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attachment of different intramitochondrial 
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ABSTRACT  The TOM40 complex is a protein translocator in the mitochondrial outer mem-
brane and consists of several different subunits. Among them, Tom40 is a central subunit that 
constitutes a protein-conducting channel by forming a β-barrel structure. To probe the nature 
of the assembly process of Tom40 in the outer membrane, we attached various mitochon-
drial presequences to Tom40 that possess sorting information for the intermembrane space 
(IMS), inner membrane, and matrix and would compete with the inherent Tom40 assembly 
process. We analyzed the mitochondrial import of those fusion proteins in vitro. Tom40 
crossed the outer membrane and/or inner membrane even in the presence of various sorting 
signals. N-terminal anchorage of the attached presequence to the inner membrane did not 
prevent Tom40 from associating with the TOB/SAM complex, although it impaired its effi-
cient release from the TOB complex in vitro but not in vivo. The IMS or matrix-targeting 
presequence attached to Tom40 was effective in substituting for the requirement for small 
Tim proteins in the IMS for the translocation of Tom40 across the outer membrane. These 
results provide insight into the mechanism responsible for the precise delivery of β-barrel 
proteins to the outer mitochondrial membrane.

INTRODUCTION
Mitochondria are essential eukaryotic organelles and consist of four 
compartments—the outer membrane, intermembrane space (IMS), 
inner membrane, and innermost matrix. Mitochondria possess trans-
locator complexes in the outer and inner membranes to import 

most of their resident proteins from their site of synthesis, the cyto-
sol. The major entrance for protein import into the mitochondria is 
the TOM40 complex located in the outer membrane. Proteins that 
traverse the outer membrane through the TOM40 complex are fur-
ther sorted to intramitochondrial compartments via several different 
translocator complexes in the outer and inner membranes (Neupert 
and Herrmann, 2007; Chacinska et  al., 2009; Endo and Yamano, 
2009). The translocator complexes function as receptors to recog-
nize mitochondrial-targeting and/or intramitochondrial sorting sig-
nals and form protein-conducting channels allowing mitochondrial 
precursor proteins to cross the hydrophobic barrier of the mitochon-
drial membranes. For instance, the TOM40 complex possesses re-
ceptor subunits including Tom20, Tom22, and Tom70 (Brix et al., 
1999; Abe et al., 2000) and a protein-conducting channel mainly 
consisting of Tom40 (Hill et al., 1998; Ahting et al., 2001).

The mitochondrial outer membrane contains β-barrel membrane 
proteins, including Tom40, which require a specific translocator sys-
tem for their assembly (Pfanner et al., 2004; Paschen et al., 2005; 
Imai et al., 2008). Mitochondrial β-barrel proteins are synthesized in 
the cytosol and do not possess a cleavable N-terminal presequence. 
These proteins first interact with the TOM40 complex for recognition 
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RESULTS
pb2(220)-Tom40 follows the normal Tom40 assembly 
pathway in the outer membrane
We generated fusion proteins between the N-terminal part of the 
cytochrome b2 precursor or its derivatives and Tom40 as shown in 
Figure 1. pb2(220)-Tom40 contains the N-terminal 220 residues of 
the cytochrome b2 precursor, followed by Tom40. pb2(220)Δ19-
Tom40 contains a deletion of residues 47–65 (Δ19), which inacti-
vates the IMS sorting signal in the cytochrome b2 presequence. 
pb2(220)AA-Tom40 contains the mutations N80A and E81A, which 
abolish the presequence cleavage site for Imp1. pb2(220)dc1-Tom40 
and pb2(220)dc2-Tom40 contain the dc1 and dc2 mutations in the 
heme-binding domain (HBD; residues 81–180) of cytochrome b2, 
which lead to destabilization of the HBD and thereby retard Imp1 
processing (Esaki et al., 1999).

We synthesized these fusion proteins in rabbit reticulocyte lysate 
in the presence of [35S]methionine and compared their in vitro im-
port into isolated yeast mitochondria with that of Tom40 (Figures 2 
and 3). When incubated with energized mitochondria at 25°C, 
Tom40 was imported into mitochondria and became resistant to 
proteinase K (PK) added outside the mitochondria (Figure 2A, +PK). 
The presequence of pb2(220)-Tom40 was subject to two-step pro-
cessing during incubation with energized mitochondria, and both 
the intermediate-size form (i) and mature size form (m), but not the 
precursor form (p), became PK resistant (Figure 2A, +PK). Therefore, 
despite the attachment of Tom40, the cytochrome b2 presequence 
was correctly cleaved by MPP in the matrix and subsequently by 
Imp1 in the IMS, suggesting that the N-terminus of the imported 
and processed pb2(220)-Tom40 was exposed to the IMS.

We then probed the fate of the C-terminal Tom40 domain of 
pb2(220)-Tom40 in the IMS after the second Imp1 cleavage of the 
presequence. The assembly process of imported Tom40 in the outer 
membrane can be analyzed using blue native-PAGE (BN-PAGE; 
Model et al., 2001). After incubation of Tom40 or pb2(220)-Tom40 
with isolated mitochondria, the mitochondria were solubilized with 
1% digitonin and subjected to BN-PAGE analyses. BN-PAGE results 
showed that Tom40 was assembled into the 450-kDa TOM40 com-
plex via two successive intermediates of a ∼250-kDa complex 
(assembly I), which often exhibit two bands that migrate at slightly 
different molecular sizes on the gel, and a 100-kDa complex (assem-
bly II; Figure 2B). Of interest, pb2(220)-Tom40 exhibited a similar 

of their internal targeting signals and then translocate across the 
outer membrane (Wiedemann et al., 2003). Assembly of the proteins 
into the outer membrane involves antiparallel β-strands forming a 
barrel structure, and this requires another translocator in the outer 
membrane, the TOB/SAM complex, which consists of Sam37/Mas37/
Tom37 (Wiedemann et al., 2003), Sam50/Tob55 (Kozjak et al., 2003; 
Paschen et al., 2003; Gentle et al., 2004), and Sam35/Tom38/Tob38 
(Ishikawa et al., 2004; Milenkovic et al., 2004; Waizenegger et al., 
2004a). In addition, small Tim proteins in the IMS are also needed for 
the early step of β-barrel protein assembly (Hoppins and Nargang, 
2004; Wiedemann et al., 2004), and Tom40 requires another outer 
membrane protein, Tom13/Mim1, in the later stage of its assembly 
process (Ishikawa et al., 2004; Waizenegger et al., 2004b). Mdm10, 
which is involved in the tethering complex for mitochondrial and en-
doplasmic reticulum membranes (Kornmann et al., 2009), as well as 
in the TOB complex (Meisinger et al., 2004), also facilitates the as-
sembly of Tom40, or more specifically controls when Tom40 exits the 
TOB complex (Yamano et al., 2010a,b). Despite the identification of 
the components mediating the β-barrel protein assembly, there re-
main many questions as to the precise roles of these components in 
the sorting and assembly of β-barrel proteins such as Tom40.

