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Mitochondrial synthesis of cardiolipin (CL) and phospha-
tidylethanolamine requires the transport of their precursors,
phosphatidic acid and phosphatidylserine, respectively, to the
mitochondrial inner membrane. In yeast, the Ups1–Mdm35 and
Ups2–Mdm35 complexes transfer phosphatidic acid and phos-
phatidylserine, respectively, between the mitochondrial outer
and inner membranes. Moreover, a Ups1-independent CL accu-
mulation pathway requires several mitochondrial proteins with
unknown functions including Mdm31. Here, we identified a
mitochondrial porin, Por1, as a protein that interacts with both
Mdm31 and Mdm35 in budding yeast (Saccharomyces cerevi-
siae). Depletion of the porins Por1 and Por2 destabilized Ups1
and Ups2, decreased CL levels by �90%, and caused loss of Ups2-
dependent phosphatidylethanolamine synthesis, but did not
affect Ups2-independent phosphatidylethanolamine synthesis in
mitochondria. Por1 mutations that affected its interactions with
Mdm31 and Mdm35, but not respiratory growth, also decreased
CL levels. Using HeLa cells, we show that mammalian porins
also function in mitochondrial CL metabolism. We conclude
that yeast porins have specific and critical functions in mito-
chondrial phospholipid metabolism and that porin-mediated
regulation of CL metabolism appears to be evolutionarily
conserved.

Eukaryotic cells are compartmentalized into various mem-
brane-bounded structures, so-called organelles. Each organelle
exhibits a specific lipid composition which is essential for the
function and morphology of the organelle. Phospholipids,
the fundamental structural elements of biological membranes,
are mainly synthesized in the endoplasmic reticulum (ER)3 and

mitochondria, and then are distributed throughout the cells
(1, 2).

Mitochondria are bounded by two distinct membranes, the
mitochondrial inner (MIM) and outer (MOM) membranes.
The MIM is the site of synthesis of a phospholipid, cardiolipin
(CL), and a part of cellular phosphatidylethanolamine (PE)
(3–7). In animals and yeasts, CL is synthesized from phospha-
tidic acid (PA) through four enzymatic reactions and PE is pro-
duced through decarboxylation of phosphatidylserine (PS) by
Psd1 in the MIM (5, 8). Because mitochondria have no capacity
to synthesize PS and PA de novo, and PS and the majority of PA
are synthesized in the ER, these phospholipids should be trans-
ported from the ER to the MIM via the MOM for mitochondrial
PE and CL synthesis. In the budding yeast, Saccharomyces
cerevisiae, phospholipid transport between the ER and the
MOM is thought to occur at the membrane contact sites
formed by membrane-tethering complexes such as the ER-mi-
tochondria encounter structure (ERMES) complex and the ER
membrane protein complex (EMC) (9, 10).

Intermembrane space (IMS) protein complexes Ups1–
Mdm35 and Ups2–Mdm35 are able to mediate phospholipid
transport between the MOM and the MIM (11–14). Ups1–
Mdm35 transports PA for CL synthesis, whereas Ups2–
Mdm35 transports PS for PE synthesis. Mdm35, a cofactor of
both Ups1 and Ups2, is required for their efficient import into
the IMS and stability (15, 16). Deletion of UPS1 leads to a
remarkable (�80%) decrease in the cellular CL level (17, 18),
indicating that Ups1–Mdm35 is involved in the major PA
transport pathway in the IMS. Ups2–Mdm35 functions specif-
ically in respiration-active mitochondria. When yeasts are
growing logarithmically in fermentable carbon sources such as
glucose, depletion of Ups2–Mdm35 has little effect on intrami-
tochondrial PS transport and PE synthesis. However, after
yeasts have consumed all the glucose and undergo a diauxic
shift, namely, the metabolic transition from glycolytic fermen-
tation to respiration, Ups2–Mdm35–mediated PS transport
becomes responsible for 40 –50% of PE synthesis in mitochon-
dria (14). In addition, the mitochondrial contact site (MICOS)
complex forming the intramitochondrial membrane contact
sites (19) has been reported to be involved in PE synthesis from
PS (13).

Deletion of UPS2 restores CL synthesis in ups1� cells (17,
18). Thus, a Ups1-independent CL synthetic pathway has been
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suggested. Recently, we found that three inner membrane pro-
teins, Fmp30, Mdm31, and Mdm32, are required for the Ups1-
independent CL accumulation pathway under low mitochon-
drial PE conditions such as Ups2- or Psd1-deficient conditions.
Fmp30 exhibits homology to mammalian N-acylphospha-
tidylethanolamine (NAPE)-specific phospholipase D that cata-
lyzes the conversion of NAPE to PA and N-acylethanolamine,
exposing its putative catalytic domain to the IMS. Mdm31 and
Mdm32 exhibit homology with each other. Furthermore, over-
expression of Mdm31 partially restores cell growth and CL syn-
thesis in ups1� cells (20), consistent with the finding that
Mdm31 functions in the Ups1-independent CL accumulation
pathway. However, the precise mechanism by which these pro-
teins function in CL accumulation under low mitochondrial PE
conditions remains unknown.

In this study, we identified the mitochondrial outer mem-
brane porin protein Por1 (YVDAC1) as a protein interacting
with Mdm31. Por1 is a well-characterized channel-forming
protein and has a paralog, Por2 (21–23). We show that the yeast
porin proteins Por1 and Por2 have specific functions in mito-
chondrial phospholipid metabolism and that mammalian porin
proteins have similar functions to those of yeast ones.

Results

Mdm31 interacts with Por1

Mdm31 and Mdm32 each have an N-terminal matrix-target-
ing presequence, and two transmembrane domains, one at
the C terminus and one near the N terminus of the mature
protein (24). Both transmembrane domains of both Mdm31
and Mdm32 span the MIM, exposing the middle regions of the
proteins between the two transmembrane domains to the IMS
(20, 24). To identify the interacting proteins for Mdm31 and
Mdm32, we constructed multi-copy plasmids, pRS424-FLAG-
MDM31 and pRS424-FLAG-MDM32, encoding, respectively,
Mdm31 and Mdm32 with a FLAG tag immediately after their
presequences (FLAG-Mdm31 and FLAG-Mdm32).

Mitochondria from WT yeast cells carrying pRS424, pRS424-
FLAG-MDM31, or pRS424-FLAG-MDM32 were solubilized
with a mild detergent, digitonin, and then subjected to immu-
noprecipitation with anti-FLAG agarose beads. The immuno-
precipitates were then analyzed by SDS-PAGE and silver stain-
ing. For the FLAG-Mdm31 immunoprecipitation fraction, only
a few bands were specifically detected and a �28-kDa protein
was identified as the major band, whereas for the FLAG-
Mdm32 immunoprecipitation fraction, numerous bands were
detected (Fig. 1A). Through in-gel digestion and MS, the �28-
kDa protein that was co-precipitated with Mdm31 was identi-
fied as Por1. The results of MS were confirmed by immunoblot-
ting with anti-Por1 antibodies (Fig. 1B). Interestingly, the
immunoblotting showed that Por1 was co-immunoprecipi-
tated with FLAG-Mdm31 but not FLAG-Mdm32 (Fig. 1B), sug-
gesting specific binding of Por1 and Mdm31. The co-immuno-
precipitation of Por1 with FLAG-Mdm31 was surprising,
because Por1 is an MOM-resident protein, whereas Mdm31 is
an MIM-resident one. Therefore, there was a possibility that
these proteins residing in spatially distinct compartments asso-
ciated with each other after solubilization of mitochondria with

digitonin. To assess this possibility, we treated intact mitochon-
dria with a cross-linker, 3,3�-dithiobis(succinimidyl propio-
nate) (DSP), followed by immunoprecipitation under denatur-
ing conditions. Por1 was not co-immunoprecipitated with
FLAG-Mdm31 without DSP treatment, whereas Por1 was
clearly co-immunoprecipitated with FLAG-Mdm31 with DSP
treatment (Fig. 1C), suggesting that Por1 intrinsically as-
sociates with Mdm31 in intact mitochondria.

