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Oxa1 is a mitochondrial inner membrane protein with a pre-
dicted five-transmembrane segment (TM1�5) topology in
which theN terminus and a hydrophilic loop, L2, are exposed to
the intermembrane space and the C-terminal region and two
loops, L1 and L3, are exposed to the matrix. Oxa1 mediates the
insertion of mitochondrial DNA-encoded subunits of respira-
tory complexes and several nuclear DNA-encoded proteins into
the inner membrane from the matrix. Compared with yeast
Oxa1, little is known about the import and function of mamma-
lian Oxa1. Here, we investigated the topogenesis of Oxa1 in
HeLa cells using systematic deletion ormutation constructs and
found that (i) the N-terminal 64-residue segment formed a pre-
sequence, and its deletion directed the mature protein to the
endoplasmic reticulum, indicating that the presequence arrests
cotranslational activation of the potential endoplasmic reticu-
lum-targeting signal within mature Oxa1, (ii) systematic dele-
tion of Oxa1 TM segments revealed that the presence of all five
TMs is essential for efficientmembrane integration, (iii) the spe-
cies-conserved hexapeptide (GLPWWG) located near theN ter-
minus of TM1 was essential for export of the N-terminal seg-
ment and L2 into the intermembrane space from thematrix, i.e.
for correct topogenesis of Oxa1, and (iv) GLPWWGplaced near
the N terminus of TM2 or TM3 in the reporter construct also
supported its membrane integration in the Nout-Cin orienta-
tion. Together, these results demonstrated that topogenesis of
Oxa1 is a cooperative event of all five TMs, and GLPWWG fol-
lowed immediately by TM1 is essential for correct Oxa1
topogenesis.

Most mitochondrial proteins are nuclear DNA-coded, and
their import into mitochondrial compartments, that is, the
mitochondrial outer membrane (MOM),3 mitochondrial inner
membrane (MIM), intermembrane space (IMS), and matrix, is
mediated by five protein translocation systems: translocase of

the outer membrane (TOM complex), sorting and assembly
machinery of MOM (SAM/TOB), translocases of the inner
membrane (TIM23 complex and TIM22 complex), and a fifth
system in the MIM that mediates integration of proteins from
thematrix into theMIM (1, 2). The last system, which has been
analyzed in detail in yeast, requires a membrane potential
across the MIM and matrix ATP and mediates MIM integra-
tion of the mtDNA-encoded proteins as well as the integration
of certain nuclear DNA-encoded proteins considered to be of
bacterial origin, such as cytochrome c oxidase subunit II, F1Fo-
ATPase subunit 9, and Oxa1 (3–5). Translocation efficiency is
affected by the charge difference across the transmembrane
(TM) in accordance with the positive-inside rule (5). Further-
more, the matrix-exposed C-terminal segment of Oxa1 is
essential for binding mitochondrial ribosomes during cotrans-
lational integration of mtDNA-encoded proteins (6, 7). Recent
reports further demonstrated that the MIM protein Mba1, as a
ribosome receptor, cooperates with the C-terminal ribosome
binding segment of Oxa1 (8). The machinery and the underly-
ing mechanisms of MIM insertion from the matrix must be
further analyzed.
Oxa1 protein, originally identified in yeast, is a component of

the matrix-to-MIM export system conserved from prokaryote
to eukaryote and is involved inOxa1 biogenesis (9–14). YidC, a
bacterial homologue of Oxa1, is involved in the biogenesis of
innermembrane proteins in a Sec-dependent or Sec-independ-
entmanner (15, 16). In yeast, IMS export from thematrix of the
Oxa1 N-terminal segment emerging from the Tim23 channel
requires a membrane potential (4, 17), and the export is com-
promised in mitochondria isolated from a temperature-sensi-
tive Oxa1-expressing strain at a non-permissive temperature
(12). Herrmann and Bonnefoy (18) reported that Oxa1 protein
functions in the export of a single hydrophilic loop region that
was artificially produced by ligating the C-terminal region of
cytochrome b with cytochrome c oxidase subunit II and placed
between TM segments. Direct interaction of Oxa1 with an
immature subunit in complex V was observed during its bio-
genesis (19). So far, these studies have only been performed in
yeast, and no information is available on the mechanism of
topogenesis inmammalswith regard to howOxa1 is involved in
the export ofmultiple regions in a proteinmolecule. Our in vivo
study revealed that the correct topogenesis of Oxa1 in theMIM
proceeds as a result of the cooperation of all five TMs and that
the cooperation of TM1 and the species-conserved six-residue
segment (GLPWWG) in the N-terminal flanking region is
essential for export from the matrix of both the N-terminal
segment and hydrophilic L2 into the IMS.
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EXPERIMENTAL PROCEDURES

