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An alternative import pathway of AIF to the mitochondria
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Abstract. In eukaryotic cells, transport of the newly synthe-
sized proteins and phospholipids to the appropriate subcellular
target compartments is essential for maintaining organelle
morphology and cell survival. In animal cells, mitochondria
are major organelles containing DNA genome that encodes
only for a small fraction of their proteins, which are required
for the organelle function. Most mitochondrial proteins are
encoded by the nuclear genes and imported to the mitochon-
dria following protein synthesis. Apoptosis-inducing factor
(AIF), an essential FAD-dependent NADH oxidase for the
oxidative phosphorylation, is located in the intermembra-
nous space and contains mitochondrial localization signals.
However, the import mechanism of AIF to the mitochondria
is not yet studied. Using sucrose gradient ultracentrifugation
and immunoblotting, AIF was detected in fractions of the
endoplasmic reticulum, mitochondria-associated membranes
(MAM) and mitochondria, and AIF from these fractions was
resistant to trypsin in the absence of digitonin, suggesting
that AIF could be protected by phospholipids. Knockdown of
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dynamin-related protein 1 (DRP1*) expression reduced AIF
levels in the mitochondria, but increased AIF concentrations
in the MAM. Knockdown of mitofusin-2 (Mfn-2*!) or ATPase
family AAA domain containing 3A (ATAD3A") expression,
however, reduced AIF levels in the mitochondria and increased
the number of transport vesicles that contained AIF in the
cytosol, indicating that ATAD3A and Mfn-2 were respectively
essential for the import and fusion of transport vesicles into
the mitochondria. Here we show that AIF is imported from the
endoplasmic reticulum to the mitochondria via mitochondria-
associated membranes and transport vesicles.

Introduction

Mitochondria are major organelles that have their own
DNA genomes. However, their genomes encode only for 13
proteins that are part of the oxidative phosphorylation. Most
of the estimated 1,500 human proteins, which are essential
for the mitochondrial function, are nuclear encoded. Some of
these proteins are synthesized in the cytosol as precursor or
co-translational proteins, and imported to mitochondria via
the mitochondrial localization signal (MLS) and translocase
of the mitochondrial outer membrane (TOM) complex (1,2).
The precursor proteins are guided by chaperones to receptor
of TOM complex and imported into mitochondria (3,4).
Co-translational proteins, on the other hand, are synthesized
on mitochondria-associated ribosomes, forming a nascent
polypeptide-associated complex (NAC) on the surface of the
mitochondria and directly imported into the mitochondria
1,5).

Apoptosis-inducing factor (AIF), a FAD-dependent NADH
oxidase, has been shown to play an important role in the oxida-
tive phosphorylation of mitochondrial complex I and I1I (6). The
full-length AIF contains 2 potential MLS at the N-terminus,
and 2 putative nuclear localization signals (NLS) in the middle
of the protein (7). Interestingly, AIF is located in the intermem-
branous space (IMS). Presence of the free AIF in the cytoplasm,
however, is hazardous to cells. Following genotoxic challenges,
AIF is released from the mitochondria, and further translocated
to the nucleus to trigger DNA fragmentation and initiation of
apoptosis (7-9). To prevent cells from unprogrammed apoptosis,
the newly synthesized AIF should be protected by chaperones
or be rapidly concealed before transporting to the mitochondria.
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However, the mechanism of importing AIF to mitochondria has
not been studied.