Depletion of porin proteins affects CL synthesis

Next, we investigated the functions of porin proteins of yeast
in CL metabolism. Yeast mitochondria harbor two porin pro-
teins, Por1 and Por2 (23). por1� por2� double deletion mutant
cells are viable, but their growth rate is very low. To minimize
indirect effects and to facilitate cell manipulation, we estab-
lished por1� tetO7-POR2 cells (designated as tet-POR cells),
which lacked POR1 and carried a doxycycline-repressible POR2
gene (25). As shown in Fig. S1, during 18-h cultivation in the
presence of 10 �g/ml doxycycline, tet-POR cells were able to
grow well, although they exhibited a slightly lower growth rate
than that of WT cells. As a reference, the growth rate of ups1�
cells was also examined. tet-POR cells grew even faster than
ups1� cells under these culture conditions (Fig. S1).

We examined the cellular phospholipid composition in log-
arithmically growing WT and tet-POR cells. WT and tet-POR
cells (initial A600, 0.015) were labeled with [32P]Pi for 12 h in
YPD in the absence or presence of 10 �g/ml doxycycline. In the
absence of doxycycline, the CL level in tet-POR cells was about
60% of that in WT cells (Fig. 2, A and B, lanes 1 and 2). In the
presence of doxycycline, the CL level in tet-POR cells was fur-
ther reduced to �10% as compared with that in WT cells (Fig. 2,
A and B, lane 3). In contrast, depletion of porin proteins had
little effect on the PE level (Fig. 2, A and B). To further evaluate
the impact of depletion of porin proteins on mitochondrial CL
and PE synthesis, we took advantage of 4m (psd2� dpl1� cho2�
opi3�) cells (14). In 4m cells, PE synthesis through the endo-
somal Psd2 and Dpl1-dependent CDP-ethanolamine pathways,
and PE conversion to PC are blocked. Therefore, in synthetic
medium supplemented with choline, 4m cells produce PE vir-
tually only through Psd1 and the synthesized PE is not metab-
olized to PC. Logarithmically growing 4m and doxycycline-
treated 4m tet-POR cells were labeled with [32P]Pi for 20 to 60
min in synthetic dextrose (SD) medium supplemented with 3
mM choline (SD � choline). The biosynthetic rates for all
major phospholipids such as PC and PE in doxycycline-
treated 4m tet-POR cells were lower than those for the cor-
responding phospholipids in 4m cells, probably because of a
partial defect in cell growth; however, the biosynthetic rate
of PE relative to that of PC in doxycycline-treated 4m tet-
POR cells was almost identical with that in 4m cells (Fig. 2, C
and D). In contrast, the biosynthetic rate of CL relative to
that of PC in doxycycline-treated 4m tet-POR cells was
�5-fold lower than that in 4m cells (Fig. 2, C and D). These
results suggested that the porin proteins Por1 and Por2 play
a crucial role specifically in mitochondrial synthesis of CL,
but not of PE, under these conditions.
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Porin proteins are involved in both the Ups1-dependent and
Ups1-independent CL accumulation pathways

CL synthesis in WT cells largely depends on Ups1 (17, 18),
and as shown in Fig. 2, A and B, depletion of porin proteins led
to a striking (�90%) decrease in the CL level as compared with
that in WT cells. These observations suggested that porin pro-
teins were involved in Ups1-dependent CL synthesis. However,
as shown in Fig. 1, Por1 was found to interact with Mdm31,
which, as well as Mdm32 and Fmp30, is required for the Ups1-
independent CL accumulation that is enhanced under low
mitochondrial PE conditions such as those in ups2�, psd1�,
and cho1� cells (26). Therefore, we examined the effect of
depletion of porin proteins on the Ups1-independent CL accu-

mulation, namely, the CL level in ups1� ups2� cells. Deletion of
UPS1 reduced the CL level to �20% of that in WT cells, and the CL
level was largely restored on concomitant deletion of UPS2 in
ups1� cells (Fig. 3, A and B, lanes 1–3), thus being consistent with
previous reports (17, 18, 26). Depletion of porin proteins in the
ups1� ups2� background as well as the UPS1 UPS2 background
greatly reduced the CL level (Fig. 3, A and B, lanes 6 and 7). These
results suggested that porin proteins are involved in both the Ups1-
dependent and Ups1-independent CL accumulation pathways.

Porin proteins are required for the stability of Ups1 and Ups2

To determine whether or not depletion of porin proteins
affects the molecular behavior of Ups1, the protein level of
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Figure 1. The outer membrane protein Por1 interacts with the inner membrane protein Mdm31. A, immunoprecipitation and MS reveal that Por1
interacts with Mdm31. Mitochondria (10 mg) from WT yeast cells carrying pRS424 (Empty), pRS424-FLAG-MDM31 (FLAG-MDM31), or pRS424-FLAG-MDM32
(FLAG-MDM32 ) were solubilized with 1% digitonin and then subjected to immunoprecipitation with anti-FLAG agarose. The immunoprecipitates were eluted
with FLAG peptide, and analyzed by SDS-PAGE and silver staining. B, immunoprecipitation and immunoblotting show that Por1 interacts with Mdm31 but not
Mdm32. Mitochondria (1 mg) from WT yeast cells carrying pRS424 (Empty), pRS424-FLAG-MDM31 (FLAG-MDM31), or pRS424-FLAG-MDM32 (FLAG-MDM32) were
solubilized with 1% digitonin and then subjected to immunoprecipitation with anti-FLAG agarose. The immunoprecipitates were eluted with 2% SDS, and
analyzed by immunoblotting with anti-FLAG and anti-Por1 antibodies. The top panels show immunoblots with anti-Por1 antibody. The bottom panels show
immunoblots with anti-FLAG antibody. Blots on the left side show a lysate control omitting immunoprecipitation. C, cross-linking and immunoprecipitation
show that Por1 interacts with Mdm31 in intact mitochondria. Mitochondria (0.5 mg) from yeast cells carrying pRS424 (Empty) or pRS424-FLAG-MDM31
(FLAG-MDM31) were mock-treated (�) or cross-linked with 1 mM DSP (�), followed by solubilization and denaturation in buffer containing 1% SDS at 70 °C. The
lysates were diluted with buffer containing 1% Triton X-100 and subjected to immunoprecipitation with anti-FLAG agarose. The immunoprecipitates were
eluted with 2% SDS, reduced with 10% 2-mercaptoethanol, and then analyzed by immunoblotting as in B. Arrows 1 and 2 indicate FLAG-Mdm31 and
FLAG-Mdm32, respectively. Arrow 3 indicates Por1 co-immunoprecipitated with FLAG-Mdm31. Arrows 4 indicate the IgG that leaked from the anti-FLAG
agarose and migrated similarly to FLAG-Mdm31.
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Ups1 in porin protein– depleted cells was analyzed by C-termi-
nal tagging of the chromosomal UPS1 gene with the 3xMYC
epitope, followed by immunoblotting. The cellular level of Ups1
tagged with 3xMYC (Ups1–3xMYC) severely decreased in tet-
POR (por1� tetO7-POR2) cells even in the absence of doxycy-
cline as compared with that in WT cells (Fig. 4A). In the pres-
ence of doxycycline, the Ups1–3xMYC level further decreased
(Fig. 4A). Interestingly, we found that the cellular level of Ups2–