Materials—The following antibodies were obtained from the
indicated sources: rabbit polyclonal antibodies against hemag-
glutinin (HA) tag (Covance, Berkeley, CA), mouse anti-T7
monoclonal antibody (Novagen, Darmstadt, Germany), and
mouse monoclonal antibody against human Oxa1 (BD Bio-
sciences). Rabbit anti-Tim23 and anti-Tim44 polyclonal anti-
bodieswere obtained as described previously (20).Other chem-
icals were purchased from Wako Pure Chemicals (Osaka,
Japan).
Isolation of Rat Oxa1 Protein (rOxa1) cDNA—A cDNA of

rOxa1was isolated from a rat liver cDNA library using a reverse
transcriptase based-method (SuperScript, Invitrogen). Oligo-
nucleotides were designed according to a rat-expressed
sequence tag data base. PCR products amplified with
5�-AAGCTTGCCACCATGGGTTCAGTTTGCCGTCGC-3�
and 5�-TCTAGAGCCGAGTGTGTCCTGCCACGGCTT-3�
were digested with HindIII/XbaI. The fragments were ligated
into a HindIII/XbaI-digested mammalian expression vector,
pRcCMV (Invitrogen). The amino acid homology of rOxa1 to
other species was 35% (yeast), 65% (human), and 87% (mouse;
supplemental Fig. 1).
Modification of rOxa1 for Analyses of Mitochondrial Target-

ing Signal and N-terminal Export—All constructs with an HA
tag at the C-terminal portion were generated using PCR and
expressed in HeLa cells. To analyze the rOxa1 targeting signal,
we constructed the following deletion proteins: rOxa1�(1–44)
lacking amino acid residues 1–44, rOxa1�(1–64) lacking
amino acid residues 1–64, rOxa1�(18–44) lacking amino acid
residues 18–44, and rOxa1�(1–29) lacking amino acid resi-
dues 1–29. The T7 tag was introduced to the 70th amino acid
from the N terminus of rOxa1 (70T7) to examine the N-termi-
nal export to the IMS. The T7 tag was also inserted at amino
acid residue 238 (238T7) to study translocation of the loop
between TM2 and TM3 into the IMS.
Construction of rOxa1-dihydrofolate Reductase orGreen Flu-

orescent Protein Fusion Proteins—The following portions of
rOxa1 were used to generate the fusion proteins (designated in
parentheses): N-terminal residues 44 (N44), 100 (N100), 135
(N135), 144 (N144), 147 (N147), and 153 (N153) and trans-
membrane segment 1 (TM1), 1 and 2 (TM(1–2)), 1, 2, and 3
(TM(1–3)), 1, 2, 3, and 4 (TM(1–4)), and 1, 2, 3, 4, and 5
(TM(1–5)). TM1 of the fusion construct was replaced with
TM2 or TM3 to create fusion proteins TM2 and TM3, respec-
tively. Each segment was amplified by PCR and fused with the
folding incompetent (methotrexate-insensitive) dihydrofolate
reductase-HA (21) or green fluorescent protein.
Glycine Scanning—Amino acid residues in the conserved

“GLPWWG” region located in the N-terminal flanking region
of TM1 were substituted with glycine using PCR to obtain
D128G, L129G, L131G, P132G, W133G, W134G, A136G, and
W133G/W134G.
Analysis of Intracellular Localization of rOxa1Using Fluores-

cence Microscopy—Immunofluorescence microscopy was per-
formed to examine intracellular localization of rOxa1.Anti-cal-
nexin antibody (Stressgen Biotechnologies, British Columbia,
Canada) was used to identify the ER. Mitochondria were visu-

alized with MitoTracker Red (Invitrogen). rOxa1-HA,
rOxa1�(1–44), and rOxa1�(1–64) were detected by anti-HA
antibody followed by a secondary fluorescein-labeled or Texas
Red-labeled secondary antibody.
Cell Fractionation and Protease Protection Experiments—Af-