Using antibodies specific to the ATPase family AAA
domain containing 3A (ATAD3A) to react with mitochondria-
associated membrane (MAM) and light membrane fractions
of sucrose gradient ultracentrifugation before immunoblotting,
proteins, such as dynamin-related protein 1 (DRP1), eukary-
otic elongation factor 2 (eEF2), mitofusin-2 (Mfn-2), optic
atrophy protein 1 (OPA1), and AIF were all co-precipitated
(10). Antibodies specific to AIF, however, did not precipitate
ATF or the above-mentioned proteins, indicating that AIF was
shielded away from interacting with antibodies, possibly by
phospholipids. Interestingly, all these proteins were detected
on the endoplasmic reticulum (ER), MAM and mitochon-
dria (10). DRP1 and Mfn-2 have been clearly shown to be
involved in mitochondrial shaping. Mfn-2, in addition to its
essential role in mitochondrial fusion, is imperative for main-
taining close contact between the ER (possibly MAM) and
mitochondria (11-15). DRP1, a GTPase, is not only required
for mitochondrial fission, but also mediates vesicle budding
from Golgi in plants (16). Moreover, when studying expres-
sion of DRP1, Mfn-2 and ATAD3A in lung cancer cells, we
found that silencing of DRP1 increased bulging of MAM (10).
Silencing of ATAD3A increased mitochondrial fragmentation
and the number of vesicles around dilated MAM. Knockdown
of Mfn-2, however, increased the number of vesicles around
the mitochondria in addition to mitochondrial fragmenta-
tion. Taken together, we hypothesized that there could be an
alternative import pathway for some of the mitochondrial
proteins. At least 3 proteins, i.e., DRP1, ATAD3A and Mfn-2,
are required for this protein trafficking pathway (10). In this
report, our data show that some of the mitochondrial proteins,
e.g., AIF, are synthesized in the ER and packaged, en route
through mitochondria-associated membranes, into transport
vesicles and imported to the mitochondria before fusion with
the mitochondrial outer membrane.

Materials and methods

Cell culture. Three human cancer cell lines, including 2
lung adenocarcinoma cell lines (H23 and H838) (11,15) and
uterine cervical cancer cells (HeLa) were used in the study.
Cells were maintained at 37°C as a monolayer in RPMI-1640
supplemented with 10% fetal calf serum, 100 pg/ml of strep-
tomycin and 100 IU/ml of penicillin. To generate cells that
remained at the G1/GO phase of the cell cycle, H23 cells were
grown to 70% confluence from the initial seeding and changed
to medium containing 0.5% of serum for 48 h. For HeLa
cells to be at the different phases of cell cycle, the cells were
respectively treated by serum starvation, double thymidine
block or thymidine-nocodazole. To enrich cells at the S-phase,
cell cycle progression of HeLa cells were blocked with 2 mM
thymidine for 18 h, before a release for 9 h. The cells were
then treated with a second thymidine block for 15 h and a
release for 6 h. The enriched G2/M cells were obtained by
thymidine-nocodazole treatment. The cell cycle was blocked
with 2 mM thymidine for 24 h, a release for 3 h, and incubated
with 100 ng/ml nocodazole for 12 h. The cells were collected
and stained with propidium iodide before analysis by flow
cytometry (Beckman Coulter Cytomics™ FC500).
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Fractionation of cellular components. Fractionation of subcel-
lular components was performed according to the instruction
manuals of Calbiochem (http:/www.merckbiosciences.co.uk)
with minor modifications. The cells were detached from
culture plates by treatment with dissociation buffer (Sigma,
St. Louis, MO) at 37°C for 2-5 min. After washing with PBS,
the cells were re-suspended in H buffer (10 mM Tris-HCI, pH
74, 10 mM KCI, 1.5 mM MgCl,, 1 mM Na-EDTA, 1 mM
Na-EGTA, 1 mM dithiothreitol, 250 mM sucrose, 0.1 mM
PMSF, 10 pg/ml leupeptin, 10 yg/ml aprotinin and 10 pg/ml
trypsin inhibitor) at 4°C for 15 min. After 80 strokes with a
B pestle in a Douncer homogenizer, the unbroken cells were
removed by centrifugation at 30 x g for 5 min. The nuclei were
collected by spinning the solution at 80 x g for 10 min, and
mitochondria were collected from the supernatant by centrifu-
gation at 6,000 x g for 20 min. Following centrifugation at
20,000 x g for 20 min to remove the insoluble debris, the final
supernatant was used as a post-mitochondrial fraction (15).
For isolating MAM and microsomes, the homogenates were
centrifuged twice at 600 x g to completely remove nuclei.
The supernatant was centrifuged at 10,500 x g to separate
the crude microsomal (microsomes and cytosol) from the
crude mitochondrial (MAM and mitochondria) fractions. The
crude microsomal fractions (supernatant) were subjected to an
ultracentrifugation at 100,000 x g for 60 min at 4°C to pellet
the microsomes, while the supernatant was used as cytosol.
The crude mitochondrial fractions (pellet) were resuspended
in 300 ul of ice-cold mannitol buffer A (0.25 M mannitol,
5 mM HEPES, 0.5 mM EGTA, pH 7.2) and layered on top
of 10 ml of a 30% Percoll suspension in mannitol buffer B
(0.25 M mannitol, 25 mM HEPES, 1 mM EGTA, pH 7.2).
Mitochondria and MAM fractions were separated during the
formation of self-generating Percoll gradient by ultracentrifu-
gation at 95,000 x g for 65 min at 4°C. Both isolated fractions
were diluted 5 times in sucrose homogenization medium and
subjected separately to a centrifugation at 6,300 x g for 10 min
at 4°C. The pellet was used as the purified mitochondria,
while the supernatant was further separated by centrifuga-
tion at 100,000 x g for 30 min at 4°C, and the pellet was used
as the purified MAM fraction. The ultracentrifugation was
performed using the Beckman SW41 rotor, and all of the frac-
tions were resuspended in sucrose homogenization medium
before immunoblotting analysis.