3xMYC, examined as a control, decreased similarly to that of
Ups1 in tet-POR cells (Fig. 4B). The reduction of the Ups1 and
Ups2 levels seemed not to be because of the reduction in the
CL level in tet-POR cells, because Ups1–3xMYC and Ups2–
3xMYC did not decrease on deletion of CRD1, which encodes
CL synthase (3, 4, 7) (Fig. 4, A and B). Inversely, Ups1–3xMYC
increased in crd1� cells (Fig. 4A), implying feedback regulation
of Ups1 expression in response to the CL level. These findings
suggested that porin proteins are required for the maintenance
of normal levels of Ups1 and Ups2.

It has been reported that a cofactor of Ups proteins, Mdm35,
is required for efficient import to the IMS, and the stability of
Ups1 and Ups2, which lack the conventional IMS-targeting sig-
nals (15, 16). The reductions of the Ups1 and Ups2 levels
in porin protein– depleted cells were very similar to those
observed in mdm35� cells (15, 16). Thus, we examined the
cellular Mdm35 level by C-terminal tagging of the chromo-
somal MDM35 gene with the 3xMYC epitope. The Mdm35–
3xMYC level in tet-POR cells was also decreased as compared
with that in WT cells (Fig. 4C). However, the reduction of the
Mdm35–3xMYC level was moderate as compared with those
of the Ups1–3MYC and Ups2–3xMYC levels. Furthermore,
unlike Ups1–3xMYC and Ups2–3xMYC, the Mdm35–3xMYC
level in tet-POR cells was not further decreased by doxycycline
treatment (Fig. 4C). Thus, the strong reductions of the Ups1–
3xMYC and Ups2–3xMYC levels in tet-POR cells treated with
and without doxycycline does not seem to be merely because of
the reduction of the Mdm35 level. Rather, the function of
Mdm35 in stabilization of Ups1 and Ups2 seemed to be abro-
gated by depletion of porin proteins. Next, we investigated the
physical interaction between Mdm35 and Por1. Mitochondria
obtained from WT and mdm35� cells were treated with a
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ity were then subjected to TLC, and analyzed with an imaging analyzer. B, the
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panels correspond to the lane numbers in A. Values are mean � S.D. (n � 3). C
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chemical cross-linker, solubilized, and then subjected to immu-
noprecipitation with anti-Mdm35 antibodies. Por1 proteins in
WT mitochondria, but not in mdm35� ones, were co-immu-
noprecipitated with anti-Mdm35 antibodies (Fig. 4D), demon-
strating that Por1 specifically interacts with Mdm35. Taken
together, these findings suggested that the interaction of porin
proteins with Mdm35 is involved in the stabilization of Ups1
and Ups2.

Depletion of porin proteins affects Ups2-dependent PE
synthesis in the post-diauxic phase

As shown in Fig. 4, depletion of porin proteins led to
decreases in the protein levels of Ups1 and Ups2, raising the
possibility that depletion of porin proteins affects Ups2-depen-
dent PE synthesis, as well as CL synthesis. The PS transport by
Ups2–Mdm35 for PE synthesis occurs specifically in respira-

tion-active mitochondria such as those of yeasts in the post-
diauxic phase, in which the yeasts consume all the glucose and
shift their energy metabolism from glycolysis to oxidative phos-
phorylation (14). Upon cultivation in glucose medium, deple-
tion of porin proteins did not affect PE synthesis of yeast cells in
the log phase (Fig. 2); however, under these conditions the yeast
cells only utilized glycolysis for energy production, i.e. not res-
piration, and therefore synthesized PE largely in a Ups2-inde-
pendent manner. To precisely investigate the mitochondrial PE
synthesis in porin protein– depleted cells, we again utilize 4m
cells. Prior to analysis of phospholipid compositions, we inves-
tigated glucose consumption in 4m and 4m tet-POR cells in the
absence or presence of doxycycline. As shown in Fig. S2, 4m and
4m tet-POR cells in the absence and presence of doxycycline
consumed all the glucose in the medium after �18-h cultiva-
tion. Accordingly, we analyzed the phospholipid compositions
in 4m and porin protein– depleted 4m cells after 8-h cultivation
(cells in the log phase) or 20-h cultivation (cells in the post-
diauxic phase) in YPD medium. When cells were in the log
phase, the PE level in doxycycline-treated 4m tet-POR cells was
similar to those in 4m and doxycycline-untreated 4m tet-POR
cells, whereas the CL level in doxycycline-treated 4m tet-POR
cells was remarkably lower than those in 4m and doxycycline-
untreated 4m tet-POR cells (Fig. 5, A and B, lanes 1–3), consis-
tent with the data in Fig. 2. In contrast, when cells were in the
post-diauxic phase, the PE level in doxycycline-treated 4m tet-
POR cells was �50% of those in 4m and doxycycline-untreated
4m tet-POR cells (Fig. 5, A and B, lanes 4 – 6). The reduction of
the PE level in porin protein– depleted cells in the post-diauxic
phase was very similar to that observed in ups2� cells (14).
Next, we analyzed the phospholipid compositions of 4m and
4m tet-POR cells carrying the WT or null allele of the UPS2
gene in the presence and absence of doxycycline in SD � cho-
line medium. After 20-h cultivation, the PE level in doxycy-
cline-treated 4m tet-POR cells was greatly decreased as com-
pared with those in 4m and doxycycline-untreated 4m tet-POR
cells (Fig. 5, C and D, lanes 1–3), but similar to that in 4m ups2�
cells (Fig. 5, C and D, lanes 3 and 4). In addition, doxycycline
treatment of 4m ups2� tet-POR cells did not greatly decrease
the PE level as compared with those in 4m ups2� and doxycy-
cline-untreated 4m ups2� tet-POR cells (Fig. 5, C and D, lanes
4 – 6). These results suggested that depletion of porin proteins
affects PE metabolism specifically through abrogation of Ups2–
Mdm35-mediated PS transfer in the post-diauxic phase.

