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Bax and Bak are pro-apoptotic factors that are required for
cell death by the mitochondrial or intrinsic pathway. Bax is
found in an inactive state in the cytosol and upon activation is
targeted to the mitochondrial outer membrane where it releases
cytochrome c and other factors that cause caspase activation.
Although Bak functions in the same way as Bax, it is constitu-
tively localized to the mitochondrial outer membrane. In the
membrane, Bak activation is inhibited by the voltage-dependent
anion channel isoform 2 (VDAC2) by an unknown mechanism.
Using blue native gel electrophoresis, we show that in healthy
cells endogenous inactive Bak exists in a 400-kDa complex that
is dependent on the presence of VDAC2. Activation of Bak is
concomitant with its release from the 400-kDa complex and the
formation of lower molecular weight species. Furthermore, sub-
stitution of the Bak transmembrane anchor with that of the
mitochondrial outer membrane tail-anchored protein hFisl
prevents association of Bak with the VDAC2 complex and
increases the sensitivity of cells to an apoptotic stimulus. Our
results suggest that VDAC2 interacts with the hydrophobic tail
of Bak to sequester it in an inactive state in the mitochondrial
outer membrane, thereby raising the stimulation threshold nec-
essary for permeabilization of the mitochondrial outer mem-
brane and cell death.

Apoptosis is a physiological process for eliciting cell death
and is essential for the normal growth and development of mul-
ticellular organisms. Studies on gene-deleted mice have shown
that the presence of either one of the pro-apoptotic Bcl-2 family
members, Bak or Bax, is necessary for cell death by the “intrin-
sic” pathway, which can be inhibited by Bcl-2 (1, 2). In this
pathway, also known as the “mitochondrial” pathway, Bak and
Bax act on the mitochondrial outer membrane to cause release
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of molecules such as cytochrome ¢, which binds to Apaf-1in the
cytosol triggering formation of the apoptosome (2).

The mechanisms that regulate Bak and Bax activation, and
how they cause the mitochondrial outer membranes to become
permeable, are not well understood. Current models for induc-
ing cytochrome c release include the following: (2) Bak and Bax
forming large pores themselves (2); () Bak and Bax altering the
conformation of existing pores (3); (¢) Bak and Bax regulating
the production of long chain ceramides that may contribute to
pore formation (4, 5); and (d) Bak and Bax regulating mitochon-
drial morphology machineries to activate MOMP? (6). Regard-
less of the mechanism, any of these possible events require Bax/
Bak activation. In contrast to Bax, which is redirected from the
cytosol to mitochondria upon apoptotic induction (7), Bak is
constitutively located within the mitochondrial outer mem-
brane (8, 9). Bak has been reported to interact with a number of
other proteins at the mitochondrial outer membrane, including
the Bcl-2 anti-apoptotic family members Bcl-x; , Mcl-1 (10, 11),
and A1 (12), the pro-apoptotic BH3-only Bcl-2 family proteins
tBid, Bad, and Bim (13, 14), the mitochondrial morphology reg-
ulators Drp1 and Mitofusin (15, 16), and the tumor suppressor
p53 (17). In addition, Cheng et al. (14) showed that the minor
voltage-dependent anion channel isoform 2, VDAC2, interacts
with the inactive conformer of Bak. VDAC proteins constitute
the major gateways for metabolite flux across the mitochon-
drial outer membrane, and in mammalian cells three isoforms
(VDAC1, VDAC2, and VDAC3) can substitute for each other in
metabolic exchange (18). Although VDACs have been impli-
cated in regulating apoptosis, conflicting studies have sug-
gested that they may either promote or prevent apoptosis. For
example, it was proposed that VDACs are part of the mitochon-
drial permeability transition complex, which can cause MOMP,
resulting in cell death (3). On the other hand, it was reported
that Bcl-x; binds directly to VDAC1 to maintain ATP/ADP
exchange (19, 20), thereby promoting cell survival. In vitro,
VDAC species purified from rat mitochondria could be
induced by Bax or Bak to form a channel large enough to release
cytochrome ¢, and this could be prevented by Bcl-x; (21). In

° The abbreviations used are: MOMP, mitochondrial outer membrane per-
meabilization; VDAC, voltage-dependent anion channel; tBid, trun-
cated Bid; BN-PAGE, Blue-Native PAGE; 4-HT, 4-hydroxytamoxifen; DKO,
double knock-out; MEFs, mouse embryonic fibroblasts; TOM, translocase
of outer membrane; TM, transmembrane; BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; Tricine, N-[2-hydroxy-1,1-
bis(hydroxymethyl)ethyllglycine.
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contrast, it was found that the BH3-only protein tBid affected
gating of VDAC channels rather than Bax (22), although
another BH3-only protein Bim was found to directly interact
with VDAC, and this was enhanced during apoptosis (23).