Immunoblotting and immunofluorescent staining. The proce-
dure for immunoblotting has been previously described (10).
Briefly, proteins were separated on a 10% polyacrylamide
gel with 4.5% stacking. After electrophoresis, proteins were
transferred to a nitrocellulose membrane. The membrane was
then probed with specific antibodies. The signal was amplified
by biotin-labeled goat anti-mouse IgG, and peroxidase-conju-
gated streptavidin. The protein was visualized by exposing the
membrane to an X-Omat film (Eastman Kodak, Rochester,
NY) with enhanced chemiluminescent reagent (NEN, Boston,
MA). Following characterization with immunoblotting, the
same antibodies were used for immunofluorescence confocal
microscopy. For the staining, cellular uptake of MitoTracker®
green FM (Molecular Probes, Inc., Eugene, OR) was used to
label mitochondria. The cells were then fixed with 4% formal-
dehyde at room temperature for 15 min. After washing 3 times
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Figure 1. Expression level of AIF increases during the proliferation phase of the cell cycle. (A) Expression levels of AIF as measured by immunoblotting.
Whole cell lysate (5x10° cells/lane) was prepared from quiescent H23 cells (Time 0) and serum-stimulated cells at 5-h intervals for 25 h. The expression
ratio of AIF, which was measured by density scanning of the exposed films, is shown in the lower panel. (B) Flow cytometry was used to analyze cell cycle
progression of H23 cells, which were synchronized by serum starvation for 48 h and then released by addition of fresh serum. The harvest intervals were 5 h.
(C) Expression levels of AIF at the different phases of the cell cycle in HeLa cells. Gl-phase cells were collected following serum starvation for 48 h, S-phase
cells were collected 6 h following release from double thymidine block, and G2/M-phase cells were collected from thymidine-nocodazole treatment. (D) Flow
cytometry was used to analyze cell cycle progression of HeLa cells, which were harvested from the control, serum starvation, double thymidine block and

release, and thymidine-nocodazole co-treatment.

with PBS, cells were incubated with the primary antibodies
for 90 min, and washed 3 times with PBS. The secondary
antibodies used were rhodamine (TRITC)-conjugated rabbit
anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI). The slide was examined and the images
were captured with a laser scanning confocal microscope
(LSM510, Zeiss, Chicago, IL). The images were processed by
a Zeiss LSM Image Browser (LSM5 Image Software, Zeiss,
Chicago, IL) and the Photoshp 7.0 software (Adobe Systems
Incorporated).

Construction of AIF-expressing plasmids. The forward and
reverse primer sequences for the cloning expression vector
containing the full-length AIF (AF100928, coding sequence,
nts 179-2020) were the following: 5-"TTGGAATTCATTA
TGTTCCGGTGTGGAGGCCTG-3' (nts 43-63, EcoRlI site is
underlined and the initiation codon is in bold); and 5'-TAC
CGTCGACTGTGAAATTCAGTCTTCATGAATGT-3' (nts
1869-1884, Sall site is in italic and underlined and the stop
codon is in bold). The amplified DNA fragments were digested
with the respective restriction enzymes and then inserted into
the vector pcDNA3.1.