ter a 24-h incubation after transfection with FuGENE 6 (Roche
Diagnostics), HeLa cell suspensions were homogenized by
passing back and forth 15 times through a 27-gauge needle
attached to a 1-ml syringe in homogenization buffer (10 mM
Hepes-KOH buffer (pH 7.4) containing 1 mM EDTA, 0.25 M
sucrose, and protease inhibitor mixture, Complete (Roche
Diagnostics)). Mitochondria were isolated by differential cen-
trifugation. For protease protection experiments, mitochon-
dria (40 �g) were incubated in the presence or absence of digi-
tonin (final concentrations, 0.08, 0.1, or 0.12%) or 1% Triton
X-100 on ice for 10min followed by the treatment of 0.1 mg/ml
proteinase K on ice for 30 min. The reaction was stopped by
adding trichloroacetic acid. In the alkaline treatment experi-
ment, mitochondria were incubated in 0.1 MNa2CO3 on ice for
30min followed by ultracentrifugation to separate the superna-
tant and membrane fractions, which were subjected to SDS-
PAGE and subsequent immunoblotting. The filters were
incubated with horseradish peroxidase-labeled secondary
antibodies, and bands were detected with ECL reagent (Amer-
sham Biosciences).
Knockdown of Human Oxa1 in HeLa Cells—A double-

stranded short inhibitory RNA (siRNA) targeting human Oxa1
protein (5�-CAACGCAUGCGGAAUCAGU-3�) was trans-
fected into HeLa cells using Lipofectamine 2000 (Invitrogen).
The protein expression was monitored 24 or 48 h after the
transfection. For evaluation of the N-terminal export in the
Oxa1 knockdown cells, N153 or 238T7 was transfected with
FuGENE 6 24 h after siRNA (100 nM) introduction. The N-ter-
minal export and the translocation of loop region L2 were
examined 15 h after transfection.

RESULTS

Submitochondrial Localization of rOxa1—Immunofluores-
cence microscopy showed that C-terminal HA-tagged rOxa1
(rOxa1-HA) expressed in HeLa cells colocalized with Mito-
Tracker Red (supplemental Fig. 2). Comparison of SDS-PAGE
mobility of in vivo and in vitro expressed forms revealed that
rOxa1-HA is synthesized as a preprotein with a size �6.8 kDa
higher than that of the mature form (Fig. 1B). The construct in
which the N-terminal 64-residue segment of rOxa1-HA was
deleted, rOxa1�(1–64), had the same mobility as HeLa cell-
expressed rOxa1-HA on SDS-PAGE, suggesting that the proc-
essing point was likely located between amino acid residues 64
and 65 (Fig. 1C, lanes 1 and 2).
The matrix-targeting signal-truncated versions rOxa1-HA,

rOxa1�(1–44), and rOxa1�(1–64) failed in mitochondrial
localization and showed an ER distribution, indicating that
TMs present in the mature domain act as ER-targeting and
insertion signals (supplemental Fig. 2) whose function was sup-
pressed by the N-terminal presequence, as is the case for
ABCme, a half ABC transporter of MIM (22). To examine sub-
mitochondrial localization, the mitochondria were isolated
from HeLa cells and treated with proteinase K in low concen-
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trations of digitonin. The 41-kDa rOxa1-HA band was shifted
to 33 kDa in the presence of 0.08–0.10% digitonin (Fig. 1D,
lanes 1–3). Under this condition, Tim23, which is embedded in
the MIM through four hydrophobic TMs, extruding a bulk

N-terminal segment to the IMS,was
degraded by the protease (Fig. 1D,
lanes 2 and 3), indicating that the
MOM was permeabilized. A matrix
marker, Tim44, on the other hand,
was protected from protease treat-
ment under these conditions, indi-
cating that the MOM was specifi-
cally permeabilized by 0.08- 0.1%
digitonin, whereas the MIM
remained intact (Fig. 1D, lanes 2 and
3). The 33-kDa band was com-
pletely digested by proteinase K
under 1% Triton X-100 (lane 5).
These results indicated that mature
rOxa1-HA was embedded in the
MIM extruding the N-terminal seg-
ment to the IMS. The endogenously
expressed human Oxa1 (Oxa1Hs)
produced a similar protease protec-
tion pattern (Fig. 1D). Because
mitochondria-imported rOxa1-HA
was resistant to alkaline extraction,
it was firmly inserted into the MIM
(supplemental Fig. 3A, lanes 7 and
8). To analyze membrane orienta-
tion of the N-terminal segment of
mature Oxa1, a T7 tag was intro-
duced in the N terminus near TM1
of rOxa1-HA (70T7; Fig. 1A). Pro-
teinase K treatment of mitochon-
dria harboring 70T7 produced an
HA-positive, but T7-negative,
33-kDa band under low digitonin
concentrations (Fig. 1E, lanes 3–5).
Together, these findings indicate
that the N-terminal portion (71 res-
idues) of mammalian Oxa1 was
exposed to the mitochondrial IMS,
whereas the C-terminal segment
localized in the matrix. Hereafter,
the proteinase K-resistant band
produced by proteinase K after per-
meabilization of the MOM was
monitored as a measure of MIM
integration of Oxa1 constructs in
the correct orientation.
Mitochondrial Targeting Signal of