The study by Cheng et al. (14) suggested that association of
Bak with VDAC2 maintains Bak in an inactive form in healthy
cells. Death stimuli, such as treatment with tBid, was shown to
abolish the interaction between Bak and VDAC2, allowing apo-
ptosis to proceed (14). Consistent with these observations,
vdacl- and vdac3-deficient mice are viable, whereas embryos
with a homozygous deletion of vdac2 die during development
(14). In vdac2 "~ cells activation of Bak was enhanced, and the
cells had increased sensitivity to apoptotic stimuli (14). In con-
trast, others have suggested a pro-apoptotic role for VDAC2
and have reported that it is required for the mitochondrial tar-
geting and activation of Bak (24, 25).

To provide fresh insights into the mechanisms that regulate
MOMP, we analyzed Bak complexes in mitochondria using
blue native electrophoresis. Our results showed that in healthy
cells endogenous Bak exists in a 400-kDa complex in the mito-
chondrial outer membrane, and release of Bak from this com-
plex coincides with Bak activation, MOMP, and cytochrome ¢
release. The 400-kDa Bak complex is dependent on the pres-
ence of VDAC2. Furthermore, replacement of the Bak trans-
membrane anchor with that of another mitochondrially tar-
geted protein prevented association of Bak with the 400-kDa
complex and lowered the threshold for apoptosis. This indi-
cates that the interaction with VDAC2 involves the Bak trans-
membrane domain, and in the absence of VDAC2, or when the
transmembrane domain is replaced, Bak does not spontane-
ously activate, but the threshold for activation is markedly
reduced.

EXPERIMENTAL PROCEDURES

In Vitro Protein Import into Isolated Mitochondria—Bak,
Bak-hFis1™, and Tom22 were amplified from pGEMA4Z using
M13 forward and reverse primers to generate RNA using the in
vitro mMESSAGE mMachine SP6 kit from Ambion. RNA was
isolated by LiCl precipitation according to the manufacturer’s
instructions and applied to in vitro translation reactions using
rabbit reticulocyte lysate (Promega) in the presence of [**S]me-
thionine/cysteine protein labeling mix (PerkinElmer Life Sci-
ences) as described previously (26, 27). Mitochondria were iso-
lated fresh prior to import using differential centrifugation as
described previously (26). Isolated mitochondria were incu-
bated with translation products in import buffer (20 mm
HEPES-KOH, pH 7.4, 250 mm sucrose, 80 mm KOAc, 5
mM MgOAC, 10 mm sodium succinate, 5 mm methionine, 1 mm
DTT, and 4 mm ATP) at 37 °C for various times as indicated in
the figure legends. Samples subjected to protease treatment
were incubated on ice for 10 min with 100 ug/ml proteinase K
(Sigma), followed by the addition of 1 mm PMSF and incubation
for 10 min on ice. Samples treated by alkaline extraction were
resuspended in freshly prepared 0.1 m Na,COj, pH 11.5, and
incubated on ice for 30 min with occasional vortexing. Mem-
branes were isolated by centrifugation at 100,000 X g for 1 h at
4. °C and subsequently solubilized in SDS-PAGE loading dye.
For treatment with tBid, recombinant tBid (28) in import buffer
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was added to samples at a final concentration of 50 nm. Reac-
tions were performed at 37 °C for 10 or 15 min.

Electrophoresis and Immunoblot Analysis—Mitochondrial
pellets (50 g of protein) were solubilized in 50 ul of ice-cold
digitonin-containing buffer (1% (w/v) digitonin, 20 mm BisTris,
pH 7.0, 0.1 mm EDTA, 50 mm NaCl, 1 mm DTT, 10% (w/v)
glycerol) and incubated on ice for 15-20 min. Samples were
clarified by centrifugation at 16,000 X gfor 10 min at 4 °C, upon
which 1/10th the volume of sample buffer (5% (w/v) Coomassie
Brilliant Blue G-250, 100 mm BisTris, pH 7.0, 500 mMm e-amino-
n-caproic acid) was added to the clarified supernatant. Samples
were typically separated on 4-13 or 4-16% polyacrylamide
gradient gels at 4 °C. Thyroglobulin (669 kDa), ferritin (440
kDa), and bovine serum albumin (134 and 67 kDa) were used as
molecular weight markers. SDS-PAGE was performed using
gradient Tris-Tricine gels (29). Radiolabeled proteins were
detected by digital autoradiography. For Western blot analysis,
gels were transferred to PVDF membranes and probed with
antibodies against Bak 7D10 (30), Tom40 (31), B17.2L (26),
Hsc70 (32), Tim23 (BD Biosciences), cytochrome ¢ (BD Bio-
sciences), and mtHsp70 (provided by Nick Hoogenraad, Mel-
bourne, Australia).