Here we designed an experimental system to generate competi-
tive or tug-of-war situations in investigating the sorting and assembly 
of Tom40 in the outer membrane. This was achieved by attaching 
sorting signals for submitochondrial compartments other than the 
outer membrane to Tom40. We chose the presequence of the pre-
cursor to a soluble IMS protein, cytochrome b2, and its derivatives as 
tools to perturb the sorting pathway of Tom40. The cytochrome b2 
presequence exhibits a bipartite structure: the N-terminal part func-
tions as a targeting signal for the mitochondrial matrix, and the C-
terminal part mediates sorting to the IMS (Glick et al., 1992; Esaki 
et al., 1999). The N-terminal portion reaches the matrix via the TOM40 
complex and the TIM23 complex with the aid of the membrane po-
tential across the inner membrane (ΔΨ) and mitochondrial Hsp70 in 
the matrix and is proteolytically cleaved by the mitochondrial pro-
cessing peptidase (MPP) in the matrix. The C-terminal part of the 
presequence then arrests translocation of the presequence through 
the TIM23 complex and is cleaved off by the inner-membrane pro-
tease 1 (Imp1) on the IMS side of the inner membrane after lateral 
release from the TIM23 complex into the inner membrane. A cyto-
chrome b2 presequence derivative with an inactivated sorting signal 
(such as the pb2Δ19 presequence, which lacks 19 residues in the sort-
ing signal) cannot arrest the presequence translocation across the 
inner membrane, which means that it directs the passenger protein to 
the matrix. When Imp1 processing of the cytochrome b2 presequence 
is inhibited by mutations in the cleavage site of the presequence, the 
passenger protein cannot be released into the IMS but instead re-
mains anchored to the inner membrane (Esaki et al., 1999).

In the present study, we performed in vitro mitochondrial import 
of fusion proteins consisting of Tom40 N-terminally attached to cy-
tochrome b2–derived and other presequences with sorting signals 
for the matrix, inner membrane, and IMS. The results show that the 
pathway for Tom40 assembly in the outer membrane is not exclusive 
to the inner membrane or IMS sorting pathway, but that it is separate 
from the ΔΨ-dependent matrix-targeting pathway. When import of 
Tom40 was directed by the inner membrane or IMS-sorting prese-
quences, the requirement of small Tim proteins for the assembly of 
Tom40 was partially circumvented. The import properties of the 
Tom40-containing fusion proteins revealed in vitro were also found 
to be consistent with their behaviors in vivo, except for Tom40 with 
an inner-membrane anchored presequence, which was efficiently as-
sembled into the final TOM40 complex in vivo but not in vitro. FIGURE 1:  Tom40 fusion proteins used in the present study.
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assembly pattern, although the apparent molecular sizes of the as-
sembly intermediates and the final TOM40 complex were slightly 
larger than those observed for Tom40, probably due to the larger 
molecular size of pb2(220)-Tom40 compared with Tom40 (Figure 
2B). We confirmed, by observing an antibody shift on a BN-PAGE 
gel, that the assembly I–like band of pb2(220)-Tom40 indeed repre-
sents the assembly I intermediate involving the TOB complex as 
observed for Tom40. Addition of antibodies against Sam37/Mas37, 
a subunit of the TOB complex, shifted the assembly I–like band to a 
higher molecular mass range on the BN-PAGE gel (Figure 2C, lane 
8). We observed a similar shift of the assembly I–like band of 
pb2(220)-Tom40 upon addition of the anti-FLAG antibody when we 
used mitochondria with FLAG-tagged Sam50/Tob55 (Figure 2D, 
lane 4). We also confirmed that the TOM40 complex–like band of 
pb2(220)-Tom40 corresponded to the final TOM40 complex, since 
addition of antibodies against Tom22, a subunit of the TOM40 com-
plex, shifted the band to a higher molecular mass range (Figure 2C, 
lane 11). These results suggest that, whereas the cytochrome b2 
presequence of pb2(220)-Tom40 is processed in the matrix and IMS 
sequentially along the normal sorting pathway for the cytochrome 
b2 precursor, the C-terminally attached Tom40 part can follow its 
normal assembly pathway via the two intermediates, assembly I and 
assembly II, to the final TOM40 complex in the outer membrane. In 
other words, the two distinct sorting signals in the cytochrome b2 
presequence and Tom40 do not interfere with each other with 
respect to their in vitro import assay.

The second presequence processing of pb2(220)-Tom40 
is not a prerequisite for formation of the assembly I 
intermediate
Because assembly of the Tom40 part of pb2(220)-Tom40 into the 
outer membrane is a slow process compared with the presequence 
processing of the cytochrome b2 precursor part, it is not clear 
whether the presequence processing triggers assembly of Tom40 in 
the outer membrane after entering the IMS. We thus analyzed the in 
vitro mitochondrial import of pb2(220)Δ19-Tom40 and pb2(220)AA-
Tom40 without the second presequence cleavage site (Esaki et al., 
1999), as well as the mitochondrial import of pb2(220)dc1-Tom40 
and pb2(220)dc2-Tom40, which undergo retarded second prese-
quence processing (Esaki et al., 1999).

When pb2(220)Δ19-Tom40 and pb2(220)AA-Tom40 were incu-
bated with mitochondria at 25°C, the precursor forms were rapidly 
converted to protease-resistant intermediate-size forms by MPP 
processing of the presequence, but the mature-size forms were not 
generated as expected (Figure 3A). The amount of imported pro-
tease-resistant pb2(220)Δ19-Tom40 slowly decreased (Figure 3A), 
suggesting that it was degraded inside the mitochondria. pb2(220)
dc1-Tom40 and pb2(220)dc2-Tom40 were also rapidly converted to 
the protease-resistant intermediate size forms, but, in contrast to 
pb2(220)AA-Tom40, the intermediate-size forms subsequently 

FIGURE 2:  In vitro import of Tom40 and pb2(220)-Tom40. 
(A) 35S-labeled proteins were incubated with isolated yeast 
mitochondria at 25°C for indicated times. The mitochondria were 
treated with or without PK, and proteins were analyzed by SDS–PAGE 
and radioimaging. i, intermediate-size form; m, mature-size form; p, 
precursor form. (B) The mitochondria in A (−PK) were solubilized with 
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chondrial matrix protein Mdj1, was partly 
resistant to PK digestion even after opening 
of the outer membrane by osmotic swelling, 
whereas Tom20 in the outer membrane and 
Tim54 and Tim23 in the inner membrane 
facing the IMS were susceptible to PK diges-
tion in mitochondria and in mitoplasts, re-
spectively (Figure 3C). This indicates that a 
major fraction of the pb2(220)Δ19-Tom40 
protein underwent presequence processing 
by MPP; that the Tom40 moiety was at least 
partly sequestered into the matrix; and that 
the pb2(220)Δ19 presequence could par-
tially direct the attached Tom40 moiety to 
the matrix. When we tested the import of 
the matrix-targeting Δ19 presequence alone 
(pb2(80)Δ19-Tom40) or one followed by the 
N-terminal 85 residues of cytochrome b2 
lacking the HBD (pb2(165)Δ19-Tom40), 
most fractions of the pb2(80)Δ19-Tom40 and 
pb2(165)Δ19-Tom40 proteins reached the 
matrix (Supplemental Figure S1A). Therefore 
pb2(220)Δ19-Tom40 with the HBD, but not 
pb2(80)Δ19-Tom40 or pb2(165)Δ19-Tom40, 
may be mainly stalled at the TIM23 complex 
in a tug-of-war between forces that target 
the Tom40 moiety to the outer membrane 
and forces that translocate the presequence 
into the matrix by unfolding the tightly 
folded HBD. Indeed, when we inactivated 
the import motor, mitochondrial Hsp70, by 
depletion of Tim15/Hep1 (Sichting et  al., 
2006; Momose et al., 2007) in the presence 
of ΔΨ (Supplemental Figure S1B), a minor 
fraction of the pb2(220)Δ19-Tom40 protein 
escaped the matrix-targeting pathway and 
was partially captured by the Tom40 assem-
bly pathway (Supplemental Figure S1C).