The Por1 mutations, which decrease the interaction of Por1
with Mdm31 and Mdm35, affect CL synthesis

Porin proteins have a �-barrel fold, and most regions of them
are embedded in the MOM. However, porin proteins contains
nine short loop regions exposed to the IMS (27) (designated as
L1 to L9, Fig. S3), which could interact with Mdm31 and
Mdm35. To determine whether the loop regions are involved in
the interactions with Mdm31 and Mdm35, the two or three
amino acid residues in each IMS loop region of Por1, which are
identical or similar to the corresponding amino acids in yeast
Por2 or mouse VDAC1, were substituted with alanine (Fig. S3)
(referred to as mut L1 to mut L9). Because L4 does not contain
the amino acids conserved in yeast Por1, yeast Por2, and mouse
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cultivation, cells were harvested, and analyzed by immunoblotting with anti-
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panel). The levels of Ups1–3xMYC (A), Ups2–3xMYC (B), and Mdm35–3xMYC
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VDAC1, we excluded L4 from the analysis. Upon expression of
the Por1 loop mutants in the por1� background by means of
endogenous POR1 promoter, the protein levels of the mutants
varied according to the mutation. The level of mut L1 was
slightly lower than that of WT Por1; mut L7, mut L8, and mut
L9 exhibited severely decreased levels as compared with WT

Por1; and the levels of mut L2, mut L3, mut L5, and mut L6 were
similar to that of WT Por1 (Fig. 6A). Although por1� cells
exhibit a growth defect in a nonfermentable ethanol/glycerol
medium, as shown previously (28), expression of WT Por1 and
all of the Por1 loop mutants facilitated the growth of por1� cells
in the ethanol/glycerol medium (Fig. 6B), suggesting that these
loop mutants still retained the fundamental functions of porin
proteins, such as channel activity in the MOM. Next, we ana-
lyzed the interactions of Mdm31 or Mdm35 with five stable
Por1 mutants (L1, L2, L3, L5, and L6), which exhibited protein
levels comparable with that in WT Por1, by co-immunoprecipi-
tation with FLAG-Mdm31 or -Mdm35. We evaluated binding
affinities of Por1 variants to Mdm31 or Mdm35 through co-
immunoprecipitation (co-IP) rates, namely, the ratio of protein
level of Por1 variants in the immunoprecipitation fractions to
that in the lysates. The co-IP rates of mut L1 with FLAG-
Mdm31 and -Mdm35, respectively, were about 50 and 35% of
those of WT Por1 with FLAG-Mdm31 and -Mdm35 (Fig. 6,
C–E, left panel). In addition, the co-IP rate of mut L5 with
Mdm35 was about 30% of that of WT Por1 with Mdm35 (Fig. 6,
D and E, left panel), whereas the co-IP rate of mut L5 with
FLAG-Mdm31 was comparable with that of WT Por1 with
FLAG-Mdm31 (Fig. 6, C and E, left panel). Unexpectedly, it was
found that the co-IP rate of mut L6 with FLAG-Mdm31 and
-Mdm35, respectively, were 5- and 8-fold of those of WT Por1
with FLAG-Mdm31 and Mdm35 (Fig. 6, C–E, right panel).
From these results, we concluded that the L1 region is impor-
tant for the interaction of Por1 with both Mdm31 and Mdm35,
and that the L5 region is involved in the interaction of Por1 with
Mdm35, but not with Mdm31. These conclusions were also
obtained when the binding affinities were evaluated through
the amounts of Por1 variants co-precipitated with FLAG-
Mdm31 or -Mdm35 relative to those of FLAG-Mdm31 or
-Mdm35 in immunoprecipitation fractions (Fig. S4).

Finally, the CL levels in tet-POR cells expressing the five sta-
ble Por1 mutants and an unstable Por1 mutant, mut L8, in the
presence of doxycycline were analyzed. The CL levels in the
cells expressing mut L1 and mut L5, respectively, were signifi-
cantly decreased by �50 and �20% as compared with those in
cells expressing WT Por1, whereas the CL levels in the cells
expressing mut L2, mut L3, mut L6, and mut L8 were not sig-
nificantly affected (Fig. 6, F and G). The decrease in the CL level
in the cells expressing mut L1 is not likely because of the
decreased protein stability of mut L1, because mut L8, which is
more unstable than mut L1, can increase the CL level in doxy-
cycline-treated tet-POR cells to the same extent as WT Por1.
These results suggested a correlation between the abilities of
Por1 variants to interact with Mdm31/Mdm35 and to comple-
ment the defect in CL biosynthesis of porin protein– depleted
cells. This supported the notion that interactions of porin pro-
teins with Mdm31 and Mdm35 are essential for maintenance of
a normal CL level. Importantly, mut L1 and mut L5 were fully
capable of supporting the respiratory growth of por1� cells (Fig.
6B), suggesting that the decreases in the CL level observed in
the cells expressing mut L1 and mut L5 were not indirect effects
of perturbation of general mitochondrial integrity or cellular
energy metabolism in porin protein– deficient cells. Taken
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Figure 5. Depletion of porin proteins affects Ups2–Mdm35– dependent
PE accumulation in the post-diauxic phase. A and B, depletion of porin
proteins decreases PE level in cells in the post-diauxic phase but not in the log
phase. 4m (psd2� dpl1� cho2� opi3�) (lanes 1 and 4) and 4m por1� tetO7-
POR2 (4m tet-POR) (lanes 2, 3, 5, and 6) cells were cultured to saturation in YPD
in the absence of doxycycline. The cells were diluted to A600 of 0.05 in YPD in
the absence (lanes 1, 2, 4, and 5) or presence of 10 �g/ml doxycycline (� Dox)
(lanes 3 and 6), and further cultured in the presence of [32P]Pi for 8 h (log
phase) (lanes 1–3) or 20 h (post-diauxic phase) (lanes 4 – 6). Total cellular phos-
pholipids were extracted and analyzed as in Fig. 2A. B, the percentages of CL
and PE relative to the total major phospholipids (PL). The numbers at the
bottom of the panel correspond to the lane numbers in A. Values are mean �
S.D. (n � 3). C and D, depletion of porin proteins decreases PE level in cells
with WT UPS2 gene but not in ups2-null cells. 4m (lane 1), 4m tet-POR (lanes 2
and 3), 4m ups2� (lane 4), and 4m ups2� tet-POR (lanes 5 and 6) were cultured
to saturation in synthetic dextrose medium supplemented with 3 mM choline
(SD � choline) in the absence of doxycycline. The cells were diluted to A600 of
0.05 in SD � choline in the absence (lanes 1, 2, 4, and 5) or presence of 10
�g/ml doxycycline (� Dox) (lanes 3 and 6), and further cultured in the pres-
ence of [32P]Pi for 20 h. Total cellular phospholipids were extracted and ana-
lyzed as in Fig. 2A. D, the percentages of CL and PE relative to the total major
phospholipids (PL). The numbers at the bottom of the panel correspond to
the lane numbers in A. Values are mean � S.D. (n � 3).
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together, these findings suggested that porin proteins have
novel functions in mitochondrial phospholipid synthesis.