Cell Culture and Generation of Stable Cell Lines—HeLa cells
were grown at 37 °C and 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 5% (v/v) fetal
bovine serum (FBS, Invitrogen). Mouse embryonic fibroblasts
(MEFs) derived from bak™" bax~"~ double knock-out (DKO)
(33) or vdac2 ™’ (14) mice were cultured in DMEM supple-
mented with 10% FBS, 250 uM L-asparagine, and 55 um 2-mer-
captoethanol under an atmosphere of 5% CO, and 95% air.
Wild type (WT) Bak, Bak™'T, and Bak-hFis1™ were stably
introduced into DKO MEFs by lentiviral infection as described
previously (34). Monoclonal populations were selected based
on positive protein expression following induction with 4-hy-
droxytamoxifen (4-HT). For equal protein expression, WT Bak,
Bak'™'T, and Bak-hFis1™ were induced with 18, 5, and 200 nm
4-HT, respectively. No effect on cell viability was observed with
200 nm 4-HT (data not shown).

Cell Death Assays—Both nontransduced and transduced
DKO MEFs were seeded on 6-well tissue culture plates at ~60%
confluency and allowed to adhere for 12- 24 h before addition of
4-HT for 16 h. The 4-HT containing medium was removed at
which time the cells were supplemented with medium either
lacking or containing 10 M etoposide (Sigma). Cells were incu-
bated with etoposide for 24 h. Cell death was analyzed by
annexin V-FITC (Invitrogen) staining and flow cytometry. In
each sample, 10,000 events were measured, and cell death
(annexin V-FITC-positive cells) was quantified.

RESULTS

Mitochondrial Outer Membrane Permeabilization Is Con-
comitant with Bak Release from a 400-kDa Complex—To study
mitochondrial import and assembly of Bak, we used an in vitro
mitochondrial import assay (35). Bak was translated in vitro
using rabbit reticulocyte lysate in the presence of [**S]methi-
onine and incubated with mitochondria that were freshly iso-
lated from HeLa cells. Mitochondria were solubilized in digito-
nin buffer and analyzed by blue native PAGE (BN-PAGE) so
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FIGURE 1. Release of Bak from a 400-kDa complex in isolated HeLa cell mitochondria induces MOMP.
A, mitochondria were freshly isolated from Hela cells and incubated with radiolabeled Bak precursor at
37 °Cfor varying times. Following import, mitochondria were reisolated and left untreated or treated with
proteinase K. Mitochondria were then lysed in digitonin-containing buffer and subjected to BN-PAGE
(upper panel) or resuspended in Laemmli sample buffer and subjected to SDS-PAGE (lower panel). Both
gels were transferred to PVDF membrane prior to digital autoradiography. Two molecular weight assem-
blies of Bak are indicated (termed Bak' and Bak"). Proteolytic fragments of Bak are indicated (Bak*). #
indicates nonspecific band. Lysate indicates a sample of the translated 3°S-Bak product. B, following
autoradiography, the SDS-PAGE PVDF membrane from A was subjected to immunoblot analysis with
antibodies against cytochrome c (cyt. ¢) and Tom40 (as control). 25 pg of total mitochondria protein
(shown as mito in lane 11) was loaded as a control. C, 3°S-Bak was incubated with isolated Hela cell
mitochondria at 37 °C for 5 min. Mitochondria were isolated and resuspended in import buffer and then
left untreated or treated with tBid and incubated for a further 10 min at 37 °C. Samples were split and
analyzed by BN-PAGE (upper panel) and SDS-PAGE (lower panel) and then subjected to digital autoradiog-
raphy. D, Hela cell mitochondria treated with or without tBid were subjected to SDS-PAGE and probed
with antibodies against cytochrome c and Tom40. £, isolated HelLa cell mitochondria were resuspended in
import buffer with or without tBid for 10 min at 37 °C. Mitochondria were re-isolated, solubilized in
digitonin-containing buffer, and separated by BN-PAGE followed by Western blot analysis using antibod-