On the other hand, pb2(220)AA-Tom40, 
pb2(220)dc1-Tom40, and pb2(220)dc2-
Tom40 appeared to partly follow the Tom40 
assembly pathway, as shown by their migra-
tion on BN-PAGE gels (Figure 3B). The as-
sembly I–like form observed during the as-
sembly of pb2(220)AA-Tom40 (Figure 3B, 
top) was shifted to a higher molecular mass 
range upon addition of anti-Mas37 antibod-

ies (Figure 3D, lane 2). However, in contrast to pb2(220)-Tom40, con-
version of the assembly I intermediate of pb2(220)AA-Tom40 to the 
assembly II form was impaired (Figure 3B, top). Therefore the inter-
mediate-size form of pb2(220)AA-Tom40, which was presumably 
anchored to the inner membrane through the uncleaved C-terminal 
half of its presequence, was partly assembled into the TOB complex 
to form the assembly I intermediate but was not efficiently released 
from the TOB complex to proceed further along the assembly path-
way of Tom40.

BN-PAGE analysis showed that pb2(220)dc1-Tom40 and pb2(220)
dc2-Tom40, which exhibited slow second presequence processing, 
had retarded assembly of the Tom40 domain (Figure 3B, bottom). 
The assembly I intermediates were associated with the TOB com-
plex, as they were all shifted to a higher molecular mass range by 
the addition of anti-Mas37 antibodies (Figure 3D, lanes 5, 8, 11, and 

underwent slow second processing of the presequence by Imp1 to 
become mature-size forms, albeit at slower rates than pb2(220)-
Tom40 (Figure 3A), as shown previously for pb2(220)dc1 and 
pb2(220)dc2 fusion proteins (Esaki et al., 1999).

We then analyzed the fate of imported pb2(220)Δ19-Tom40, 
pb2(220)AA-Tom40, pb2(220)dc1-Tom40, and pb2(220)dc2-Tom40 
inside mitochondria by solubilizing mitochondria with digitonin, fol-
lowed by BN-PAGE. The assembly of Tom40 into the outer mem-
brane via the assembly I and II intermediates was markedly inhibited 
when we replaced the pb2(220) presequence with the pb2(220)Δ19 
presequence (Figure 3B, top), suggesting that imported pb2(220)Δ19-
Tom40 was not sorted to the outer membrane. We thus asked 
whether imported pb2(220)Δ19-Tom40 reached the matrix instead 
of the outer membrane via the matrix-targeting Δ19 presequence. In 
the presence of ΔΨ, imported pb2(220)Δ19-Tom40, like the mito-

FIGURE 3:  In vitro import of pb2(220)Δ19-Tom40, pb2(220)AA-Tom40, pb2(220)dc1-Tom40, and 
pb2(220)dc2-Tom40. (A) 35S-labeled proteins were imported into isolated yeast mitochondria and 
analyzed as in Figure 2A. i, intermediate-size form; m, mature-size form; p, precursor form. 
(B) The mitochondria in A (−PK) were solubilized with 1% digitonin and subjected to BN-PAGE. 
Asterisk, unspecific band. (C) Top, 35S-labeled pb2(220)Δ19-Tom40 was incubated with isolated 
mitochondria at 25°C for indicated times. The mitochondria were then subjected to osmotic 
swelling (SW) and treated with or without PK. The mitochondria (−SW) or mitoplasts (+SW) were 
reisolated by centrifugation, and proteins were analyzed by SDS–PAGE and radioimaging. 
Bottom, mitochondria (−SW) or mitoplasts (+SW) generated by osmotic swelling were treated 
with or without PK. Proteins were analyzed by immunoblotting with antibodies against indicated 
proteins. (D) 35S-labeled indicated proteins were imported into isolated yeast mitochondria for 
indicated times at 25°C. After reisolation, the mitochondria were solubilized with 1% digitonin, 
incubated with antibodies against Sam37/Mas37 (αMas37) and Tim23 (αTim23) or without 
antibodies (none) for 60 min at 4°C, and analyzed by BN-PAGE and radioimaging.
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(a fusion protein consisting of another 69-residue matrix-targeting 
presequence of subunit 9 of Fo-ATPase followed by Tom40). In 
the presence of ΔΨ, all these fusion proteins crossed the outer 

14). In contrast to pb2(220)AA-Tom40, both pb2(220)dc1-Tom40 
and pb2(220)dc2-Tom40 exhibited bands representing the 100-kDa 
assembly II–like forms and the 450-kDa final TOM40 complex 
(Figure 3B, bottom), indicating that they continued along the as-
sembly pathway for Tom40 past its assembly into the assembly I in-
termediate in the outer membrane once they had undergone sec-
ond Imp1 processing of the presequence.

N-terminal anchoring to the inner membrane partly replaces 
the role of small Tim proteins in the translocation of Tom40 
across the outer membrane
It was suggested that small Tim proteins in the IMS facilitate the as-
sembly of Tom40 into the outer membrane, since depletion of Tim8 
and Tim13 (Hoppins and Nargang, 2004) or expression of function-
ally defective Tim10 (Wiedemann et al., 2004) suppresses the as-
sembly of Tom40 into the assembly I intermediate, although the 
assembly II intermediate and the final TOM40 complex are still par-
tially formed (Wiedemann et al., 2004). We thus asked whether at-
tachment of the cytochrome b2 presequence to Tom40 would alter 
the requirement of small Tim proteins for the correct assembly of 
the Tom40 part in the outer membrane. For this purpose, we used a 
yeast strain (GAL-TIM10) in which the galactose-inducible GAL7 
promoter was integrated into the chromosome in front of the TIM10 
gene to achieve regulated expression of Tim10 by galactose 
(Yamano et al., 2005). Thirteen hours after the shift from galactose-
containing medium to glucose-containing medium, mitochondria 
isolated from the GAL-TIM10 cells showed a significantly reduced 
level of Tim10, whereas levels of the subunits of the other transloca-
tors were not affected (Figure 4A).

We prepared mitochondria from the Tim10-depleted cells 
(Tim10↓) and tested their ability to import pb2(220)-Tom40. Because 
Tim10 is also involved in the transfer of inner membrane carrier pro-
teins from the TOM40 complex to the TIM22 complex in the inner 
membrane (Koehler et al., 1998; Sirrenberg et al., 1998), we con-
firmed that the import rate of ADP/ATP carrier, a substrate for the 
TIM22 pathway, but not pSu9-DHFR, a substrate for the TIM23 path-
way, was significantly lowered in Tim10↓ mitochondria as compared 
with wild-type (WT) mitochondria (Figure 4B). Whereas import of 
Tom40 into mitochondria was significantly impaired by depletion of 
Tim10 as judged by resistance to PK treatment, import of pb2(220)-
Tom40 into mitochondria was only moderately affected (Figure 4B).

