi.org/10.1089/ars.2010.3157
dx.doi.org/10.1007/BF00279372
dx.doi.org/10.1083/jcb.200706043
dx.doi.org/10.1016/S0091-679X(06)80036-1
dx.doi.org/10.1016/S0091-679X(06)80036-1
dx.doi.org/10.1242/jcs.00032
dx.doi.org/10.1016/j.jmb.2009.12.026
dx.doi.org/10.1038/46802
dx.doi.org/10.1038/sj.embor.7400318
dx.doi.org/10.1016/j.bbamcr.2008.04.013
dx.doi.org/10.1016/j.bbamcr.2008.04.013
dx.doi.org/10.1093/emboj/20.5.951
dx.doi.org/10.1038/nature01753
dx.doi.org/10.1083/jcb.200209015
dx.doi.org/10.1083/jcb.200209015
dx.doi.org/10.1038/nsmb1106
dx.doi.org/10.1074/jbc.M109.041756
dx.doi.org/10.1074/jbc.M708339200
dx.doi.org/10.1074/jbc.M708339200
dx.doi.org/10.1038/embor.2009.283