complex is quite labile, and Bak-in-
teracting proteins can dissociate in
particular detergents. Similar re-
sults have been observed with the
translocase complex of the mito-
chondrial outer membrane (41).
We next assessed whether the
transition of Bak from the Bak' to
Bak' complex correlated with acti-
vation of Bak, leading to MOMP
and cytochrome c release. Immuno-
blot analysis revealed release of
cytochrome ¢ from mitochondria at

ies against Bak.

that we could follow precursor import and assembly into com-
plexes. The **S-labeled Bak was initially found in an ~400-kDa
doublet complex at early time points (Fig. 1A, upper panel,
lanes 1 and 2, termed Bak’), but after prolonged incubation
(between 30 and 60 min) at 37 °C, Bak shifted into a lower spe-
cies of ~100 kDa (Fig. 1A, upper panel, lanes 3-5, termed
Bak™).

To determine whether **S-Bak was buried within the Bak'
and Bak™ complexes, we performed a protease protection assay
following import. Radiolabeled Bak within the Bak' complex
was largely resistant to externally added protease (Fig. 14,
upper panel, lanes 6 and 7) and therefore likely represents
membrane-integrated and assembled Bak. SDS-PAGE analysis
of protease-treated mitochondria revealed that the radiola-
beled Bak was clipped as judged by its faster migration, and at
points where Bak had transitioned to the Bak' complex, further
digestion was seen resulting in the accumulation of an ~10-kDa
fragment (Fig. 1A, lower panel, compare lane 5 with 10). It has
been previously found that activation of Bak results in it under-
going a conformational change and becoming more susceptible
to proteolysis (9, 14, 36). The change in Bak proteolysis is con-
sistent with either a conformational change in Bak from its
inactive to active state, an alteration in how it is buried in the
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the same time as Bak transitioned to
the Bak' complex (Fig. 1B, lanes
1-5), indicating that MOMP was occurring. As a control, we
probed the blot with polyclonal antibodies against the mito-
chondrial outer membrane protein Tom40. Upon MOMP, pro-
teinase K became accessible to the intermembrane space, and
Tom40 epitopes were subsequently lost (Fig. 1B, lanes 8—10).
Our findings are similar to those recently reported by Ross et
al. (42); however, in their case, Bak remained in the Bak' dou-
blet species and only shifted when cells were induced to
undergo apoptosis. To determine whether the transition we
observed of Bak from the Bak' to Bak'' complex was the same as
the transitioning observed by Ross et al. (42), we induced
MOMP in vitro by adding the membrane-targeted death ligand,
tBid. We loaded 3°S-Bak into isolated HeLa cell mitochondria
for 5 min to generate the 400-kDa Bak' complex and then sub-
sequently added recombinant tBid. Radiolabeled Bak was found
predominantly within the 400-kDa inactive Bak' complex in
untreated samples, although addition of tBid caused it to tran-
sition into the Bak' complex (Fig. 1C), and cytochrome c
release was observed (Fig. 1D). To ensure the changes observed
with the in vitro translated 3°S-Bak were mirrored by the
endogenous form of Bak, isolated HeLa cell mitochondria were
incubated with or without tBid, solubilized in digitonin buffer,
and analyzed by BN-PAGE and immunoblot analysis with anti-
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FIGURE 2. Bak activation in HeLa cell mitochondria is temperature-dependent and influenced by Bak
levels and soluble factors. A, mitochondria (Mito.) were freshly isolated from Hela cells and incubated with
35S-Bak at 37 or 22 °C for varying times. Following import, mitochondria were re-isolated, lysed in digitonin-

containing buffer, and subjected to BN-PAGE (upper panel) or resuspended

subjected to SDS-PAGE (lower panel). Gels were visualized by autoradiography.

dria in import buffer were either left alone or supplemented with rabbit reticul
ing rabbit reticulocyte lysate and incubated at 37 °C for the indicated time

digitonin-containing buffer, separated by BN-PAGE and transferred to PVDF membrane. Following digital
autoradiography (left panel), immunoblotting with antibodies against Bak was performed (right panel).