Function of porin proteins in CL metabolism is evolutionally
conserved

Porin proteins are highly conserved throughout eukaryotes
and bacteria. Three porin proteins, VDAC1, VDAC2, and
VDAC3, exist in mammals (29). We next investigated whether
or not the function of porin proteins in mitochondrial phos-
pholipid homeostasis observed in yeast is common among
eukaryotes. VDAC1 from mouse (MmVDAC1) was introduced
into tet-POR cells and then the phospholipid composition was
analyzed. Introduction of MmVDAC1 restored the CL level in
tet-POR cells in the presence of doxycycline (Fig. 7, A and B),
demonstrating that mammalian VDAC1 can functionally sub-
stitute for yeast porin proteins with regard to CL metabolism.
Next, we analyzed the phospholipid composition in HeLa cells
upon knockdown of VDAC1 and VDAC2 (Fig. 7, C–E). Unlike
in yeast, phosphatidylglycerol (PG), an intermediate of the CL
synthetic pathway, was discernible in HeLa cells (Fig. 7D). Con-
comitant knockdown of VDAC1 and VDAC2 significantly
reduced the CL and PG levels (Fig. 7, D and E), but not the levels
of the other phospholipids (Fig. S5). These findings suggested
that the function of porin proteins in maintenance of the CL
level has been evolutionally conserved.

Discussion

In the present study, we identified a yeast porin protein, Por1
as a protein interacting with the MIM protein Mdm31 (Fig. 1)
that is required for Ups1-independent and low mitochondrial
PE-enhanced accumulation of CL (26). In addition, we found
that Por1 also interacts with the IMS protein Mdm35 (Fig. 4D)
that forms protein complexes with Ups1 and Ups2, which func-
tion as PA and PS transfer proteins, respectively. Depletion of
porin proteins Por1 and Por2 by doxycycline-treatment of
por1� tetO7-POR2 (tet-POR) cells led to destabilization of Ups1
and Ups2 (Fig. 4, A and B), defects in Ups1-dependent and
Ups1-independent CL accumulation (Figs. 2 and 3), and loss of
Ups2-dependent PE synthesis (Fig. 5), such as PE synthesis
enhanced in yeast cells at the post-diauxic phase. However,
depletion of the porin proteins did not affect Ups2-indepen-
dent mitochondrial PE synthesis such as mitochondrial PE syn-
thesis in 4m cells at the logarithmic growth phase (Fig. 2, C and
D). Moreover, Por1 mutations (mut L1 and mut L5) that weak-
ened the interactions of Por1 with Mdm31 and Mdm35 (Fig. 6,
C–E) were shown to reduce Por1 activity to complement the CL
biosynthetic defect of porin protein– depleted cells (Fig. 6, F
and G), even though the mutations did not affect the Por1 func-
tion required for cell growth in a nonfermentable ethanol/glyc-
erol medium (Fig. 6B). These results demonstrated that the
yeast porin proteins Por1 and Por2 have specific functions in
mitochondrial phospholipid metabolism.
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Figure 6. Identification of the IMS-loop regions of Por1 required for
interaction with Mdm31 and Mdm35. A, expression levels of WT Por1 and
Por1 loop mutants. por1� cells carrying pRS416 (Empty), pRS416-POR1 (WT),
or pRS416 encoding Por1 loop mutants, as indicated (initial A600, 0.05), were
grown in SD-URA for 16 h. Total protein extracts from the cells were subjected
to immunoblotting with anti-Por1 (top panel) and anti-Pgk1 (bottom panel)
antibodies. Por1 mut L5 migrates slower than WT Por1 and the other Por1
loop mutants because of the amino acid substitutions. B, Por1 loop mutants
can rescue the growth defect of por1� cells in nonfermentable carbon
sources. por1� cells carrying pRS416 (Empty), pRS416-POR1 (WT), or pRS416
encoding Por1 loop mutants, as indicated, were serially diluted and spotted
onto synthetic dextrose (fermentable carbon source) medium lacking uracil
(SD-URA) or synthetic ethanol/glycerol (nonfermentable carbon sources)
medium lacking uracil (SEG-URA) plates and incubated for 2 days (SD-URA) or
3 days (SEG-URA). C and E, mutation to the loop 1 of Por1 (Mut L1) decreases
the interaction of Por1 with Mdm31. Mitochondria (0.5 mg) from por1� cells
carrying pRS424-FLAG-MDM31 and pRS416-POR1 (WT) or pRS416 encoding
Por1 loop mutants, as indicated, were solubilized with 1% digitonin and then
subjected to immunoprecipitation with anti-FLAG agarose. The immunopre-
cipitates were eluted with 2% SDS and analyzed by immunoblotting with
anti-Por1 (top panel) and anti-FLAG (bottom panel) antibodies. Asterisks indi-
cate IgG from anti-FLAG agarose. D and E, mutation to the loop 1 or 5 of Por1
(Mut L1 or Mut L5) decreases the interaction of Por1 with Mdm35. Mitochon-
dria (1 mg) from por1� cells carrying pRS416-POR1 (WT) or pRS416 encoding
Por1 loop mutants, as indicated, were cross-linked with 1 mM DSP, solubilized
with buffer containing 1% digitonin, and then subjected to immunoprecipi-
tation with anti-Mdm35 antibodies. Immunoprecipitates were eluted with
SDS-sample buffer containing 10% 2-mercaptoethanol, and then analyzed by
immunoblotting with anti-Por1 (top panel) and anti-Mdm35 (bottom panel)
antibodies. Mdm35 was not detected in the Lysate fraction because of low
protein abundance. E, the intensities of Por1 variants in Lysate and IP fractions
in C and D were measured. The co-immunoprecipitation rates (IP/Lysate) of
Por1 variants with FLAG-Mdm31 and Mdm35 relative to that of WT Por1 were
plotted. The value for WT Por1 was set as 1. Values are mean � S.D. (n � 3). F
and G, the CL levels in the cells expressing mut L1 or mut L5 were lower than
that in cells expressing WT Por1. por1� tetO7-POR2 (tet-POR1) cells carrying
pRS416 (Empty), pRS416-POR1 (WT), or pRS416 encoding Por1 loop mutants,
as indicated, were cultured to saturation in SD-URA in the absence of doxy-
cycline. The cells were diluted to A600 of 0.05 in YPD in the presence of 10

�g/ml doxycycline (� Dox), and further cultured in the presence of [32P]Pi for
16 h. Total cellular phospholipids were extracted and analyzed as in Fig. 2A.
Values are mean � S.D. (n � 3). *, p 	 0.05 and **, p 	 0.01 versus the corre-
sponding value for WT Por1.
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Por1 forms a solute-conducting channel and is largely
responsible for the permeability of the MOM (23). Accordingly,
there is a possibility that the defect in CL synthesis of porin
protein– depleted cells could be because of decreased concen-
trations of metabolites such as CTP, which is required for CL
biosynthesis (8). However, we believe that this is not the case
because of the following: (i) Por2 is incapable of forming a chan-
nel and conferring permeability to the outer membrane (22,
23). Nevertheless, Por2 apparently acts redundantly with Por1
in maintenance of the CL level (Fig. 2, A and B). (ii) Por1 carry-

ing mutations that significantly affect CL accumulation was
able to fully support respiratory growth of yeast cells (Fig. 6B).
Thus, the function of Por1 in maintenance of the CL level seems
to be independent of its basal functions such as channel activity.
(iii) Even por1� por2� double-knockout cells are able to retain
mitochondrial DNA and grow under nonfermentable condi-
tions (23), although null mutants as to nucleotide carriers of the
MIM such as AAC2 (ATP/ADP carrier) and Rim2 (pyrimidine
nucleotide carrier) are unable to grow under nonfermentable
conditions (30, 31). Therefore, nucleotides could be imported
into mitochondria to a certain degree in the absence of porin
proteins. Regarding this, it was reported that the TOM translo-
con channel substitutes for the Por1 channel in por1� cells (32).