Imported Tom40 and pb2(220)-Tom40 were then analyzed by BN-
PAGE after solubilization of mitochondria with digitonin. Reflecting 
the reduced amount of imported Tom40, hardly any Tom40 assem-
bly I intermediate was formed in Tim10↓ mitochondria (Figure 4C). 
pb2(220)-Tom40 imported into Tim10↓ mitochondria also formed a 
lower amount of the assembly I intermediate; however, it formed 
the assembly II intermediate partly, and the level of the final TOM40 
complex detected was comparable to that observed in WT mito-
chondria (Figure 4C). Therefore, in contrast to Tom40, pb2(220)-
Tom40 crossed the outer membrane efficiently but, in the absence 
of Tim10, formed the final TOM40 complex without efficiently ac-
cumulating the assembly I intermediate. This may indicate that the 
assembly I intermediate was destabilized or later assembly steps 
were somehow accelerated in the absence of Tim10.

Switching of the sorting pathways of pb2(80)Δ19-Tom40 
and pSu9-Tom40 between the matrix and outer membrane
Next we tested the effects of dissipation of ΔΨ, which is essential 
for presequence-containing precursor proteins to cross the inner 
membrane via the TIM23 channel, on the assembly of the Tom40 
part of pb2(220)-Tom40, pb2(220)Δ19-Tom40, and pSu9-Tom40 

FIGURE 4:  In vitro import of Tom40 and pb2(220)-Tom40 into 
Tim10-depleted mitochondria. (A) Mitochondria were isolated from 
yeast stains W303-1A (WT) and GAL-TIM10 (Tim10↓), which were 
grown at 23°C for 13 h in lactate (+1% glucose) medium, and proteins 
were analyzed by SDS–PAGE and immunoblotting with antibodies 
against indicated proteins. (B) 35S-labeled indicated proteins were 
incubated with WT and Tim10↓ mitochondria at 25°C for indicated 
times. The mitochondria were treated with PK, and proteins were 
analyzed by SDS–PAGE and radioimaging. The amounts of protease-
protected forms are quantified at the bottom. The amounts of 
35S-labeled proteins added to each reaction are set to 100%. Values 
are means ± SD calculated from three independent experiments. i, 
intermediate-size form; m, mature-size form; p, precursor form. 
(C) The WT and Tim10↓ mitochondria in B (−PK) were solubilized with 
1% digitonin and subjected to BN-PAGE analyses.
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(Figure 5A, middle and bottom). Instead, pb2(220)Δ19-Tom40 and 
pSu9-Tom40 entered the matrix-sorting pathway and were de-
graded in the matrix over time (Figure 5, A, top, and C, top and 
middle left, and Supplemental Figure S1A). In the absence of ΔΨ, 

membrane to become PK resistant and had their presequences 
processed by MPP and/or Imp1 (Figure 5A, top). However, only 
pb2(220)-Tom40, pb2(220)dc1-Tom40, and pb2(220)dc2-Tom40 
entered the Tom40 assembly pathway in the outer membrane 

FIGURE 5:  Roles of ΔΨ in import and assembly of the Tom40 fusion proteins. (A) Top, 35S-labeled indicated proteins 
were incubated with isolated yeast mitochondria in the presence (−ΔΨ) or absence (+ΔΨ) of valinomycin at 25°C for 
indicated times. The mitochondria were treated with or without PK, and proteins were analyzed by SDS–PAGE and 
radioimaging. Middle and bottom, the mitochondria in A (−PK) were solubilized with 1% digitonin and subjected to 
BN-PAGE analyses. m, mature-size form; p, precursor form. (B) Top, 35S-labeled proteins were imported into 
mitochondria in the presence (−ΔΨ) or absence (+ΔΨ) of valinomycin at 25°C for indicated times and analyzed as in A. 
(C) Mitochondria were isolated from W303-1A (WT) and GAL-TIM10 (Tim10↓) after cultivation in lactate (+1% glucose) 
medium for 13 h at 23°C. 35S-labeled pSu9-Tom40 was incubated with WT and Tim10↓ mitochondria in the presence 
(−ΔΨ) or absence (+ΔΨ) of valinomycin at 25°C for indicated times. The mitochondria were treated with or without PK, 
and proteins were analyzed by SDS–PAGE and radioimaging (top) and quantified (bottom). WT and Tim10↓ 
mitochondria incubated with 35S-labeled pSu9-Tom40 or pb2(220)dc1-Tom40 in the presence (−ΔΨ) or absence (+ΔΨ) of 
valinomycin at 25°C for indicated times were solubilized with 1% digitonin and subjected to BN-PAGE analyses 
(bottom).
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On the other hand, the presence of Tom40 decreased the de-
pendence of pSu9-Tom40 on the receptor functions of the TIM23 
complex in the absence of ΔΨ. The tim23-71 mutant with the L71S 
mutation in Tim23 exhibits defects in the import of both matrix-tar-
geted and IMS-targeted precursor proteins because of the defec-
tive presequence-receptor function of Tim23 (Tamura et al., 2009). 
Whereas the import of pb2(220)-Tom40, as well as that of pSu9-
DHFR, in the presence of ΔΨ was significantly retarded by the L71S 
mutation in Tim23 (Supplemental Figure S3A), the L71S mutation 
only mildly affected the import of pSu9-Tom40 into energized mito-
chondria (Supplemental Figure S3A, +ΔΨ) and its assembly into the 
final TOM40 complex in deenergized mitochondria (Supplemental 
Figure S3B, –ΔΨ). These results suggest that, although the receptor 
function of the TIM23 complex is required for the presequence-di-
rected translocation of the Tom40 fusion protein across the outer 
membrane, the presence of the Tom40 part tends to decrease de-
pendence on the TIM23 receptor.

Tom40 fusion proteins lacking a matrix-targeting signal can 
be correctly assembled into the TOM40 complex in vivo
We next wanted to verify whether the in vitro assembly pathway of 
Tom40 analyzed here is relevant to that occurring in vivo. We thus 
asked whether pb2(220)-Tom40, pb2(220)Δ19-Tom40, pb2(220)AA-
Tom40, pb2(220)dc1-Tom40, pb2(220)dc2-Tom40, and pSu9-Tom40 
could substitute for WT Tom40 in vivo. A haploid yeast strain whose 
chromosomal TOM40 disruption was complemented by a URA3 
plasmid carrying the WT TOM40 gene was transformed with TRP1 
plasmids containing the genes for either pb2(220)-Tom40 deriva-
tives or pSu9-Tom40. When cells lacking the URA3 plasmid were 
selected on a 5′-fluoroorotic acid (5′-FOA) plate, cells expressing 
pb2(220)-Tom40, pb2(220)AA-Tom40, pb2(220)dc1-Tom40, or 
pb2(220)dc2-Tom40, but not those expressing pb2(220)Δ19-Tom40 
or pSu9-Tom40, grew (Figure 6A). Cell extracts were prepared from 
the strains expressing pb2(220)-Tom40, pb2(220)AA-Tom40, pb2(220)
dc1-Tom40, or pb2(220)dc2-Tom40 instead of WT Tom40 and were 
subjected to immunoblotting with anti-Tom40 antibodies. pb2(220)-
Tom40 exhibited a lower molecular weight band than pb2(220)AA-
Tom40, suggesting that pb2(220)-Tom40 was correctly processed to 
form a mature-size form, whereas pb2(220)AA-Tom40 was only sub-
jected to first MPP processing of the presequence to form the inter-
mediate-size form (Figure 6B). pb2(220)dc1-Tom40 and pb2(220)
dc2-Tom40 exhibited two forms corresponding to the intermediate-
size and mature-size forms because their second presequence pro-
cessing is retarded (Figure 6B) These results show that processing of 
the presequences of the pb2(220)-Tom40 variants took place in the 
same manner in cells as for the processing of pb2(220)-Tom40 vari-
ants imported into isolated mitochondria in vitro and that they were 
functional in vivo.