C, experiment was performed as described in B; however, the samples wer:

subsequently transferred to PVDF. Following digital autoradiography (upper panel),immunoblotting was per-

formed with antibodies against cytochrome c (cyt. ¢, middle panel) and B17.2L

Bak antibodies. As with in vitro translated Bak, endogenous Bak
was found in a 400-kDa complex in nonstimulated samples and,
upon treatment with tBid, transitioned to the smaller Bak"
complex (Fig. 1E). We conclude that transition of Bak from the
400-kDa Bak' complex into the lower molecular weight Bak"
complex correlated with a conformational change in Bak, as
indicated by increased susceptibility of Bak to externally added
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tion of MOMP in isolated HeLa
cell mitochondria required newly
imported Bak. We took isolated
HeLa cell mitochondria and incu-
bated them at 37°C for varying
times either alone, in the presence
of reticulocyte lysate lacking trans-
lated Bak, or with reticulocyte lysate
containing translated **S-Bak. Sam-
ples were analyzed by BN-PAGE to
monitor Bak transitions and SDS-
PAGE to follow cytochrome c
release. Incubation of mitochondria
alone at 37°C was sufficient to
induce transitioning of endogenous
Bak to its active form (Fig. 2B, lanes
14-18), and this correlated with
cytochrome c release (Fig. 2C, lanes
1-5). However, in the presence
reticulocyte lysate, the Bak' com-
plex was stable (Fig. 2B, lanes
19-22), and cytochrome c release was blocked (Fig. 2C, lanes
6-9). Conversely, the addition of >*S-Bak in reticulocyte lysate
(Fig. 2B, lanes 10-13) induced both Bak transitioning (Fig. 2B,
lanes 23—-26) and complete release of cytochrome ¢ from mito-
chondria (Fig. 2C, lanes 10-13). Our results indicate that
although isolated HeLa cell mitochondria can undergo sponta-
neous Bak activation in vitro, this is inhibited when mitochon-

cyt.c(12 kDa)

B17.2L (19 kDa)

in Laemmli sample buffer and
B, isolated Hela cell mitochon-
ocyte lysate or 3°S-Bak contain-
s. Samples were solubilized in

e separated by SDS-PAGE and

(lower panel).
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FIGURE 3. VDAC2 is required for formation of the inactive 400-kDa Bak complex. A, mitochondria were
isolated from wild type (WT) and vdac2 ™/~ MEFs, incubated with 3>S-Bak for the indicated times, then analyzed
by both BN-PAGE (upper panel) and SDS-PAGE (lower panel), and visualized by autoradiography. Mitochondria
receiving tBid treatment were first incubated for 45 min with 3>S-Bak at 37 °C, upon which 50 nm recombinant
tBid was added and samples were incubated for a further 15 min at 37 °C. B, wild type (WT) and vdac2™/~
mitochondria were incubated with 3°S-Tom22 at 37 °C for the indicated times. tBid-treated samples were
incubated for 45 min with 3S-Tom22 at 37 °C, followed by a further 15 min at 37 °C with 50 nm recombinant
tBid. Samples were analyzed by both BN-PAGE (upper panel) and SDS-PAGE (lower panel) as in A. C, >*S-Bak was
incubated with mitochondria isolated from wild type (WT) and vdac2 "~ MEFs for 15 min or 60 min. Mitochon-
dria were reisolated following import, resuspended in Na,CO, (0.1 m, pH 11.5), and then incubated on ice for 30
min. Membrane sheets were isolated by ultracentrifugation, and total (7), pellet (P), and supernatant (S) sam-
ples were solubilized in Laemmli buffer and separated by SDS-PAGE. The gel was transferred to PVDF mem-
brane, subjected to digital autoradiography (upper panel), and subsequently analyzed by immunoblotting
using the antibodies indicated (lower panels). D, >*S-Bak was incubated with mitochondria isolated from wild
type (WT)and vdac2™/~ MEFs for the indicated times at 37 °C. tBid-treated samples were firstincubated at 37 °C
for 45 min upon which 50 nm recombinant tBid was added, and samples were incubated for a further 15 min at
37 °C. Mitochondria were isolated and solubilized in Laemmli buffer, separated by SDS-PAGE, and subse-
quently analyzed by digital autoradiography (upper panel) and immunoblotting using antibodies against

sessed the import and assembly of a
control mitochondrial outer mem-
brane protein, Tom22, which pro-
ceeded normally into the TOM
complex in mitochondria isolated
from vdac2~"~ cells (Fig. 3B).
Some studies have suggested that
rather than influencing the activity
of Bak, VDAC2 is needed for
recruitment of new Bak molecules
to mitochondria (24, 25). To deter-
mine whether lack of association of
Bak with the Bak' complex in