rOxa1—Fluorescence microscopy
of fusion proteins comprising vari-
ous lengths of the N-terminal por-
tion of rOxa1 and green fluorescent
protein revealed that the N-termi-
nal 45 amino acids functioned as a

mitochondrial targeting signal in rOxa1 (data not shown). To
analyze the signal inmore detail, the N-terminal 45-amino acid
residue segment was partially deleted to generate rOxa1�(18–
44) and rOxa1�(1–29) (supplemental Fig. 3). Both constructs

FIGURE 1. Mitochondria-targeting signal of rOxa1. A, schematic diagram of rOxa1. rOxa1�(1– 44) and
rOxa1�(1– 64) lack amino acid residues 1– 44 and 1– 64, respectively; 70T7 has a T7 tag inserted between amino
acid residues 69 and 70; rOxa1�(18 – 44) and rOxa1�(1–29) lack amino acid residues 18 – 44 and 1–29, respec-
tively. All constructs have HA tags. B, comparison of mobility in the electrophoresis between rOxa1-HA
expressed in HeLa cells (lane 1) and its in vitro translation product using rabbit reticulocyte lysate (lane 2). rOxa1
was analyzed with Western blotting using anti-HA antibody. C, estimation of the processing site of rOxa1 expressed
in HeLa cells by electrophoresis mobility analysis. rOxa1-HA (lane 1; mitochondrial fraction), rOxa1�(1–64) (lane 2;
post-mitochondrial supernatant), and rOxa1�(1–44) (lane 3; post-mitochondrial supernatant) were expressed in
HeLa cells followed by Western blotting. D, effect of digitonin concentration on the permeability of mitochondrial
outer and inner membranes. Mitochondria from HeLa cells expressing rOxa1-HA were treated with proteinase K
(Prot. K) (0.1 mg/ml) in the presence of the indicated concentrations of digitonin or 1% Triton X-100 (Tx). The resulting
samples were analyzed by SDS-PAGE and subsequent Western blotting. E, protease protection analysis of mito-
chondria from HeLa cells expressing 70T7. Submitochondrial localization was examined after the protease treat-
ments, as described in D. In a different experiment the mitochondria (Mt) were treated by 0.1 M Na2CO3, centrifuged
to separate the supernatant (S) and membrane (P) fractions, and subsequently analyzed by SDS-PAGE and Western
blotting. PMS, postmitochondrial supernatant.
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expressed in HeLa cells were imported into mitochondria with
lower efficiency compared with intact rOxa1, and a significant
amount of the unprocessed form was detected in the post-mi-
tochondrial supernatant andmitochondrial fractions, although
rOxa1�(18–44) underwent efficient matrix targeting signal
(MTS) processing bymitochondrial processing peptidase com-
pared with rOxa1�(1–29) (supplemental Fig. 3A). Both con-
structs produced a mature protein band of 41 kDa, as did wild-
type rOxa1-HA, indicating that the processing occurred at the
same site as in the Oxa1 precursor, irrespective of the length of
the MTS. The precursors of both constructs were sensitive to
the externally added proteinase K (supplemental Fig. 3A, lanes
10, 11, 18, and 19), and a significant fraction was resistant to
alkali extraction (lanes 15, 16, 23, and 24), indicating that trans-
location of both constructs was partially halted, thereby expos-
ing the bulk portion to the cytoplasmic side. Moreover,
rOxa1�(1–29) exhibited lower export efficiency of the N-ter-
minal segment of the mature protein compared with
rOxa1�(18–44) (supplemental Fig. 3B). Of note, rOxa1�(1–
44) recovered in the mitochondrial fraction was completely
degraded by externally added proteinase K (supplemental Fig.
3A, lanes 26 and 27). These findings indicated that the mito-
chondrial-targeting signal of rOxa1 was within the N-terminal