Next we analyzed the assembly structure of pb2(220)-Tom40 and 
pb2(220)AA-Tom40 in vivo by BN-PAGE. Mitochondria containing 
pb2(220)-Tom40, pb2(220)AA-Tom40, pb2(220)dc1-Tom40, or 
pb2(220)dc2-Tom40 exhibited the final TOM40 complex, although 
in varying amounts (Figure 6C), suggesting that all the pb2(220)-
Tom40 variants were correctly assembled into the TOM40 complex. 
The decreased amount of pb2(220)dc2-Tom40 in the final TOM40 
complex (Figure 6C) is consistent with the retarded growth rate of 
the strain expressing pb2(220)dc2-Tom40 at 37°C (Figure 6A). Tak-
ing these results together, we conclude that pb2(220)-Tom40, 
pb2(220)AA-Tom40, pb2(220)dc1-Tom40, and pb2(220)dc2-Tom40, 
but not pb2(220)Δ19-Tom40 or pSu9-Tom40, can be assembled into 
the TOM40 complex and are functional in vivo. However this in turn 
means that pb2(220)AA-Tom40, which remained as the assembly 

pb2(220)-Tom40 or pb2(220)Δ19-Tom40 could not be imported 
into mitochondria (Figure 5A, top), meaning that they could not 
enter the Tom40 assembly pathway in the outer membrane (Figure 
5A, middle and bottom). By contrast, whereas the presequence 
was not cleaved off in the matrix, pSu9-Tom40 unexpectedly be-
came PK-resistant after incubation with deenergized mitochondria 
(Figure 5A, top). The Tom40 part of pSu9-Tom40 was assembled 
into the final TOM40 complex via the assembly I and assembly II 
intermediates (Figure 5A, middle), similar to WT Tom40. Because 
pSu9-Tom40, which was assembled into the outer membrane, was 
slightly smaller after treatment with PK (Figure 5A, top), we asked 
which terminus of the pSu9-Tom40 protein is exposed to the cyto-
sol. PK treatment of pSu9-Tom40 containing a 10-histidine (His10) 
or FLAG tag at the C-terminus gave rise to slightly smaller species 
that contained these tags (Supplemental Figure S2), suggesting 
that the N-terminus, but not the C-terminus, of pSu9-Tom40 is ex-
posed to the cytosol after assembly in the outer membrane.

We next investigated why the Tom40 part of pSu9-Tom40 can 
follow the Tom40 assembly pathway in deenergized mitochondria, 
whereas that of pb2(220)-Tom40 or pb2(220)Δ19-Tom40 cannot. In 
the absence of ΔΨ, the presequence of pb2(220)-Tom40 or 
pb2(220)Δ19-Tom40 is not cleared from the TOM40 complex for 
transfer to the TIM23 complex (Kanamori et  al., 1999). Thus the 
140-residue mature part of cytochrome b2 in front of Tom40 may 
well prevent access of the Tom40 part to the inlet of the TOM40 
channel because of the long distance between the presequence 
and the Tom40 part and/or the presence of the tightly folded HBD 
(residues 81–180) in between. To test the effects of the tightly folded 
HBD, we analyzed the import of pb2(220)dc1-Tom40 and pb2(220)
dc2-Tom40 with a destabilized HBD (Esaki et al., 1999). Both desta-
bilized fusion proteins were, like pb2(220)-Tom40 and pb2(220)Δ19-
Tom40, neither imported into deenergized mitochondria (Figure 
5A, top) nor sorted to the Tom40 assembly pathway (Figure 5A, bot-
tom). We also confirmed that, even if the cytochrome b2 part was 
shortened by 55 residues, resulting in disruption of the folded HBD, 
pb2(165)Δ19-Tom40 was still not imported into mitochondria even 
in the absence of ΔΨ (Figure 5B). However, when the cytochrome b2 
part became as short as the presequence, the resulting fusion pro-
tein, pb2(80)Δ19-Tom40, was imported into mitochondria in the ab-
sence of ΔΨ (Figure 5B). As observed for pb2(220)Δ19-Tom40 and 
pSu9-Tom40, both pb2(80)Δ19-Tom40 and pb2(165)Δ19-Tom40 
were imported into the matrix in the presence of ΔΨ (Supplemental 
Figure S1). Therefore long segments, not the tightly folded HBD 
domain, between the presequence and Tom40 in pb2(220)-Tom40 
and pb2(220)Δ19-Tom40 prevent the entry of the Tom40 part into 
the TOM40 complex in mitochondria lacking ΔΨ.

Because the Tom40 part of pSu9-Tom40 enters the Tom40 as-
sembly pathway without the assistance of ΔΨ, we asked whether 
assembly of this Tom40 domain requires small Tim proteins, which 
are necessary for assembly of WT Tom40. However, the translocation 
of pSu9-Tom40 across the inner membrane into deenergized mito-
chondria was not impaired by depletion of Tim10 (Figure 5C, top 
and middle right). Instead, pSu9-Tom40, which was imported in the 
absence of both ΔΨ and Tim10, formed the final TOM40 complex 
without accumulating the assembly I intermediate efficiently (Figure 
5C, bottom). In this respect, the formation of the final TOM40 com-
plex by pSu9-Tom40 resembled that of pb2(220)-Tom40 (Figure 4C). 
Therefore, although the pSu9 presequence cannot proceed beyond 
interactions with the trans site (i.e., IMS side) of the TOM40 complex 
and Tim50 of the TIM23 complex in the absence of ΔΨ (Tamura 
et al., 2009 ), the presence of the presequence abolishes the require-
ment for the small Tim proteins to cross the outer membrane.
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vesicles and not in the fraction with outer-
membrane vesicles (Figure 6D). We also 
used quantitative immuno–electron micros-
copy (EM) analyses to examine the distribu-
tion of Tom40 or its derivatives within mito-
chondria by immunogold labeling (Figure 
7). Gold particles were found in contact sites 
where the outer and inner membranes are in 
close proximity to each other, as well as in 
outer membranes in mitochondria express-
ing Tom40 or pb2(220)-Tom40 (Figure 7, top 
and middle). In contrast, when pb2(220)AA-
Tom40 was expressed, the majority of the 
gold particles were located at contact sites 
with pb2(220)AA-Tom40 rather than the 
outer mitochondrial membrane (Figure 7, 
bottom). Therefore, in contrast to Tom40 
and pb2(220)-Tom40, pb2(220)AA-Tom40 is 
mainly located at contact sites rather than at 
the outer membrane. This may be due to 
the tethering of pb2(220)AA-Tom40 to the 
outer and inner membranes via its Tom40 
domain and presequence, respectively. In 
other words, the Tom40 domain of pb2(220)
AA-Tom40 likely integrates into the final 
TOM40 complex with its presequence still 
being anchored to the inner membrane 
in vivo.