Tom40 and cytochrome c (lower panels).

dria are incubated in the presence of rabbit reticulocyte lysate
lacking newly translated Bak. This inhibition might be due to
the presence of anti-apoptotic proteins such as Bcl-x; in the
reticulocyte lysate (43). However, the inhibitory property of the
lysate was overcome when the lysate contained newly trans-
lated Bak molecules. Indeed, the Western blot analysis showed
that the radiolabeled Bak contributed to the overall increased
reactivity to Bak antibodies (Fig. 2B, compare lane 14 with 23)
indicating that relatively high amounts of Bak were synthesized
in the reticulocyte lysate. Thus, the integration of additional
Bak molecules into the outer membrane appears to disturb an
equilibrium existing between Bak and its regulatory proteins,
causing Bak activation and MOMP.

VDAC?2 Is Required for Formation of the Inactive Bak Com-
plex—We observed that the size of the 400-kDa Bak complex
resembled VDAC complexes previously seen by BN-PAGE (42,
44, 45). To determine whether VDAC?2 influenced the forma-
tion of the Bak complex, we compared import and assembly of
Bak in mitochondria isolated from wild type and vdac2™"~
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vdac2~'~ mitochondria was simply
due to ineffective recruitment of
Bak to the mitochondrial outer membrane, we assessed mem-
brane integration of **S-Bak following import into wild type
and vdac2~'~ MEFs by alkaline extraction of soluble and
peripheral membrane proteins (35, 46). Membrane integrated
species were isolated by ultracentrifugation and separated by
SDS-PAGE. After incubation for 15 or 60 min, the membrane
integration of 3°S-Bak was equally observed in wild type and
vdac2~'~ mitochondria, similar to the control integral inner
membrane protein Tim23 (Fig. 3C). These results suggest that
Bak can integrate into the outer mitochondrial membrane in
the absence of VDAC2 just as efficiently, but bypasses the Bak'
complex to directly enter the Bak'' complex. Because this com-
plex is seen when mitochondria undergo MOMP, we hypothe-
sized that upon Bak import, isolated vdac2 '~ mitochondria
would be more susceptible than wild type mitochondria to
MOMP and cytochrome c release. We therefore assessed cyto-
chrome c release in mitochondria from wild type and vdac2 ™/~
mitochondria after the import of radiolabeled Bak at short time
points (2.5 min) or longer time points (60 min). Indeed, the
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integrated within the outer mem-
brane in its correct orientation, Bak
and Bak-hFis™ were imported into
wild type and vdac2~”~ mitochon-
dria with or without tBid treatment
and were treated with proteinase K.
An identical profile consisting of
two characteristic proteolytic frag-
ments was observed for both
proteins, suggesting the hFisl
transmembrane domain did not
influence either the active or inac-
tive conformations of Bak (Fig. 4C).

Our data suggest that the C-ter-
minal transmembrane domain of
Bak is not only required for its in-
tegration into the mitochondrial
outer membrane but is also required
for the assembly of Bak into the 400-
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FIGURE 4. Substitution of the Bak transmembrane anchor blocks VDAC2 association and enhances Bak
activation. A, schematic representation of the Bak-hFis1™ construct. B, 3>*S-Bak and >°S-Bak-hFis1™ were
incubated with mitochondria isolated from wild type (WT) and vdac2 =/~ MEFs for the indicated times at 37 °C.
Following 45 min of import, tBid-treated samples received 50 nm of recombinant tBid and were incubated for
15 min at 37 °C. Samples were analyzed by BN-PAGE (upper panel) and SDS-PAGE (lower panel) and then
subjected to digital autoradiography. C, mitochondria were isolated from wild type (WT) and vdac2™~ MEFs
and incubated with 3°S-Bak and 3°S-Bak-hFis1™ precursors for 60 min at 37 °C. Following import, samples were
either left untreated or treated with 50 nm tBid for 10 min at 37 °C. All samples were then treated with 100 ug/ml
proteinase K for 10 min on ice. Mitochondria were reisolated, solubilized in Laemmli buffer, and separated by
SDS-PAGE. Proteolytic fragments of Bak are indicated (*). D, Bax/Bak double knock-out (DKO) MEFs were stably
transfected with wild type Bak, Bak'®'", and Bak-hFis1™. Protein expression was induced by the addition of
4-HT for 16 h. A sample of whole cell extract was separated by SDS-PAGE and analyzed by immunoblotting
using antibodies against Hsc70 (as loading control) and Bak. £, Bax/Bak double knock-out MEFs (double knock-
out) containing Bak, Bak'®'", or Bak-hFis1™ were incubated with 4-HT for 16 h to induce protein expression,
followed by incubation either with or without 10 um etoposide for 24 h. Cells were isolated and stained with

annexin V and analyzed by flow cytometry (error bars, S.E.; n = 3).