Electron microscopy. Electron microscopy was carried out
using a routine protocol (15). Briefly, cells were fixed with
2.5% glutaraldehyde (EM grade, Sigma, St. Louis, MO, USA)
in 100 mM phosphate buffer (PB, pH 7.2), incubated at 4°C
overnight. The cells were washed with PB 3 times before
post-fixation with 1% osmium tetroxide in PB for 2 h. After
removal of the fixative with distilled water, the cells were

suspended in 2% molten agar. The agar blocks were trimmed
and dehydrated in a serial dilution of ethanol for 15 min each.
The blocks were further dehydrated with 100% ethanol for
15 min 3 times, and infiltrated with 100% ethanol/LR White™
(1:1) mixture overnight. The blocks were changed to the pure
LR White (Agar Scientific Ltd., Essex, UK), continued infiltra-
tion at 4°C for 24 h, before transfer to a capsule filled with LR
White, and were polymerized and solidified at 60°C for 48 h.
The resin blocks were trimmed and cut with an ultramicro-
tome (Leica Ultracut R, Leica Mikrosysteme GmbH, Vienna,
Austria). The thin sections were transferred to 200 mesh
copper grids, and stained with 2% uranyl acetate for 30 min,
and 2.66% lead citrate (pH 12.0) for 10 min, before observa-
tion with an electron microscope (JEM1400, Jeol USA, Inc.,
Peabody, MA) at 100-120 kV. For gene silencing experiments,
cells were harvested 48 h following siRNA treatment.

Post-embedded immune-gold procedure for electron micros-
copy. Following fixation with 4% paraformaldehyde and 0.1%
glutaraldehyde in PBS buffer at 4°C for 18 h, the cells were
washed with PBS 3 times. The cells were then permeabilized
with 0.2% Triton X-100 in PBS for 20 min. After being
washed with PBS for 3 times, the cells were embedded in
2% agarose and the agarose block was cut into several pieces
prior to dehydration. After dehydration in a series of ethanol
with escalated concentration, samples were embedded in LR
White resin. Thin sections were cut with an ultramicrotome
and transferred to nickel grids. The non-specific binding sites
on the thin sections were blocked with 50 mM glycine and
1% BSA in PBS for 15 min. The sections were incubated
with the primary antibody (1:50) in incubation buffer (0.1%
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Figure 2. AIF is protected by digitonin-sensitive molecules and is not imported into mitochondria through TOM complexes. (A) HeLa cells were synchronized
at the S-phase, and protein was collected from mitochondrial (mito) and post-mitochondrial (post-mito) fractions. AIF from both of these 2 fractions was
resistant to trypsin (in 0% digitonin), while AIF became sensitive to trypsin after 0.2% of digitonin pre-treatment. These data suggest that in the S-phase AIF
is protected by trypsin-resistant molecules. (B) Immunoblot analysis of total cell lysates which were from the wild-type, TOM20%, TOM22%¢, and TOM40*
H838 cells. (C) Immunoblot analysis of mitochondrial fractions which were from the wild-type, TOM22% and TOM40* H838 cells. Each experiment was

repeated at least 3 times.
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Figure 3. Immunoblot analysis of mitochondria-associated proteins in sub

cellular fractions. (A) Immunoblot analysis of membrane fractions isolated by

sucrose gradient ultracentrifugation in the wild-type (WT, the left panel), the DRP1*¢ (the central panel) or Mfn-2%¢ (the right panel) human lung cancer H838
cells. WT, wild-type; Cyto, cytosolic fraction; LM, light membrane; MAM, mitochondria-associated membrane; Mito, mitochondrial fraction. Fatty-acid CoA

ligase 4 (FACL4) is a MAM marker; cytochrome oxidase IV (COX 1V) is a
intermembranous space marker. (B) The subcellular distribution of AIF in D

mitochondrial inner membrane marker; cytochrome ¢ (Cyt ¢) is a mitochondrial
RP1% and Mfn-2* cells. Results of immunoblotting were normalized to the total

amount of AIF. Levels of AIF increased in the MAM fractions, but reduced in the mitochondrial fractions in both DRP1% and Mfn-2*¢ cells. (C) Immunoblot
analysis of total proteins in WT, DRP1* or Mfn-2% human lung cancer H838 cells. Each experiment was repeated at least 3 times.