45-residue region that was composed of two potentially active
segments, both of which were necessary for efficient import
into the mitochondria. Notably, these results also indicate that
the processing efficiency of the signal limits the export of the
N-terminal portion of mature Oxa1.
All Five TMs Are Required for Efficient Integration of rOxa1

into the MIM—To analyze the regions responsible for rOxa1
topogenesis, various lengths of the N-terminal rOxa1 regions
were fused to a reporter protein dihydrofolate reductase-HA,
expressed in HeLa cells, and their intra-mitochondrial localiza-
tion was analyzed by proteinase K digestion (Fig. 2A). These
experiments revealed that the MTS in N100, N135, and N144
was efficiently processed and the mature proteins were trans-
located into the matrix (Fig. 2B). In the case of proteins con-
taining the regions downstream from TM1 to TM4, approxi-
mately half of the fraction of each construct successfully
integrated into the MIM in the correct topology, exposing the
N-terminal region into the IMS and the C-terminal region in
the matrix, whereas the other fraction was completely translo-
cated from theMIM into thematrix (Fig. 2,B andC). In striking
contrast, efficient N-terminal export and membrane integra-
tion were observed for the fusion protein containing all five
TMs (Fig. 2, B–D). Furthermore, the extent of membrane

FIGURE 2. Examination of submitochondrial localization of rOxa1-dihydrofolate reductase fusion proteins. A, schematic diagram of the fusion proteins.
DHFR, dihydrofolate reductase. B, protease protection analysis of the fusion proteins. Mitochondria were treated with proteinase K (Prot. K) in the presence of
digitonin (0.1%) followed by SDS-PAGE and Western blotting using anti-HA antibody. C, densitometric analyses of the N-terminal export in the fusion proteins.
Export efficiencies are expressed as a percentage of the proteinase K-shifted band of the total bands (sum of shifted and unshifted bands). D, densitometric
analyses of alkaline-resistant fraction in the mitochondria imported total proteins.
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integration as assessed by alkali extraction was significantly
lower for the constructs carrying incomplete sets of TMs
compared with the constructs with a full set of the TMs (Fig.
2D). Taken together, these results indicated that all five TMs
were required for the complete translocation of the N termi-
nus into the IMS and the membrane integration of the
remainder of the segment.
A Hexapeptide Sequence Near the N Terminus of TM1 Is

Important for the N-terminal Export of rOxa1—The hexapep-
tide GLPWWG localized near the N terminus of TM1 is highly
conserved in various species (supplemental Fig. 1). We, there-
fore, examined the involvement of this region for the N-termi-
nal export. Constructs with deletions of this region,
TM1�(130–135) and rOxa1�(130–135) (Fig. 3A), were effi-
ciently imported into the matrix but failed to export the N-ter-
minal segment into the IMS (Fig. 3B, lanes 2, 3, 8, and 9); thus,
transported constructs seemed to be weakly associated to the
inner membrane because they were partially susceptible to
alkali extraction (lanes 5, 6, 11, and 12). The TM1-deleted
rOxa1 also had severe export deficiency that was similar to the
hexapeptide-deleted constructs (Fig. 3B, lanes 2, 3, 8, 9, 14, and
15), whereas deletion of the other TMs resulted in milder inhi-

bition of the export (Fig. 2,B–D). Together, these results clearly
indicated that the hexapeptide and the region near TM1 are
both essential for the IMS export of the N-terminal region and
correct membrane integration of rOxa1. Considering that in
rOxa1�(TM1) the hexapeptide is localized away fromTM2, the
hexapeptide seems to function only when located in the vicinity
of TMs (see below).
Glycine scanning was performed to determine the amino

acid residues in the hexapeptide that are responsible for
N-terminal export (Fig. 3A). Glycine substitution at Leu-
131, Trp-133, and Trp-134 impaired the N-terminal export
activity (Fig. 3C, lanes 13–15 and 19–24, and D), and substi-
tution of both Trp-133—Trp-134 with glycine (W133G,
W134G) drastically inhibited N-terminal export (Fig. 3, C,
lanes 4–6, and D). The W133G-W134G construct was also
extracted with alkaline to the same extent as observed in the
hexapeptide-deleted constructs TM1�(130–135) and
rOxa1�(130–135) (data not shown). Glycine substitution of
the amino acid residue in TM1 did not affect the N-terminal
export activity (Fig. 3C, lanes 25–27, and D). These results
indicated that LXWW in the hexapeptide sequence is critical
for the export activity.