The early steps of the CL accumulation pathway include
Ups1-dependent and Ups1-independent ones (17, 18). In the
present study, we found that depletion of porin proteins leads
to defects in both the Ups1-dependent and Ups1-independent
CL accumulation pathways (Fig. 3), and that Por1 binds with
Mdm31 and Mdm35, which are required for each of those path-
ways. Therefore, binding of Mdm31 and Mdm35, respectively,
to porin proteins seemed to be essential for the Ups1-indepen-
dent and Ups1-dependent CL accumulation.

Systemic mutation analysis of loop regions of Por1 exposed
to the IMS side revealed that the L1 region is important for
interaction with both Mdm31 and Mdm35, and the L5 region is
important for interaction with Mdm31 but not with Mdm35
(Fig. 6). These findings suggested overlapping but partially dis-
tinct binding sites for Mdm31 and Mdm35. Accordingly, bind-
ing of Mdm31 and Mdm35 to Por1 could be mutually compet-
itive. This might be relevant as to the reciprocal regulation of
the Ups1-dependent and Ups1-independent CL accumulation
pathways.

How does binding of the porin proteins to Mdm31 function
in the Ups1-independent CL accumulation pathway (Fig. 8A)?
One possible explanation is that binding of the MOM proteins,
porins, and the MIM protein Mdm31 might induce the prox-
imity of the MOM and MIM, facilitating the transfer of PA
required for CL synthesis, from the MOM to the MIM. The
second possibility is that interaction of porin proteins and
Mdm31 leads to the formation of a large protein complex
including Fmp30 that exhibits homology to mammalian NAPE-
specific phospholipase D, facilitating the supply of phospho-
lipid substrate to the enzyme Fmp30 from the MOM. The sub-
strates of Fmp30 remain to be established, but analyses of
Fmp30 with point mutations have revealed that the hydrolase
activity of Fmp30 is required for its function (33). It is also
noteworthy that physical interactions of Fmp30 with Mdm31
and Mdm32 were revealed previously (26). Moreover, interac-
tion of porin proteins and Mdm31 might trigger the Mdm31,
Mdm32, or Fmp30 function. To address these issues, we are
currently attempting clarification of the substrate and product
of the enzyme Fmp30.

The next question is what is the function of binding of porin
proteins to Mdm35? Ups1 and Ups2 are imported into the IMS
through the translocase of the outer membrane (TOM) com-
plex via interaction with Mdm35 (15, 16). Interaction of Ups1
and Ups2 with Mdm35 also protects Ups1 and Ups2 against
intramitochondrial proteolysis by inner membrane proteases
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concomitant knockdown of VDAC1 and VDAC2 decreases CL level in HeLa
cells. HeLa cells were transfected with control siRNA or siRNAs against both
VDAC1 and VDAC2 three times. C, after siRNA transfection, cells were har-
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such as Yme1 and Atp23. Depletion of porin proteins led to
destabilization of Ups1 and Ups2 (Fig. 4, A and B), similarly to
deletion of MDM35 (15, 16), and affected the Ups1-dependent
CL accumulation (Figs. 2 and 3) and the Ups2-dependent PE
accumulation (Fig. 5). These findings suggest that binding of
porin proteins to Mdm35 is required for Mdm35 functions in
import and stabilization of Ups1 and Ups2 (Fig. 8B). Thus, we
speculate that porin proteins would facilitate the formation of a
functional complex of Mdm35 and nascent Ups proteins that
are translocated through the TOM complex.

Porin proteins are highly conserved from bacteria to eukary-
otic cells. Mammals have three porin proteins, VDAC1,
VDAC2, and VDAC3. Expression of VDAC1 in porin protein–
depleted yeast cells restored the CL level. Furthermore, double
knockdown of VDAC1 and VDAC2 led to a decrease in the CL
level in HeLa cells (Fig. 7). These findings suggested that the
function of porin proteins in phospholipid metabolism is con-
served throughout eukaryotic cells. Preli, Slmo2, and Triap1 are
mammalian homologs of Ups1, Ups2, and Mdm35, respec-
tively, and can functionally substitute for their counterparts in
yeast (13, 34), whereas Mdm31 and Mdm32 homologs are only
found in fungi. Thus, VDACs could function in phospholipid
metabolism in mammals through regulation of the Preli-Triap1
and Slmo2-Triap1 complexes. In addition, there is a possibility
that a functional counterpart of Mdm31 exists in mammals and
binds to VDACs. Determining the interactome of mammalian
VDACs will help solve this issue in the future.

In conclusion, we revealed the novel functions of porin pro-
teins in mitochondrial phospholipid metabolism. The new role
of an old player will provide a framework for understanding the
mitochondrial phospholipid metabolism universally conserved
among species.

Experimental procedures

Yeast strains

The yeast strains used in this study are listed in Table S1.
Complete disruption, promoter replacement, and tagging of
the yeast genes were accomplished by PCR-mediated gene
replacement (35) with a pair of primers and a template plasmid,
as shown in Table S2.

Plasmids

Plasmid pRS424-FLAG-MDM31 encoding FLAG-tagged
Mdm31 was constructed as follows. A DNA fragment encoding
Mdm31 tagged with a FLAG epitope at near the N terminus was
constructed by PCR overlap extension recombination, using
two pairs of primers (M13 rev primer (5�-CAGGAAACAGCT-
ATGAC-3�) and FLAG-MDM31-R primer (5�-TGTCATCGT-
CATCCTTGTAATCCTCATTAGAATATGCTCTTAGC-3�),
and FLAG-MDM31-F primer (5�-TACAAGGATGAC-
GATGACAAGTCTAAAACTGGAAGGGATG-3�) and MDM31-
R2 primer (5�-TCAATTGCGGTAGATCG-3�)), and a tem-
plate plasmid, pRS424-MDM31, encoding Mdm31 (20) (gift
from Y. Tamura). The resulting fragment was digested with
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NotI and HpaI and then ligated with a large DNA fragment of
pRS424-MDM31 digested with NotI and HpaI.

Plasmid pRS424-FLAG-MDM32 encoding FLAG-tagged
Mdm32 was constructed as follows. A DNA fragment encoding
Mdm32 tagged with a FLAG epitope near the N terminus was
constructed by PCR overlap extension recombination, using
two pairs of primers (M13 rev primer (5�-CAGGAAACAGCT-
ATGAC-3�) and FLAG-MDM32-R primer (5�-TGTCATC-
GTCATCCTTGTAATCAGCCTTGGTAGTGAAC-3�), and
FLAG-MDM32-F primer (5�-TACAAGGATGACGATGAC-
AAGTCCAATATTGAGACTATTTTGC-3�) and MDM32-
R2 primer (5�-CCGTGAAATCAAACTTCG-3�)), and a tem-
plate plasmid, pRS424-MDM32, encoding Mdm32 (20) (gift
from Y. Tamura). The resulting fragment was digested with
NotI and HpaI, and then ligated with a large DNA fragment of
pRS424-MDM32 digested with NotI and HpaI.