BSA and 15 mM NaN; in PBS) for 2 h at room temperature.
The antibodies were then removed by washing the grids with
incubation buffer for 6 times and the grids were further incu-
bated with 15 nm gold-conjugated secondary antibody (1:25)
(Aurion, Wageningen, The Netherlands). Following removal
of the non-binding immune-gold by repeated washing of the
grids with incubation buffer, the sections were post-fixed with
2% glutaraldehyde in PBS for 15 min and stained with uranyl
acetate and lead citrate before observation with an electron
microscope.

Results
Newly expressed AIF, the levels of which increase during

the S and G2 phases of the cell cycle, is resistant to trypsin,
and is detected not only in mitochondria. The biogenesis

of mitochondria occurs in the S phase (17). We therefore
anticipated that biosynthesis of AIF was cell cycle-dependent.
Serum-starved quiescent H23 cells, when replenished with
fresh serum, synchronously entered cell cycle progression (18).
Levels of AIF increased about 10 h after serum stimulation,
and reached a peak at 20 h (Fig. 1A). The results were verified
by flow cytometry analysis, in which AIF levels increased in
the S and G2 phases of the cell cycle (Fig. 1B-D).

Several mitochondria-associated proteins, e.g., DRP1 and
ATAD?3A, also increased during these phases (Fig. 1C) (18,19).
Interestingly, in addition to the mitochondrial fractions, AIF
was also detected in post-mitochondrial fractions (Fig. 2A),
and AIF from these 2 fractions was resistant to trypsin in
synchronized S and G2 cells. However, AIF became sensitive
to trypsin when the post-mitochondrial fractions were pre-
treated with digitonin (Fig. 2A), suggesting that AIF in the
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Figure 4. The effect of mitochondrial import-related protein expression on the subcellular distribution of AIF as determined by confocal immunofluorescence
microscopy. (A) Compared to the wild-type H838 cells, knockdown of DRP1 (DRPI, central row) or ATAD3A expression increased the cytoplasmic level
of recombinant human AIF (thAIF) (arrows, green fluorescence). Mitochondria were stained with DsRed. The images were processed by a Zeiss LSM Image
Browser (LSMS5 Image Software, Zeiss, Chicago, IL). R, ratio of green/red fluorescence; if R=1, the intensity of the green fluorescence equals that of the red
fluorescence, and the green fluorescence overlaps with the red fluorescence. Overlapped fluorescence appears in yellow. If R>1, the intensity of the green
fluorescence is stronger than that of the red fluorescence, resulting in a green signal. If R<I, the green fluorescence is weaker than the red fluorescence, and
the fluorescence signal appears red. (B) Silencing of DRPI, but not that of ATAD3A, increases co-localization of rhAIF (arrows, yellow fluorescence) and the
endoplasmic reticulum (ER-GFP), suggesting that rhAIF was present in the ER. (C) In the replicating H838 cells, some of the rhAIF is localized in the bulging
MAM (arrows, yellow fluorescence), as visualized by a transiently expressed huPSS1-GFP, indicating that AIF is abundantly present in the MAM of the
replicating H838 cells (H838/Repl). (D) In DRP1* cells, transiently expressed huPSS1-GFP co-localized with the rhAIF in the bulging MAM, suggesting that
ectopically expressed AIF accumulates in the enlarged MAM when the formation mechanism of the transport vesicles was inhibited. Silencing of ATAD3A

reduces both the size of the ER (green fluorescence) and of the mitochondria. These results are representative of 3 independent experiments.

S and G2 phases could be protected by digitonin-sensitive
molecules, e.g., phospholipids or inside vesicles.

In general, the mitochondrial proteins are believed to
be imported into mitochondria via the TOM40 complex.
Deficiency of TOM40 components will reduce protein levels
of the mitochondria. However, we did not detect the evident
reduction of AIF in the total cell lysate or mitochondrial frac-
tions when expression of TOM40 channel or TOM22 receptor
was silenced (Fig. 2B and C), suggesting that AIF might not
be imported through the TOM40 translocator of the mitochon-
dria. These results in part support our hypothesis that AIF
might not be imported to mitochondria via the routine TOM
passage, and in part suggest that there might be an alternative
protein transport pathway to mitochondria.