FIGURE 3. Glycine-scanning experiments in the conserved GLPWWG region. A, schematic diagram of the constructs with a deletion or with glycine
substitution(s) in the conserved GLPWWG region of rOxa1. DHFR, dihydrofolate reductase. B, protease protection analysis of submitochondrial localization of
TM1�(130 –135), rOxa1�(130 –135), and rOxa1�(TM1) expressed in HeLa cells. The mitochondria were treated with the protease in the presence of 0.1%
digitonin or 1% Triton X-100 (Tx) as described in Fig. 1E. Prot. K, proteinase K. C, the N-terminal export of glycine-substituted mutants was examined after
protease treatment in the presence of digitonin (0.1%), as described in Fig. 2B. S, supernatant; P, membrane fraction. D, densitometric analyses of the N-terminal
export in the glycine-scanning experiments. N-terminal export (%) � exported form/sum of exported and unexported forms.

Membrane Topogenesis of Rat Oxa1 Protein

MAY 29, 2009 • VOLUME 284 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 14823

http://www.jbc.org/cgi/content/full/M809520200/DC1


The Hexapeptide Functions as a General N-terminal Export
Signal in the N-terminal Vicinity of an Appropriate TM—To
examine whether the hexapeptide sequence affects topogenic
function of TMs other than TM1 in Oxa1, N-terminal export
was investigated for constructs in which the TM1 segment
(mean hydrophobicity, 2.2) in the reporter (see Fig. 2A) was
replaced with TM2 or TM3 (mean hydrophobicity 2.1 and 1.9,

respectively; Fig. 4A). In the original
context, TM2 and TM3 assume a
Nin-Cout andNout-Cin topology in
the inner membrane, respectively.
When TM1 was replaced with TM2
or TM3, N-terminal export was
essentially supported (Fig. 4B, lanes
7–9 and 13–15). In contrast, when
the hexapeptide was deleted from
the constructs, the export activity
was compromised (lanes 10–12 and
16–18), thereby suggesting that the
species-conserved hexapeptide,
when appended to the N terminus
near an appropriate TM, cooperates
with the TM to function as the
N-terminal export signal irrespec-
tive of the TMauthentic orientation
in the original context.
Export of Both the N-terminal

and L2 Regions Depends on the
Hexapeptide Sequence—The IMS
loops L2 and L4 of rOxa1 were not
cleaved by proteinase K under the
MOM-permeabilized conditions,
because only the fragment corre-
sponding to the size of the N-termi-
nal segment-trimmed rOxa1 was
detected (see Fig. 1D). To examine
the translocation of the loop region
along with the N-terminal export,
the T7 tag was introduced into the
middle of L2 (238T7; Fig. 5A).Mito-
chondria harboring 238T7 pro-
duced a major 25-kDa band when
treated with proteinase K under the
MOM-permeabilized condition;
the size of the band corresponded to
the fragment containing the seg-
ment downstream from TM3,
clearly indicating that the loop
region was exposed to the IMS (Fig.
5B, lanes 2 and 3). The hexapeptide
mutant, 238T7(W133G,W134G),
however, did not produce the
25-kDa band, indicating that muta-
tion also compromised the translo-
cation of the loop region (Fig. 5B,
lanes 8 and 9). These findings indi-
cated that translocation of the loop
region occurred concurrently with

the N-terminal export, a mode that supports the deduced
mechanism in which all five TMs are integrated as a block cou-
pled with IMS export of the N-terminal segment (see Fig. 2).
Exogenously Expressed rOxa1 Precursor Is Integrated into the

MIM by Endogenous Oxa1—The involvement of mammalian
Oxa1 in its insertion into the MIM was analyzed using Oxa1
knockdown HeLa cells. Under optimal conditions, the level of

FIGURE 4. Effect of the hexapeptide sequence on the N-terminal export of TM2 and TM3. A, schematic
diagram of the TM2 and TM3 constructs. B, protease protection analysis to detect the submitochondrial local-
ization. Mitochondria were treated with proteinase K with or without 0.1% digitonin and analyzed as in Fig. 2B.
DHFR, dihydrofolate reductase; Prot. K, proteinase K.