release of cytochrome c took place faster in mitochondria from
vdac2~'~ cells than those from wild type cells (Fig. 3D). These
results suggest that VDAC2 is involved in sequestering Bak in
an inactive state in the Bak' complex, consistent with previous
findings (14).

Transmembrane Anchor in Bak Is Required for Sequestration
with VDAC2—Based on the B-barrel structures of refolded
VDACI1 (20, 47, 48) and previous biochemical data, it is likely
that VDAC2 (49) is almost entirely buried within the mitochon-
drial outer membrane. We hypothesized that the transmem-
brane domain of Bak might mediate its interaction with
VDAC2. To test this, we replaced the C-terminal transmem-
brane anchor of Bak with that of hFis1, a mitochondrial outer
membrane protein that, like Bak, contains mitochondrial tar-
geting information at its C terminus (Fig. 44) (50). Import and
assembly assays showed that °S-Bak-hFis1™ failed to assem-
ble into the 400-kDa Bak' complex in control mitochondria, but
rather appeared to directly assemble into the Bak'' complex
(Fig. 4B, lanes 5-8). Furthermore, in mitochondria isolated
from vdac2~’~ cells, both Bak and Bak-hFis1™ assembled
directly into the Bak" complex. Efficient binding of both Bak
and Bak-hFis1™ to mitochondria was seen in both cases (Fig.
4B, lower panel). To ascertain whether Bak-hFis1™ efficiently
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kDa VDAC2 complex. Because Bak
entered the Bak" complex directly
in the absence of VDAC2 and
caused isolated mitochondria to
undergo MOMP, we hypothesized
that cellular expression of Bak-
hFis1™ would induce apoptosis
more rapidly and potently than wild
type Bak. To test this, we used an
inducible lentiviral system to
express wild type Bak and Bak-
hFis1™ in Bax/Bak DKO MEFs and
compared them to an inactive Bak
mutant, Bak™'T (38). Using this sys-
tem, expression of the constructs
can be induced with 4-HT (34).

We isolated monoclonal cell populations and monitored
protein expression and cell death. We were not able to isolate a
clonal population that was capable of expressing Bak-hFis1™
to the same levels as wild type Bak (data not shown), and there-
fore we could not monitor cell death in a constitutively express-
ing system. We therefore adjusted 4-HT concentrations such
that similar levels of the three proteins following 4-HT induc-
tion were present (Fig. 4D). The cells were viable, indicating
that the levels of Bak were below the threshold of auto-activat-
ing apoptosis. To test their susceptibility to induction of apo-
ptosis, cells were treated with etoposide for 24 h, and the per-
centage of dead cells was determined by annexin V staining
using flow cytometry (Fig. 4E). The Bax/Bak DKO cells were
resistant to cell death as reported previously (33, 51). Similarly,
cells expressing the Bak'™'" mutant displayed an overall resis-
tance to etoposide treatment (38). In this time period, about
25% of the cells expressing Bak alone were dead, although
nearly 70% of the cells expressing Bak-hFis1™ were dead.

DISCUSSION

In this study, we analyze the complexes formed by the pro-
apoptotic protein Bak in its active and inactive forms using
BN-PAGE. We find that the C-terminal transmembrane
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anchor of Bak does not simply act to target and insert the pro-
tein in the mitochondrial outer membrane but that it is also
involved in maintaining Bak in an inactive conformation by
sequestration in a complex dependent on VDAC2. As inactive
Bak can be cross-linked directly with VDAC2 (14) and it forms
a 400-kDa doublet complex on BN-PAGE, which resembles
that formed by VDAC2 (44), it is likely that VDAC?2 is found
within this complex. The structure of VDACI, which shares
significant homology to VDAC2, was found to form a 3-barrel
and would be almost entirely embedded in the outer mem-
brane. However, it has been suggested that the refolding condi-
tions employed have led to an artifact because biochemical
approaches argue for additional regions of VDACI extruding
from the membrane (49). Nevertheless, it is likely that all VDAC
species resemble one another with the majority of the protein
embedded in the outer membrane in a 3-barrel conformation.
As the Bak transmembrane anchor is critical for its association
with the VDAC2 complex, it suggests that direct contacts occur
in the membrane region. Nevertheless, we cannot exclude that
additional cytosolic contacts also take place to stabilize Bak
within the VDAC2 complex. As the gene duplications that gen-
erated the three VDAC isoforms occurred early in vertebrate
evolution (52), it will be interesting to determine when in evo-
lution the interaction between VDACs and Bak arose and why
Bak appears to interact only with VDAC2.