Subcellular localization of AIF as determined by immuno-
blotting. Because results of trypsin digestion suggested that

AIF could be present within the phospholipids, we then used
sucrose gradient ultracentrifugation and immunoblotting
to determine the membrane fractions of lung cancer cells in
which AIF was present. As shown in Fig. 3A, AIF and the
78-kDa glucose-regulated protein (GRP78) were detected
in the ER the light membrane (LM) fraction, MAM and the
mitochondrial fractions of the wild-type H838 cells, but not in
the cytosol. Knockdown of the 80-kDa DRP1 (DRP1*) protein
expression, decreased levels of AIF, ATAD3A, GRP78, Mfn-1
and -2 in the fractions of mitochondria, the target organelle
of these proteins (Fig. 3A and B, the middle panel). However,
levels of these proteins increased in the fractions of MAM,
suggesting that DRP1 expression affected the transport of
these proteins from the ER to the mitochondria, and that the
MAM could be a docking area for the shipment of these cargo
proteins to the mitochondria. These results together with our
previous data indicate that DRP1 could play a role in regulating
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the budding of transport vesicles from MAM (10). Knockdown
of Mfn-2 (Mfn-2%) expression, on the other hand, decreased
levels of AIF, Mfn-1 and GRP78 in the mitochondrial fractions
(Fig. 3A and B, right panel), indicating that Mfn-2 was essential
for the fusion of transport vesicles into mitochondria. These
results clearly showed that knockdown of DRP1 or Mfn-2
could interfere with AIF distribution in the ER, the MAM and
the mitochondria. Silencing of import-related protein expres-
sion would leave the cargo protein AIF build up in the prior
membrane fractions, i.e., the ER, the MAM and the transport
vesicles. Temporally knockdown of DRP1 or Mfn-2 did not
markedly affect total AIF protein levels (Fig. 3C), however,
caused re-distribution of AIF in the different organelles, in
particular accumulation in the previous organelles (10).

Subcellular localization of AIF as determined by confocal
microscopy. To further verify our hypothesis, we used confocal
immunofluorescence microscopy to examine the distribution
pattern of full-length recombinant human AIF in cells. As
anticipated, thAIF was mainly localized in the mitochondria
(mitochondria were visualized by live dye of mitochondria,
DsRed-Mito; Fig. 4A, upper panel). In DRP1* cells, some of
rhAIF did not co-localize with mitochondria (Fig. 4A, central
panel), but with the ER and MAM (ER was visualized by the
ER-retention signal KDEL-conjugated GFP; Fig. 4B, central
panel). In ATAD3AX cells, the rhAIF was mainly present in
the cytoplasmic vesicles (Fig. 4A and B, lower panel).

To further differentiate whether the co-localization was in
the ER or MAM, we labeled the MAM with human phosphoti-
dylserine synthase 1 (huPSS1)-conjugated GFP. In the resting
cells, no evident co-localization was detected between rhAIF
and the MAM (Fig. 4C, upper panel). In replicating cells,
few areas of co-localization between rthAIF and the MAM
were detected (Fig. 4C, lower panel). In DRP1* H838 cells,
co-localization between the MAM and rhAIF became evident
(Fig. 4D, central panel), suggesting that inhibition of budding
off of transport vesicles from the MAM accumulated cargo
proteins, such as AIF, in the docking mitochondria-associated
membrane. In ATAD3AX cells, owing to the lack of moving
ability, the transport vesicles which had been budded off from
the MAM would be dispersed around the MAM.