FIGURE 5. Intermembrane segment export of the short loop between TM2 and TM3 using T7-tag inser-
tion constructs. A, schematic diagram of 238T7 and 238T7(W133G,W134G). B, submitochondrial localization
was examined by protease treatment in the presence of 0.1% digitonin or 1% Trion X-100 (Tx) as described in
Fig. 1E. Prot. K, proteinase K; IM, inner membrane; S, supernatant; P, membrane fraction.
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endogenous Oxa1 (Oxa1Hs) decreased to �20% 48 h after
siRNA transfection (Fig. 6A and supplemental Fig. 4A). Immu-
nofluorescencemicroscopy confirmed the knockdown of Oxa1
in HeLa cells (supplemental Fig. 4B). Fluorescence-activated
cell sorter analysis of mitochondria that were stained with
MitoTracker Red showed that the mitochondrial membrane
potential was not altered by the knockdown (data not shown).
In yeast, membrane insertion of cytochrome c oxidase subunit

II shows remarkable Oxa1 depend-
ence (13). Inmammalian cells, how-
ever, the steady state level of cyto-
chrome c oxidase subunit II was
not affected by Oxa1 knockdown
(Fig. 6A, lanes 1 and 4), and cyto-
chrome c oxidase subunit II
remained resistant to alkaline
extraction (Fig. 6A, lanes 7–10),
indicating that mitochondrial res-
piratory function was not compro-
mised by Oxa1 knockdown.
We then analyzed the involve-

ment of Oxa1 in the biogenesis of
exogenously expressed rat Oxa1
constructs. N153 or 238T7 was
exogenously expressed in the Oxa1-
depleted HeLa cells. The IMS
export of the N-terminal segment
of N153 as well as co-export of the
N-terminal segment and L2 of
238T7 was clearly compromised
by Oxa1 knockdown (Fig. 6, B and
C). These results suggested that
Oxa1 mediated the N-terminal
export and translocation of the
loop region of the exogenously
expressed rOxa1.

DISCUSSION

Membrane topogenesis of mam-
malian Oxa1 was investigated in
HeLa cells. The N-terminal 45-
amino acid residue segment consti-
tuted a cleavable mitochondrial
matrix-targeting signal. Deletion of
the matrix-targeting signal resulted
in the remainder of the segment
being transported to the ER. TMs in
mature Oxa1 have relatively high
hydrophobicity (the mean hydro-
phobicity of TM1–5 is 2.2, 2.1, 1.9,
1.4, and 1.1, respectively; see Ref. 23
for a comparison with those of ER
membrane proteins) that poten-
tially function as the ER signal-an-
chor sequence; they are recognized
cotranslationally by the signal rec-
ognition particle and are targeted to
the ER membrane as is the case for

ABCme (22). The N-terminal MTS of Oxa1 precursor, thus,
functions as the sequence that prevents ER translocation, prob-
ably by preventing cotranslational recognition of the TMs by
the signal recognition particle.
To determine IMS export of the N-terminal segment and of

matureOxa1, the target precursor constructswere expressed in
HeLa cells, and the isolated mitochondria were analyzed to
determine the proteinase K susceptibility of the IMS-exported

FIGURE 6. Effect of Oxa1Hs knockdown on the N-terminal export and translocation of the hydrophilic
loop between TM2 and TM3 of rOxa1. A, protease protection analysis of the submitochondrial localization of
Tim23 and cytochrome c oxidase subunit II (CoxII) after Oxa1Hs knockdown. Mitochondria isolated from HeLa
cells transfected with (�Si) or without (no RNA) 100 nM siRNA were treated with the protease in the presence of
0.1% digitonin, as described in Fig. 1E. Prot. K, proteinase K. B, protease protection analysis of N153 and 238T7
transfected into the Oxa1Hs-knockdown (�Si) HeLa cells. The proteins in the isolated mitochondria were
examined with protease treatment in the presence of 0.1% digitonin, as described in the legend for Fig. 2B.
a and c, non-exported bands; b, d, and e, exported bands. C, effect of endogenous Oxa1 siRNA on the export of
the N-terminal segment and the loop between TM2 and TM3. Export is shown as a percentage of the value of
the exported band (b in N153/N153�Si, d and e in 238T7/238T7�Si) to the total densitometric value (a � b in
N153/N153�Si, c � d � e in 238T7/238T7�Si).
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domains after MOM permeabilization; this enabled efficient
and quantitative analyses compared with the in vitro import
approach. The pre-rOxa1-dihydrofolate reductase constructs
with a serial deletion of the TM segments revealed that the
MTS and all five TMs were required for complete N-terminal
export and correct MIM integration.
Interestingly, IMS export of the N-terminal segment and L2