DISCUSSION
In the present study, we analyzed the effects 
of fusing different mitochondrial sorting sig-
nals to Tom40 to assess the mechanism re-
sponsible for the sorting and assembly of 
Tom40 in mitochondria. For this purpose, 
we analyzed the in vitro import of fusion 
proteins containing various mitochondrial 
presequences with sorting signals for the 
IMS, inner membrane, and matrix. The sug-
gested sorting and assembly pathways of 
Tom40 and its fusion proteins are summa-
rized in Figure 8. The results show that 1) the 
Tom40 assembly pathway is not indepen-
dent of or separate from the inner mem-
brane or IMS-sorting pathway, 2) both path-
ways may be active during import, which 
would allow the N-terminal presequences 
and C-terminal Tom40 domain to follow 
their inherent sorting pathways, and 3) the 
requirement of the components, for exam-

ple, the small Tim proteins, for one pathway can be circumvented by 
commitment to the other pathway.

pb2(220)-Tom40 with the WT cytochrome b2 presequence fol-
lowed the targeting pathway of cytochrome b2 for translocation from 
the N-terminus through the TOM40 channel and partial insertion 
into the TIM23 channel. After cleavage of the N-terminal part of the 
presequence by MPP in the matrix and translocation of the Tom40 
part across the outer membrane, the presequence and Tom40 part 
of pb2(220)-Tom40 followed their distinct sorting pathways indepen-
dently of each other. The C-terminal part of the presequence was 
laterally released from the TIM23 complex to the inner membrane 
and processed by Imp1, whereas the Tom40 part associated with the 

intermediate I even after 90 min of incubation in vitro, is assembled 
into the final TOM40 complex in vivo. This raises the question of 
whether the presequence of pb2(220)AA-Tom40 is still anchored to 
the inner membrane in vivo. We thus disrupted mitochondria with 
WT Tom40, pb2(220)-Tom40, and pb2(220)AA-Tom40 by sonication 
and subjected the resultant vesicles to density gradient centrifuga-
tion to separate fractions containing outer-membrane vesicles from 
those with contact-site and inner-membrane vesicles (Pon et  al., 
1989). Although Tom40 and pb2(220)-Tom40 were found in both the 
outer-membrane vesicle fraction and the contact-site plus inner-
membrane vesicle fraction, pb2(220)AA-Tom40 was exclusively 
found in the fraction containing contact-site and inner-membrane 

FIGURE 6:  pb2(220)-Tom40, pb2(220)AA-Tom40, pb2(220)dc1-Tom40, and pb2(220)dc2-Tom40 
can form functional TOM40 complexes in vivo. (A) A TRP1 low-copy plasmid harboring the gene 
for indicated proteins was introduced into a haploid strain whose chromosomal disruption of 
TOM40 was complemented with a URA3 plasmid with the TOM40 gene. Yeast cells dependent 
on the genes for pb2(220)-Tom40 derivatives or pSu9-Tom40 on the TRP1 plasmids were 
selected on 5′-FOA plates (SCD, −TRP) by drop dilution test with 10-fold increments at 30 and 
37°C. (B) Total lysates were prepared from the yeast stains whose chromosomal disruption of 
TOM40 was complemented with a TRP1 plasmid harboring the gene for Tom40, pb2(220)-
Tom40, pb2(220)AA-Tom40, pb2(220)dc1-Tom40, or pb2(220)dc2-Tom40. Proteins were analyzed 
by SDS–PAGE and immunoblotting with antibodies against indicated proteins. i, intermediate-
size form; m, mature-size form. (C) Mitochondria were prepared from the indicated yeast strains 
as in B, solubilized with 1% digitonin, and subjected to BN-PAGE. Proteins were detected by 
immunoblotting with antibodies against Tom40 (αTom40) and Tim23 (αTom23). 
(D) Submitochondrial membrane vesicles were prepared by sonication of mitochondria with 
Tom40, pb2(220)-Tom40, or pb2(220)AA-Tom40 (as in C). Outer membrane vesicles (OMVs) were 
separated from inner-membrane vesicles (IMVs) and contact-site vesicles (CSVs; tethered outer 
and inner membrane vesicles) by 0.85–1.6 M sucrose density gradient centrifugation. Proteins 
(with threefold increments) from mitochondria before sonication (Mitochondria), the fraction 
containing OMV, and that containing CSV + IMV were analyzed by SDS–PAGE and 
immunoblotting with antibodies against Tom40, Tom70, and Tim23.
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part still contained the HBD, which was tightly folded, as indicated 
by the efficient Imp1 processing of the presequence (Esaki et al., 
1999). Therefore the tightly folded HBD at the N-terminus of Tom40 
does not interfere with the correct assembly of Tom40 via the as-
sembly I and II intermediates.

On the other hand, although the presequence with the AA mu-
tation, which anchored the passenger protein to the inner mem-
brane permanently, allowed Tom40 to partly form the assembly I 
intermediate with the TOB complex, further release from the TOB 
complex was significantly inhibited in vitro but not in vivo. There-
fore the free N-terminus is essential for Tom40 to dissociate from, 
but not to associate with, the TOB complex efficiently at least in 
vitro. In contrast to pb2(220)AA-Tom40, the cytochrome b2 prese-
quence with the dc1 or dc2 mutation, which retarded Imp1 cleav-
age, allowed Tom40 to leave the TOB complex slowly to form the 
assembly II intermediate and subsequently the final TOM40 com-
plex in vitro. This observation again points to the importance of the 
cleavage of the C-terminal half of the presequence anchored to the 
inner membrane by Imp1 for the efficient release of Tom40 from 
the TOB complex in vitro. Because the presequence cleavage by 
Imp1 can take place slowly at the inner membrane, this indicates 
that Tom40 can associate with the TOB complex while still being 
anchored to the inner membrane by the presequence.

Next we found that the small Tim-dependent step of the assem-
bly of the Tom40 in the outer membrane can be substituted by IMS 
sorting guided by the cytochrome b2 presequence. Although small 
Tim proteins in the IMS were found to be involved in the early steps 
of the Tom40 assembly (Hoppins and Nargang, 2004; Wiedemann 
et al., 2004), their precise roles have remained elusive. Depletion of 
Tim10 did not significantly affect translocation of pb2(220)-Tom40 
across the outer membrane, whereas accumulation of the assembly 
I intermediate was, like that of Tom40, markedly reduced in the ab-
sence of Tim10. These results suggest that when the cytochrome b2 
presequence is present, small Tim proteins are no longer required 
for the translocation of Tom40 across the outer membrane. Small 
Tim proteins likely drive translocation of both Tom40 and inner 
membrane carrier proteins across the outer membrane by trapping 
the incoming unfolded polypeptide segment in the IMS, thereby 
preventing their retrotranslocation through the TOM40 channel. Be-
cause the cytochrome b2 presequence can pull in the passenger 
domain across the outer membrane by the anchor-diffusion mecha-
nism (Esaki et al., 1999), the cytochrome b2 presequence in pb2(220)-
Tom40 could drive the translocation of Tom40 across the outer 
membrane. On the other hand, the pb2(220) segment (in the pres-
ence of ΔΨ) cannot fulfill the role of small Tim proteins in stabilizing 
the association of Tom40 with the TOB complex. Small Tim proteins 
may function as chaperones to keep Tom40 soluble in the IMS, 
which is important for efficient and stable interactions with the TOB 
complex (Habib et al., 2007).