Subcellular localization of AIF as determined by immune-
gold electron microscopy. To gain further insight, electron
microscopy was employed to determine the ultrasubcellular
localization of AIF. AIF-specific immune-gold particles were
identified in the cytoplasm, the ER, the transport vesicles, and
the mitochondria (Fig. 5A and B). Silencing of DRP1 (DRP1*)
expression increased the average length of mitochondria
and the formation of the bulging mitochondria-associated
membranes (or the ER). Knockdown of Mfn-2 (Mfn-2)
expression, on the other hand, increased the amount of trans-
port vesicles. Ultrastructurally, AIF accumulated in the dilated
ER/MAM (Fig. 5C and D). Interestingly, in ATAD3A cells,
the AIF signal was more evident in transport vesicles (Fig. SE
and F). In Mfn-2* cells, however, the AIF signals were mainly
present in transport vesicles around the mitochondria (Fig. 5G
and H), suggesting that other than mitochondrial fusion, Mfn-2
might play a role in maintaining the ER integrity and probably
in fusion of transport vesicles into the mitochondria. These
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Figure 5. The effect of mitochondrial protein import-related protein expression
on the subcellular distribution of AIF as determined by electron microscopy.
(A) Electron microscopy analysis of the wild-type H838 cells showed (Al)
the fusion of transport vesicles (white arrows) and (A2) into mitochondria,
which were about 50-70 nm in diameter. (B) Using electron microscopy, the
AlF-specific immune-gold particles were identified in the transport vesicles
(black arrows), the transport vesicles (white arrows) that were fusing with the
mitochondrion. (C) Silencing of DRP1 (DRP1%) expression increased the
number of bulging MAM, (white arrowheads) and protein aggregates at the
margin of the bulging MAM. (D) Using immune-gold, AIF (black arrows) was
detected in protein aggregates of the dilated ER/MAM (white arrowheads) in
DRP1* cells. (E) Silencing of ATAD3A (ATAD3AX) expression increased
the number of fragmented mitochondria (black arrowheads) and transport
vesicles (white arrows) around the dilated ER/MAM (black arrow). (F) In
ATAD3AM cells, the AIF signal was mainly present in the transport vesicles
(black arrow) in the cytoplasm or around the ER/MAM (white arrowheads).
(G) In Mfn-2*¢ H838 cells, the presence of transport vesicles (white arrows)
was more evident. M, mitochondria; N, nucleus; (H) The AIF signals were
detected in the prospective transport vesicles in Mfn-2*! H838 cells (black
arrows), confirming our hypothesis that DRP1, ATAD3A, and Mfn-2 were
essential for the shaping of the ER and the mitochondrial, in particular in
the shipment of transport vesicles containing AIF from the ER/MAM to the
mitochondria. These results are representative of 3 independent experiments,
in which about 10-50 cells were analyzed.

results confirmed our hypothesis that DRP1, ATAD3A, and
Mfn-2 were essential to maintain shaping of the ER, MAM
and the mitochondria, in particular in the shipment of trans-
port vesicles, which were budding off from the ER/MAM, and
were imported into the mitochondria.

Discussion
The results presented above support our hypothesis that AIF

is imported from the ER to the mitochondria, probably via
MAM and transport vesicles. This protein transport pathway
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Figure 6. A simplified diagram of the import route of AIF to the mitochon-
dria. The import of AIF is from the ER, the MAM, transport vesicles to
the mitochondria (the left panel). In DRP1* cells, because the budding off
mechanism of the transport vesicles is inhibited, the accumulated cargo
proteins and, possibly, the phospholipids, which are detained in the ER as
well as in the MAM, will cause the bulging of the MAM (upper right panel).
In ATAD3AX cells, although the transport vesicles are formed around the
dilated ER/MAM, the lack of ATAD3A (ATPase for providing movement
energy) will idle movement of transport vesicles toward the mitochondria.
Deficiency in the supplement of newly synthesized proteins and phospho-
lipids will then induce mitochondrial fragmentation and increase the number
of fragmented mitochondria (the middle right panel). Likewise, because the
transport vesicles cannot fuse into the mitochondria, the presence of transport
vesicles around mitochondria is more evident in Mfn-2"¢ cells. The markedly
increased transport vesicles around mitochondria may be induced by a yet to
be determined intracellular feedback mechanism that is essential for main-
taining the morphology and function of the ER, MAM and mitochondria.

requires at least 3 proteins: DRP1, ATAD3A and Mfn-2. DRP1
is important for the formation of transport vesicles from MAM,
while ATAD3A is essential for delivering transport vesicles
to the mitochondria, and Mfn-2 is critical for the fusion of
transport vesicles into the mitochondrial outer membrane. A
simplified diagram of this mechanism is shown in Fig. 6. In
this case, cells can import AIF as well as other proteins and
phospholipids from MAM to the mitochondria.

Our previous study clearly demonstrated such a possibility
(10). By using antibodies specific to ATAD3A, we precipitated
AITF in detergent-free post-mitochondrial fractions, but not in
cytosolic fractions. Moreover, antibodies specific to ATAD3A
precipitated the eukaryotic elongation factor-2 (eEF-2), Mfn-2,
DRPI1 and OPALl as well, indicating that these molecules
interact with one another in the post-mitochondrial fractions
(10). However, antibodies specific to AIF only precipitated AIF
in a cell lysate containing nonionic detergent NP-40, but not in
detergent-free post-mitochondrial fractions (data not shown),
suggesting that AIF was prevented from binding to antibodies
by NP-40 sensitive molecules, such as phospholipids.