was strongly compromised by removal or mutation of the spe-
cies-conserved hexapeptide sequenceGLPWWGthat is local-
ized near the N terminus of TM1; within this hexapeptide, the
LXWW sequence was critical for the activity. Most conspicu-
ously, mutation of the two tryptophan residues completely
abolished IMS export of the N-terminal segment from the
matrix. Furthermore, removal of TM1 also strongly compro-
mised the export of the N-terminal segment, thus indicating
that the hexapeptide sequence functions in conjunction with
TM1 as the IMS export signal across the MIM. It should be
noted in this context that the hexapeptide sequence-deleted
mutant and TM1-deleted mutant both accumulated in the
matrix in a proteinase K-resistant state. These results indicate
that hydrophobic TMs remaining in theOxa1molecule did not
arrest import across the MIM into the matrix and suggest that
the MIM assembly of rOxa1 would proceed through the inter-
membrane space once accumulated within the matrix. More-
over, the hexapeptide sequence also functioned as theN-termi-
nal export signal in concert with the adjacently positionedTM2
or TM3 excised from Oxa1, indicating that the hexapeptide
sequence followed by a TM functions as a general MIM inser-
tion signal from the matrix of MIM proteins in the Nout-Cin
orientation. To our knowledge, there are no precedents for
such a topogenic signal for MIM proteins.
We also found that the loop (L2) between TM2 and TM3 is

translocated across the MIM into the IMS concomitant with
the export of the N-terminal segment of mature Oxa1, and
most importantly, the translocation of the loop also depended
on the conserved hexapeptide sequence. These results in con-
junction with the data demonstrating the importance of all of
the TMs (TM1-TM5) in efficient MIM integration of Oxa1 in
the correct topology suggest that the mature Oxa1 imported
into the matrix is inserted at once and not sequentially into the
MIM, and this insertion seems to be primed by the hexapeptide
sequence present just upstream of TM1, although this mode
does not rule out a pairwise and synergistic insertion of TM2-
TM3andTM4-TM5 from thematrix as proposed in yeastOxa1
(4). Although we did not demonstrate the membrane orienta-
tion of the short loop betweenTM4andTM5,we consider from
these lines of circumstantial evidence that it is also translocated
into the IMS across the MIM depending on the hexapeptide
sequence.
It is not known why rOxa1 mutants devoid of several TMs

are inefficiently integrated into the MIM despite the fact that
they are all completely imported into thematrix. Beck et al. (24)
demonstrated that a bacterial Oxa1 homologue, YidC, is
involved in the insertion of a polytopic innermembrane protein
by binding concurrently to the multiple transmembrane seg-
ments during its biogenesis. Also, YidC functions in the folding
of a membrane protein during its insertion (25). It is conceiva-
ble, therefore, that deletion of TMs resulted in an overall con-

formational change in the rOxa1 mutants, which might be
trapped in the endogenous Oxa1 machinery through surface-
exposed TMs, leading to inhibition of N-terminal segment
export. rOxa1with a complete set of TMsmight be required for
correct folding and rapid release from the Oxa1 machinery.
What is the function of the LXWWmotif in the export of the

N-terminal segment? It is possible that LXWWis required both
for maintaining the integration-competent conformation of
matureOxa1 once localized in thematrix and for the priming of
MIM integration of the whole Oxa1 molecule. In this context,
Lemaire et al. (26) demonstrated in yeast the importance of the
two tryptophans (128–129) corresponding to those present in
the yeast hexapeptide sequence for the function of Oxa1; the
missense mutations (WW to AA) led to a severe thermo-sensi-
tive phenotype and specific defects of cytochrome c oxidase
formation at high temperature caused by an impaired MIM
insertion of cytochrome c oxidase subunit II. They identified a
methyltransferase-like MIM protein, Oms1p, as a multicopy
suppressor of the mutation. The components that recognize
the hexapeptide sequence remain to be identified, although a
data base search of the mammalian genome failed to identify
a mammalian homologue of Oms1p, and biogenesis of cyto-
chrome c oxidase subunit II does not depend on Oxa1 in
mammals.
Knockdown of mammalian Oxa1 by siRNA resulted in

defective export of the N-terminal segment and L2 of exog-
enously expressed Oxa1, suggesting that MIM integration of
Oxa1 is mediated by Oxa1 itself and that mutations in the
hexapeptide sequence might affect Oxa1 function through
defective membrane topogenesis. The cellular function of
mammalian Oxa1, however, remains to be analyzed, because
cytochrome c oxidase subunit II (Cox2) biosynthesis, the mem-
brane potential across the MIM, and mitochondrial morphology
were neither affected by knockdown of mammalian Oxa1,
although Oxa1 deficiency in yeast leads to defects in the biosyn-
thesis of all of the respiratory complexes.
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