The matrix-targeting presequences of Δ19 cytochrome b2 and 
pSu9 presequences directed Tom40 predominantly to the matrix. 
When complete presequence translocation through the TIM23 
channel is blocked by dissipation of ΔΨ, the Tom40 assembly 
pathway is reactivated, that is, Tom40 can now cross the outer 
membrane independently of small Tim proteins and enter the as-
sembly pathway as long as the distance between the presequence 
and Tom40 part is not too large. This is supported by the observa-
tion that, in the absence of ΔΨ, the mature part adjacent to the 
presequence (in the case of pSu9-Tom40 and pb2(80)Δ19-Tom40 
but not of pb2(165)-Tom40 or pb2(220)Δ19-Tom40) can become 
unfolded and trapped by the Tom40 channel, and such associa-
tion with the TOM40 complex is sufficient for the Tom40 part to 

TOB complex to form the assembly I intermediate, subsequently 
shifted to the assembly II intermediate, and finally assembled into 
the TOM40 complex. Although the presequence of pb2(220)-Tom40 
was cleaved off by Imp1 in the IMS, the remaining cytochrome b2 

FIGURE 7:  pb2(220)AA-Tom40 is predominantly localized at 
mitochondrial contact sites. Distribution of Tom40 (top), pb2(220)-
Tom40 (middle), or pb2(220)AA-Tom40 (bottom) in the mitochondria 
by immuno-EM analysis using the anti-Tom40 antibody. Left, 
representative image. Right, quantification of the Tom40, pb2(220)-
Tom40, or pb2(220)AA-Tom40 distributed in the outer membrane, 
contact-site membrane, and inner membrane. C, contact-site 
membrane; I, inner membrane; O, outer membrane. Scale bars, 
200 nm. n, total number of gold particles analyzed.
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in vivo. The inability of pb2(220)Δ19-Tom40 
and pSu9-Tom40 to rescue the growth de-
fects caused by TOM40 disruption is consis-
tent with the in vitro observation that 
pb2(220)Δ19-Tom40 and pSu9-Tom40 failed 
to assemble into the TOM40 complex in the 
outer membrane. The ability of pb2(220)-
Tom40, pb2(220)dc1-Tom40, and pb2(220)
dc2-Tom40 to rescue the TOM40 disruption 
is also supported by the observation that 
they followed the normal assembly pathway 
of Tom40 in vitro and were successfully as-
sembled into the TOM40 complex. Unex-
pectedly, pb2(220)AA-Tom40, which formed 
only a small amount of the final TOM40 
complex in vitro, rescued the growth defects 
caused by the TOM40 disruption. This indi-
cates that the slow and inefficient assembly 
of newly synthesized pb2(220)AA-Tom40 
into the TOM40 complex may still be suffi-
cient to maintain the necessary amounts of 
the functional TOM40 complex that accu-
mulate at the contact sites of mitochondria 
in vivo. Alternatively, the present assembly 
process of Tom40 observed in vitro may be 
much more inefficient than that in vivo be-
cause it took longer than 1 h for Tom40 to 
become functional in vitro, which is long 
compared with the yeast doubling time of 
2–3 h. In addition, the in vitro assay system 
for Tom40 assembly may lack factor(s) that 
accelerate the assembly process. The identi-
fication of such factor(s) will be an important 
subject for future studies.

MATERIALS AND METHODS
Plasmids
The plasmids used in this study are de-
scribed in Supplemental Tables S1 and S2. 
In vitro translation of pb2(220)-Tom40 and 
its derivatives (Δ19, dc1, dc2, and AA) were 
done as follows. DNA fragments encoding 
the N-terminal 220 amino acid residues of 
the cytochrome b2 precursor and those with 
mutations of Δ19, dc1, dc2, or AA were am-
plified from pGEM-pb2(220)-DHFR and its 
derivatives (Esaki et  al., 1999) by PCR, di-
gested with EcoRI and SacI, and inserted 
into pGEM-4Z (Promega, Madison, WI), re-
sulting in pGEM-pb2(220) and its deriva-
tives, respectively. A DNA fragment encod-
ing the TOM40 gene, with the first Met 
codon replaced by the one for Ala, was am-
plified from pGEM-Tom40 (Ishikawa et  al., 
2004) by PCR, digested with SacI and SalI, 
and inserted into the pGEM-pb2(220) and 
its derivatives, resulting in pGEM-pb2(220)-
Tom40 and its derivatives, respectively.

The plasmids used for in vitro translation of pb2(80)Δ19-Tom40 
and pb2(165)Δ19-Tom40 were constructed as follows. DNA frag-
ments encoding the N-terminal 80 or 165 amino acid residues 
with Δ19 of the cytochrome b2 precursor were amplified from 

follow its import and subsequent assembly pathway in the outer 
membrane.

We also compared the effects of cytochrome b2–derived and 
other presequences on the assembly process of Tom40 in vitro and 

FIGURE 8:  Assembly pathways of Tom40 and Tom40 fusion proteins. Assembly pathways of 
Tom40 (top), pb2(220)-Tom40 (middle), pb2(220)Δ19-Tom40, pb2(165)Δ19-Tom40, or pb2(80)Δ19-
Tom40 in the presence of ΔΨ (bottom, +ΔΨ), and pb2(80)Δ19-Tom40 or pSu9-Tom40 in the 
absence of ΔΨ (bottom, −ΔΨ; presequence of pb2(80)Δ19-Tom40, not pSu9-Tom40 is shown) are 
schematically shown. The assembly II forms were omitted for simplicity. Green box and yellow 
box, the N-terminal part and C-terminal part of the cytochrome b2 presequence with a 
matrix-targeting signal and a IMS sorting signal, respectively; yellow box with a pink bar, 
inactivated sorting signal. IM, inner membrane; mtHsp70, mitochondrial Hsp70; OM, outer 
membrane.
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pGEM-pb2(220)Δ19-Tom40 by PCR, digested with EcoRI and SacI, 
and inserted into pGEM-4Z, resulting in pGEM-pb2(80)Δ19 or 
pGEM-pb2(165)Δ19, respectively. A DNA fragment encoding the 
TOM40 gene with the first Met codon replaced by the one for Ala 
was digested with SacI and SalI from pGEM-pb2(220)-Tom40 and 
inserted into pGEM-pb2(80)Δ19 or pGEM-pb2(165)Δ19, resulting in 
pb2(80)Δ19-Tom40 and pb2(165)Δ19-Tom40, respectively.