Interestingly, mitochondria do not synthesize phospho-
lipids de novo. Essential phospholipid, e.g., phosphatidylserine
(PS), is synthesized in the ER and then transported to the mito-
chondria before converting to phosphatidylethanolamine (PE).
A study by Shiao et al showed that phospholipid exchange
between the ER and the mitochondria was protein-dependent
(19). They suggested that phospholipid exchange might
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possibly occur via MAM, a specialized area of the ER which
is in close contact with the mitochondria, and had been impli-
cated in regulating phospholipid biosynthesis and transport,
calcium transmission, energy metabolism and cell survival
(20-22). By studying biosynthesis of phosphatidylcholine (PC),
de Kroon er al showed that phospholipid import required both
ATP and GTP (23). In addition, DRP1 was not only detected
on the ER and the mitochondria, but also on a number of small
cytoplasmic vesicles (14). Expression of a dominant negative
DRPI1%%#4 gene markedly reduced the number of cytoplasmic
vesicles and induced bulging of the mitochondria-associated
membranes, supporting our data that proteins and phospho-
lipids could form cargo vesicles in the MAM (13-15,24).
It is worth noting that biogenesis of mitochondria occurs at
the S-phase. Expression of many mitochondrial proteins,
e.g., cytochrome c oxidases, is also cell cycle-dependent and
regulated by nuclear respiratory factor (Nrf) (25,26). These
proteins were continuously synthesized in the cytoplasm;
otherwise, they would swarm the mitochondrial periphery and
aggregate at the TOM/TIM complexes.

Lately, Mfn-2 was identified as a linker protein on the MAM
and the mitochondria, which tethered the 2 organelles together
(12).In addition to mitochondrial fusion, Mfn-2 was imperative
for regulation of Ca®* flow between the ER and mitochondria
(10,27). Nevertheless, besides a cleavage site for mitochondrial
presequence and 2 peroxisomal targeting signals, no evident
mitochondrial targeting sequence was detected in Mfn-2
protein. Because the peroxisome is derived from the ER, and
formation of the peroxisome occurs via MAM, which requires
DRP1 and AAA-ATPases (Pex1 and Pex6) (28,29), findings
by de Brito and Scorrano (12,13) indicate that targeting of
Mfn-2 to the ER and mitochondria is either mediated by a yet
to be determined mechanism or import of some mitochondrial
proteins is by an alternative route (15,30), which conceivably
is via MAM and the transport vesicles.

By studying hepatitis ¢ virus core protein (HCVCP),
Schwer et al showed that HCVCP was frequently detected
in the ER, the light membrane, MAM and mitochondria. By
investigating intracellular trafficking of human cytomegalo-
virus (hCMV) UL37 proteins, Bozidis et al found that the
full-length UL37 protein (gpUL37) and the derivatives were
all identified in the MAM and sometimes in mitochondria (31).
Studies by Burikhanov ez al and Sun et al showed that GRP7S,
a chaperone protein of the ER, was also detected in the mito-
chondria, nucleus and plasma membrane (32,33). These results
considered together with our current data clearly suggest that
sorting of some mitochondrial proteins may take an alternative
route, from the ER and MAM. In this way, phospholipids and
proteins could be simultaneously transported from the ER to
mitochondria without causing imbalance between the quantity
of phospholipids and proteins in target organelles. Our hypoth-
esis provides a reasonable explanation for why silencing of
any of the 3 genes, DRP1, ATAD3A or Mfn-2, concomitantly
alters morphology of the ER, MAM and mitochondria, and in
severe cases it induces autophagy.

In conclusion, we identified the passage way for AIF trans-
port from the ER to mitochondria. This process requires at
least 3 proteins, DRP1, ATAD3A and Mfn-2, each of which
has a different role: DRP1 is required for forming transport
vesicles from the MAM, ATAD3A is involved in shipping
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of the transport vesicles to the mitochondria, and Mfn-2 is
involved in the fusion of transport vesicles into the mitochon-
dria (Fig. 6). It should be noted, however, that other proteins
could be implicated in this process (30). In an ongoing study,
we are investigating how many mitochondrial proteins are
imported via this route.
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