Plasmid pRS416-POR1 was constructed as follows. The
POR1 ORF flanked by the native POR1 promoter and termina-
tor (genomic regions 795 bp upstream and 586 bp downstream
of the POR1 locus) (36) was amplified by PCR with a primer set,
POR1BamHI-F (ATGCGGATCCGCTGATGAAGCAGGTG-
TTGTTGTCT) and POR1NotI-R (AGTCGCGGCCGCGAA-
TATCAAAGCTTCCTGGAGTCAGAAAAG). The resulting
fragment was digested with BamHI and NotI, and then ligated
with a large DNA fragment of pRS416 digested with BamHI and
NotI.

To construct pRS416-POR1 harboring mutations in each
loop region exposed to the IMS as shown in Fig. S3, DNA frag-
ments encoding the POR1 loop mutants were amplified by
PCR overlap extension recombination, using the pRS416-
POR1 plasmid as the template, primers POR1BamHI-F (ATG-
CGGATCCGCTGATGAAGCAGGTGTTGTTGTCT) and
POR1NotI-R (AGTCGCGGCCGCGAATATCAAAGCTTC-
CTGGAGTCAGAAAAG), and the primers listed as follows:
Mut L1-F, ATGTGCAAACAACAACCGCCGCTGCCATTA-
AGTTCTCATTGAAGG; Mut L1-R, CCTTCAATGAGA-
ACTTAATGGCAGCGGCGGTTGTTGTTTGCACAT; Mut
L2-F, CGTGGAAGCAAAGTTGAATGCCGCTCAAACCG-
GCTTGGGTCTAAC; Mut L2-R, GTTAGACCCAAGCCGG-
TTTGAGCGGCATTCAACTTTGCTTCCACG; Mut L3-F,
CCAAATTAGAGTTTGCCAACGCTACCGCTGCTCTAA-
AGAACGAATTGATCA; Mut L3-R, TGATCAATTCGTTC-
TTTAGAGCAGCGGTAGCGTTGGCAAACTCTAATTTGG;
Mut L5-F, TTGGTGACTTAACTATGGCCGCCGCAGCTA-
TTGTTGGTGGCGCAGAGT; Mut L5-R, ACTCTGCGCCA-
CCAACAATAGCTGCGGCGGCCATAGTTAAGTCACCAA;
Mut L6-F, TGGCTTTAAGTTATTTCGCCGCAGCCGCCT-
CCTTGGGCGCTACATTGA; Mut L6-R, TCAATGTAGCG-
CCCAAGGAGGCGGCTGCGGCGAAATAACTTAAAGCCA;
Mut L7-F, TTGACTTCTTCCAAAACGTCGCCGCCGCTG-
CACAGGTCGGTGCTAAGGCTA; Mut L7-R, TAGCCTT-
AGCACCGACCTGTGCAGCGGCGGCGACGTTTTGGAA-
GAAGTCAA; Mut L8-F, AATTCGCCACTAGATAT-
TTGGCTGCTGCATCTGCCCAAGTTAAGGCTAAGGTG;
Mut L8-R, CACCTTAGCCTTAACTTGGGCAGATGCA-
GCAGCCAAATATCTAGTGGCGAATT; Mut L9-F,
TGGCTTACAAGCAATTGTTAGCAGCTGCCGTCACT-
CTGGGTGTCGGTT; Mut L9-R, AACCGACACCCAGAG-

TGACGGCAGCTGCTAACAATTGCTTGTAAGCCA. The
resulting fragment was digested with BamHI and NotI, and
then ligated with a large DNA fragment of pRS416 digested
with BamHI and NotI.

Plasmids pRS416TA and pRS416TA2 carrying the TEF pro-
moter, multiple cloning sites, and the ADH1 terminator were
constructed as follows. Plasmid pFA6a-natNT2 carrying the
ADH1 terminator (37) was digested with MfeI, followed by
blunt-ending of the 5�-protruding termini with DNA polymer-
ase I (Klenow fragment), and then digestion with XhoI. The
digested DNA fragment containing the ADH1 terminator was
cloned into pRS416 digested with XhoI and NaeI, which pro-
duced blunt ends. The resultant plasmid was digested with
BstX1, followed by blunt-ending of the 3�-protruding termini
with T4 DNA polymerase I, and then digestion with SacI. The
digested DNA large fragment was ligated with the DNA frag-
ment carrying the TEF promoter, which was obtained by diges-
tion of pYM-N18 (37) carrying the TEF promoter with XbaI,
followed by blunt-ending of the 5�-protruding termini with T4
DNA polymerase, and then digestion with SacI. The resultant
plasmid was named pRS416TA. For construction of pRS416TA2,
which is smaller than pRS416TA, pRS416TA was digested with
SacI and PvuII, followed by blunt-ending of the 3�-protruding
termini with T4 DNA polymerase. The resultant large DNA
fragment was self-ligated to produce pRS416TA2.

Mouse VDAC1 (MmVDAC1) was cloned into pRS416TA2
by yeast homologous recombination. Mouse VDAC1 was
amplified by RT-PCR with a primer set, GTGGCGGCCGCT-
CTAGAACTAGTGGATCCCCCGGGCTGCAATGGCCGT-
GCCTCCCACATACGCCG and ATAAATCATAAGAAAT-
TCGCCTCGAGGTCGACGGTATCGATTATGCTTGAAA-
TTCCAGTCCTAGG. tet-POR cells were transformed with the
amplified MmVDAC1 gene, and the plasmid linearized with
EcoRI and HindIII.

Cell culture

Yeast cells were grown at 30 °C in YPD (1% yeast extract, 2%
peptone, 0.008% adenine, and 2% glucose), SD � choline (0.67%
yeast nitrogen base without amino acids, 0.2% drop out mix
complete amino acids, 0.008% adenine, 2% glucose, and 3 mM

choline, pH 6.0), SD-URA (0.67% yeast nitrogen base without
amino acids, 0.2% drop out mix lacking uracil, 0.008% adenine,
and 2% glucose, pH 6.0), SEG-URA (0.67% yeast nitrogen base
without amino acids, 0.2% drop out mix lacking uracil, 0.008%
adenine, 3% ethanol, and 3% glycerol, pH 6.0), or SD-TRP
(0.67% yeast nitrogen base without amino acids, 0.2% drop out
mix lacking tryptophan, 0.008% adenine, and 2% glucose, pH
6.0). Doxycycline (Sigma-Aldrich) was used at 10 or 20 �g/ml as
stated to suppress tetO7 promoter activity. HeLa cells were cul-
tured in DMEM (Gibco Laboratories) supplemented with 10%
fetal bovine serum under 5% CO2–95% air at 37 °C.

siRNA transfection

HeLa cells were transfected with control siRNA (Ambion) or
concomitantly with VDAC1 siRNA (sense 5�-GAAUACCGA-
CAAUACACUAtt-3� and antisense 5�-UAGUGUAUUGUC-
GGUAUUCca-3�) (Ambion) and VDAC2 siRNA (sense, 5�-
AACUGGAUGUGAAAACAAAtt-3� and antisense, 5�-UUU-
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GUUUUCACAUCCAGUUtc-3�) (Ambion) with RNAiMAX
Reagent (Invitrogen) three times at 24-h intervals.