The plasmid used for in vitro translation of pSu9-Tom40 was 
constructed as follows. A DNA fragment (fragment F) encoding 
the N-terminal 69 amino acid residues of the precursor to subunit 
9 of F0-ATPase of Neurospora crassa flanked by its 5′-untranslated 
region (UTR; 30 base pairs) and the first 13 base pairs of the 
Saccharomyces cerevisiae TOM40 gene, with the first Met codon 
replaced by the one for Ala, was amplified from the plasmid 
pGEM-pSu9-DHFR by PCR. A DNA fragment (fragment R) encod-
ing the TOM40 gene, with the first Met codon replaced by the one 
for Ala, following the last 13 base pairs of the sequence encoding 
the 69 amino acid residues presequence of subunit 9 of F0-ATPase 
was amplified from pGEM-4Z-pb2(220)-DHFR by PCR. A DNA 
fragment encoding pSu9-Tom40 with the 5′-UTR (30 base pairs) 
of subunit 9 of F0-ATPase was amplified by PCR using fragments F 
and R as templates and BamHI-pSu9(-30)-F and Su9-Tom40-R as 
primers, digested with BamHI and SalI, and inserted into pGEM-
4Z, resulting in pGEM-pSu9-Tom40.

The plasmids used for in vitro translation of pSu9-Tom40His10 
and pSu9-Tom40FLAG were constructed as follows. DNA fragments 
encoding the C-terminal 23 amino acid residues of Tom40 with the 
His10 tag or FLAG tag were amplified from pGEM-Tom40 by PCR, 
digested with XbaI and SalI, and inserted into pGEM-pSu9-Tom40, 
resulting in pSu9-Tom40His10 or pSu9-Tom40FLAG, respectively.

Yeast strains and growth conditions
Yeast strains used in this study are described in Supplemental Table 
S3. Yeast haploid strains expressing pb2(220)-Tom40 and its deriva-
tives (Δ19, dc1, dc2, and AA) or pSu9-Tom40 under the CUP1 
promoter from a CEN6-TRP1 plasmid pTYSC124 (a gift from 
T. Yoshihisa, Nagoya University) instead of wild-type Tom40 on the 
chromosomal DNA were constructed as follows. DNA fragments en-
coding pb2(220)-Tom40 and its derivatives were amplified from the 
plasmid pGEM-pb2(220)-Tom40 or its derivatives by PCR using 
primers BglII-pb2 and Tom40-SacII (Supplemental Table S4), di-
gested with BglII and SacII, and inserted into pTYSC124, resulting in 
pTYSC124-pb2(220)-Tom40 and its derivatives. A DNA fragment en-
coding pSu9-Tom40 was amplified from the plasmid pGEM-pSu9-
Tom40 by PCR using primers BglII-pSu9 and Tom40-SacII; Supple-
mental Table S2), digested with BglII and SacII, and inserted into 
pTYSC124-pb2(220)-Tom40, resulting in pTYSC124-pSu9-Tom40. 
W303-isp42/A1 was transformed with pTYSC124-pb2(220)-Tom40, 
its derivatives, or pTYSC124-pSu9-Tom40, and the resulting Trp+ 
transformants were selected for Ura− colonies by 5′-FOA.

Yeast cells were grown in lactate medium (0.3% yeast extract, 
0.05% glucose, 2% lactic acid, pH 5.6), lactate (+1% glucose) me-
dium (0.3% yeast extract, 1% glucose, 2% lactic acid, pH 5.6), lactate 
(+1% galactose) medium (0.3% yeast extract, 1% galactose, 2% lactic 
acid, pH 5.6), SCD (0.67% yeast nitrogen base without amino acids, 
0.5% casamino acids, 2% glucose), YPD (1% yeast extract, 2% poly-
peptone, 2% glucose), or YPLac (1% yeast extract, 2% polypeptone, 
2% lactic acid) with appropriate supplements (Rose et al., 1990).

Electron microscopy analyses
Mitochondria were isolated from yeast cells after cultivation in SCD 
(–Trp) medium at 30°C, incubated in buffer S (1.2 M sorbitol, 20 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES]-KOH, 
pH 7.4) for 10 min at 4°C, and fixed by incubation in buffer S con-
taining 0.5% glutaraldehyde and 3% paraformaldehyde for 2 h at 
0°C. After several washes, samples were dehydrated in ethanol and 
embedded in LR White resin. Ultrathin 70-nm sections were cut 
with a diamond knife on an ultramicrotome (2088 Ultrotome V; 
LKB/Pharmacia Fine Chemicals, Uppsala, Sweden) and prepared 
for immunolabeling immediately afterward. The ultrathin sections 
were incubated with the anti-Tom40 monoclonal mouse antibody 
(T. Kanamori and S. Nishikawa, Nagoya University, unpublished 
data) for 12 h at 4°C. After washing, the ultrathin sections were incu-
bated for 1 h in 10-nm gold-conjugated goat anti-mouse immuno-
globulin G and fixed with glutaraldehyde to stabilize the gold par-
ticles. Samples were stained with 2% uranyl acetate and lead citrate 
and then examined in a JEM-1200EX electron microscope (JEOL, 
Tokyo, Japan).

For quantification, submitochondrial locations of at least 500 in-
dividual gold particles were analyzed. To determine the relative sur-
face areas of the outer membrane, the contact-site membrane, and 
the inner membrane, representative images showing sufficient 
structural preservation were chosen, and the membrane length was 
measured by using ImageJ (National Institutes of Health, Bethesda, 
MD). Gold particles within <10 nm of the membrane were assigned 
to membrane proteins. Assignments of the outer membrane, con-
tact-site membrane, and inner membrane were as described (Pon 
et al., 1989).

Miscellaneous
Import of radiolabeled precursor proteins translated in vitro into 
D273-10B mitochondria, BN-PAGE, and immunoblotting was per-
formed as described previously (Schägger, 2001; Yamamoto et al., 
2002; Ishikawa et al., 2004; Tamura et al., 2006).

Submitochondrial membrane vesicles were produced and frac-
tionated as described (Pon et al., 1989). Briefly, isolated mitochon-
dria (10–15 mg of protein) were suspended to 1 mg/ml in 10 mM 
Tris-PO4, pH 7.4, and 1 mM phenylmethylsulfonyl fluoride and incu-
bated for 30 min on ice for swelling. After addition of 0.45 M sucrose, 
2 mM MgCl2, and 2 mM ATP, the mitochondria were further incu-
bated for 10 min on ice and subsequently sonicated with an Astrason 
Ultrasonic Processor (Heat Systems-Ultrasonic, Misonix, Farmingdale, 
NY). The sonicated mixture was clarified by centrifugation at 30,000 × 
g for 20 min at 4°C, and submitochondrial membrane vesicles in the 
supernatant were collected by centrifugation at 200,000 × g for min 
at 4°C. The membrane vesicles were resuspended in 5 mM HEPES/
KOH, pH 7.4, 10 mM KCl, and 1 mM MgCl2, layered onto discon-
tinuous sucrose gradient (1.25 ml each of 1.6, 1.35, 1.1, and 0.85 M 
sucrose in 5 mM HEPES/KOH, pH 7.4, 10 mM KCl, and 1 mM MgCl2), 
and centrifuged at 135,000 × g for 15 h at 4°C.
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