Because the transmembrane anchor of Bak is not lost follow-
ing Bak activation, it is likely that structural changes in Bak (or
associating proteins) displace Bak from the VDAC2 complex.
Importantly, dissociation of Bak from the VDAC2 complex by
swapping the transmembrane anchor of Bak with hFis1 does
not automatically result in activation of Bak but renders cells
more sensitive to induction of apoptosis. These results are con-
sistent with previous conclusions that VDAC2 acts as a brake to
prevent inadvertent Bak activation (39). We propose that other
anti-apoptotic molecules such as Bcl-x; and Mcl-1 help keep
Bak in check following its release from the VDAC2 complex
(10, 11). In addition, we cannot rule out that other proteins
besides VDAC2 and Bak are present in the ~400-kDa complex.
Itis also interesting that the complex is found in a doublet form
on BN-PAGE and may indicate the presence of other proteins
whose association may be labile to the conditions employed. A
similar scenario has been observed for the translocase complex
of the outer mitochondrial membrane where the Tom20 recep-
tor is lost from the complex following solubilization in high
concentrations of digitonin and BN-PAGE (53). Furthermore,
we note that when other detergents were used, Bak does not
resolve in the VDAC2 complex (supplemental Fig. S1). Other
studies have reported Bak to exist in different sized complexes,
and this may be due to the various conditions and detergents
employed (39, 40, 54).

In our studies to characterize the Bak complex, we found that
mitochondria isolated from HeLa cells and incubated at 37 °C
for prolonged periods (45— 60 min) underwent Bak activation,
MOMP, and cytochrome c release. However, mitochondria iso-
lated from MEFs were less prone to such activation. It has been
previously found that heat-shocking mitochondria at 43 °C for
15 min before a chase at 37 °C caused Bak activation and
MOMP (43). Thus, Bak is heat-labile and has the propensity to
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undergo heat-induced conformational changes. Because we
only used physiological temperatures and auto-activation of
Bak was not seen in mitochondria from MEFs, it suggests that
other limiting factors are present in HeLa cell mitochondria.
Indeed, we found that the addition of rabbit reticulocyte lysate
to HeLa cell mitochondria had an inhibitory effect on Bak acti-
vation. Likewise, Pagliari et al. (43) found that cytosolic Bcl-x;
prevented the heat-induced activation of Bak. It is therefore
likely that mitochondrial preparations from different cell types
harbor variable levels of anti- and pro-apoptotic molecules that
regulate Bak activation at 37 °C. Nevertheless, our results raise a
note of caution about experiments that employ isolated mito-
chondria that are incubated at 37 °C for prolonged times where
MOMP may ensue and potentially cause erroneous results.

Under our conditions of BN-PAGE, we did not observe active
Bak to form large oligomers that would be consistent with it
forming a pore-like structure. However, we did find that Bak
oligomers could be seen when Bak was imported into mito-
chondria containing already active Bak (Fig. 2B) or following
protease treatment of mitochondria containing active Bak (e.g.
Fig. 14). However, analysis of endogenous, active Bak showed it
to be predominantly present in the lower Bak" complex. It is
plausible that the Bak™ species we observe represents the active
dimeric form previously reported (30) and that assembles into a
labile pore that cannot be resolved under the conditions
employed here but can be seen using cross-linking approaches
(30, 55). Although additional studies using complementary
techniques are required to clarify this, it is clear that BN-PAGE
is a useful tool to analyze the complex made by inactive Bak and
also to monitor the transition of Bak to its active form.

In conclusion, this study not only provides new mechanistic
insights into apoptotic regulation but also indicates that studies
on the entire Bak protein and at the mitochondrial outer mem-
brane need to be taken into consideration. In light of this study,
it will be important to analyze the contributions made by the
transmembrane anchors of other Bcl-2 family in the regulation
of apoptosis.
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