Analysis of cellular phospholipid compositions

Yeast cells were cultured at 30 °C overnight in the medium
indicated. The cells were then diluted as indicated in either the
absence or presence of 10 �g/ml doxycycline, and then further
incubated at 30 °C for different periods in the presence of 1
�Ci/ml of [32P]Pi. After incubation, the cells were harvested,
resuspended in 150 �l of 80% ethanol, and then kept at �80 °C
until all samples had been collected. The samples were heated
at 95 °C for 15 min, mixed with 800 �l of chloroform/methanol
(1:1, v/v), and then vortexed. 330 �l of 0.1 M HCl/0.1 M KCl was
then added to the samples. The organic phase was obtained by
centrifugation at 3000 
 g for 2 min. Samples containing equiv-
alent radioactivity were collected and then dried in a centrifugal
evaporator and dissolved in chloroform/methanol (1:2, v/v).
The samples were then subjected to TLC on a TLC plate
(Macherey-Nagel) which had been pretreated with 1.8% boric
acid, with the solvent system of chloroform/ethanol/water/tri-
ethylamine (30:30:5:35, v/v) (38). 32P-labeled phospholipids
were detected and quantitated with an imaging analyzer, FLA-
5000 (Fuji Photo Film), and MultiGauge software (Fuji Photo
Film).

siRNA-treated HeLa cells were cultured in the presence of
1�Ci/ml of [32P]Pi for 24 h. After incubation, cells were
trypsinized and resuspended in 200 �l of PBS. The cell suspen-
sions were sequentially mixed with 750 �l of chloroform/meth-
anol (1:2, v/v), 250 �l of chloroform, and 250 �l of 0.1 M HCl/0.1
M KCl. The organic phase was obtained by centrifugation at
3000 
 g for 2 min. Samples containing equivalent radioactivity
were separated by TLC and then analyzed as described above.

Immunoblotting

Proteins were electrophoretically transferred from SDS-
PAGE gels to nitrocellulose membranes (Bio-Rad) in blotting
buffer (25 mM Tris, 192 mM glycine, 20% methanol) at a con-
stant voltage of 15 V for 1 h. Membranes were blocked with
blocking buffer (PBS containing 0.05% Tween 20 and 2% skim
milk), incubated with primary antibodies in blocking buffer
overnight at 4 °C, and washed three times with PBS containing
0.05% Tween 20. Membranes were then incubated with HRP-
conjugated secondary antibodies for 1 h and washed three
times with PBS containing 0.05% Tween 20. Signals were
detected with a WSE-6100 LuminoGraph (ATTO). For the
quantification of signals, ImageJ software (National Institutes
of Health) was used.

Protein extraction from yeast cells

Yeast cells growing in the medium indicated were harvested,
washed with H2O, and then resuspended in 1 ml of H2O. 150 �l
of 2 M NaOH/8% 2-mercaptoethanol was added to the cell sus-
pensions, and the mixtures were incubated on ice for 10 min. 75
�l of 100% TCA was added to the samples, which were then
further incubated on ice for 10 min. After incubation, the pro-
teins were precipitated by centrifugation at 20,000 
 g for 2
min. The precipitates were resuspended in 1 ml acetone, fol-
lowed by centrifugation at 20,000 
 g for 2 min. The precipi-

tates were then resuspended in SDS sample buffer and sub-
jected to immunoblotting.

Chemical cross-linking of mitochondria

Isolated mitochondria were resuspended in SEM buffer (10
mM MOPS KOH, pH 7.2, 250 mM sucrose, 1 mM EDTA) to a
concentration of 1 mg/ml and then treated with 1 mM DSP
(Nacalai Tesque) at 26 °C for 15 min. After cross-linking,
DSP was quenched with 100 mM Tris-HCl (pH 8.0). Cross-
linked mitochondria were then re-isolated by centrifugation at
20,000 
 g for 5 min and subjected to immunoprecipitation
assaying as described below.

Immunoprecipitation and MS

For immunoprecipitation with anti-FLAG agarose under
native conditions, yeast mitochondria were solubilized with
lysis buffer (20 mM Hepes-KOH, pH 7.4, 100 mM KCl, 10%
glycerol, 1% digitonin, and complete mini EDTA-free (Roche)).
The lysates were incubated with anti-FLAG M2 agarose (Sig-
ma-Aldrich) at 4 °C for 2 h. After washing the beads with lysis
buffer three times, immunoprecipitates were eluted with 2%
SDS or FLAG peptide. The eluates were analyzed by silver
staining or immunoblotting. A protein band corresponding to
�28 kDa visualized on silver staining was subjected to in-gel
digestion with trypsin and then analyzed by MS using
OrbitrapVelos Pro (Thermo Fisher Scientific). The MS was
conducted by Mizuho Oda and Emiko Koba (Laboratory for
Technical Support, Medical Institute of Bioregulation, Kyushu
University).

For immunoprecipitation with anti-FLAG M2 agarose under
denaturing conditions, yeast mitochondria were solubilized
with 50 �l of buffer comprising 50 mM Tris-HCl (pH 7.4) and
1% SDS at 70 °C for 10 min. The lysates were diluted with 500 �l
of dilution buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10%
glycerol, and 1% Triton X-100). After centrifugation at
20,000 
 g for 10 min, the samples were incubated with anti-
FLAG agarose for 2 h. After washing the beads with wash buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Tri-
ton X-100, and 0.1% SDS) three times, the immunoprecipitates
were eluted with 2% SDS at 70 °C for 10 min. The eluates were
analyzed by immunoblotting.

For immunoprecipitation with anti-Mdm35 antibodies, yeast
mitochondria cross-linked with 1 mM DSP were solubilized
with lysis buffer (20 mM Hepes-KOH, pH 7.4, 100 mM KCl, 10%
glycerol, and 1% digitonin). The lysates were incubated with
anti-Mdm35 antibodies for 1 h. After incubation, the antigen-
antibody complexes were precipitated with Protein G Sephar-
ose (Sigma-Aldrich). The immunoprecipitates were analyzed
by immunoblotting.

Antibodies

We used mouse antibodies against yeast Por1 (Invitrogen),
yeast Pgk1 (Invitrogen), FLAG M2 (Sigma-Aldrich), the MYC
epitope (Invitrogen), and human actin (Santa Cruz Biotechnol-
ogy); rabbit antibodies against yeast Tom70, yeast Mdm35 (11)
(gift from Toshiya Endo and Yasushi Tamura); human Hsp60
(Santa Cruz Biotechnology) and human VDAC1 (Abcam); and
goat antibodies against human VDAC2 (Abcam).
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Measurement of glucose concentrations

Glucose concentrations in culture medium were measured
by means of an F-kit D-glucose assay kit (Roche/R-Biopharm)
according to the manufacturer’s protocol.

Quantification and statistical analysis

The results of quantitative experiments are shown as means
for independent experiments performed multiple times as indi-
cated. The statistical significance of mean differences was
assessed by means of the two-tailed Student’s t test.
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