Article

THE

EMBO

w P

SOURCE TRANSPARENT
DATA PROCESS

JOURNAL

BH3-in-groove dimerization initiates and helix 9
dimerization expands Bax pore assembly

in membranes
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Abstract

Pro-apoptotic Bax induces mitochondrial outer membrane perme-
abilization (MOMP) by forming oligomers through a largely
undefined process. Using site-specific disulfide crosslinking,
compartment-specific chemical labeling, and mutational analysis,
we found that activated integral membrane Bax proteins form a
BH3-in-groove dimer interface on the MOM surface similar to that
observed in crystals. However, after the o5 helix was released into
the MOM, the remaining interface with a2, 3, and a4 helices was
rearranged. Another dimer interface was formed inside the MOM
by two intersected or parallel a9 helices. Combinations of these
interfaces generated oligomers in the MOM. Oligomerization was
initiated by BH3-in-groove dimerization, without which neither
the other dimerizations nor MOMP occurred. In contrast, o9 dimer-
ization occurred downstream and was required for release of large
but not small proteins from mitochondria. Moreover, the release of
large proteins was facilitated by &9 insertion into the MOM and
localization to the pore rim. Therefore, the BH3-in-groove dimer-
ization on the MOM nucleates the assembly of an oligomeric Bax
pore that is enlarged by 9 dimerization at the rim.

Keywords Apoptosis/Bcl-2 proteins; membrane permeabilization; mitochon-
drial membranes; oligomerization

Subject Categories Autophagy & Cell Death; Membrane & Intracellular
Transport; Structural Biology

DOI 10.15252/embj.201591552 | Received 28 March 2015 | Revised 17
November 2015 | Accepted 18 November 2015 | Published online 23 December
2015

The EMBO Journal (2016) 35: 208-236

Introduction

In most cells, Bax is a monomeric protein in the cytosol. During
apoptosis initiation, Bax is activated and targeted to the mitochon-
drial outer membrane (MOM). The active Bax undergoes a series of
conformational changes and eventually forms oligomeric pores in
the MOM that release cytochrome c and other mitochondrial inter-
membrane space proteins to activate caspases and nucleases,
thereby dismantling the cells (Borner & Andrews, 2014; Chi et al,
2014; Moldoveanu et al, 2014; Volkmann et al, 2014; Westphal
et al, 2014b).

Previous studies revealed a multi-step process that transforms
Bax from a dormant soluble protein to an active integral membrane
protein. Bax cycles on and off membranes by a process called retro-
translocation (Edlich et al, 2011; Schellenberg et al, 2013). The Bax
is activated and bound to mitochondria by BH3-only proteins such
as tBid (Lovell et al, 2008) or by previously activated Bax (Tan et al,
2006). The activated Bax partially embeds helices a5, o6, and o9
into the MOM as cysteines positioned in these helices become inac-
cessible to a membrane-impermeant sulfhydryl-specific modifying
agent when Bax inserts into membranes (Annis et al, 2005;
Westphal et al, 2014a). Inaccessibility was observed for Bax bound
to the mitochondria isolated from etoposide-treated Myc-null cells
where Bax did not oligomerize, and from Myc-expressing cells
where Bax did oligomerize, suggesting that the helices are inserted
into the MOM before oligomerization (Annis et al, 2005). Consistent
with this model, residue inaccessibility was also observed before the
tBid-induced oligomerization of Bax mutants that were constitu-
tively bound to mitochondria due to a mutation in o9 (Westphal
et al, 2014a). The o5 insertion was also supported by an increase of
fluorescence of an environment-sensing fluorophore attached to the
a5 of Bax after it was activated by membrane-bound tBid (Lovell
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et al, 2008). Kinetic analysis of the fluorescence changes associated
with o5 insertion and Bax oligomerization indicated that the inser-
tion occurred earlier than the oligomerization. However, while the
early chemical labeling study concluded that the o5, 26, and a9 are
deeply inserted into the lipid bilayer, the later study concluded that
the o5 and o6 are shallowly inserted into the cytosolic leaflet of the
bilayer with some a5 residues buried in the cytosolic domain of Bax
oligomer after Bax is activated by tBid. Therefore, a more rigorous
topology survey is required to differentiate the models for the three
membrane-embedded helices, and to ascertain the topology of the
other regions, particularly the BH3 region and its binding groove,
which are critical to Bax interaction and function (Bleicken et al,
2010; Zhang et al, 2010; Dewson et al, 2012).

The structure of the oligomeric Bax pore was largely unexplored
until recently. Our photocrosslinking study revealed two interdepen-
dent interfaces in the Bax oligomer formed in detergent micelles
(Zhang et al, 2010). A double electron—electron resonance (DEER)
study of Bax oligomer formed in detergent micelle and liposomal
membrane suggested an antiparallel helical dimer interface formed
by a2-a3 region of neighboring Bax molecules in the oligomer
(Bleicken et al, 2010). A disulfide-crosslinking study indicated that
the antiparallel o2-03 interface was extended to include o4 which
binds to the other side of o2, and this interface together with a
parallel o6 interface could generate Bax oligomers in the MOM
(Dewson et al, 2012). Another disulfide-crosslinking study detected
an o9 interface formed by a Bax mutant constitutively bound to
mitochondria (Iyer et al, 2015). Whether wild-type Bax can form
this o9 interface was unknown. Moreover, the contribution of all of
these interfaces to the oligomeric pore assembly has not been
assessed.

A crystallographic study revealed structures of three Bax
complexes (Czabotar et al, 2013). The first is a domain-swapped
dimer in which two Bax polypeptides lacking the C-terminal a9 helix
(BaxAa9) swap their a6-08 helices, resulting in two globular units,
each comprising ol-05 helices from one monomer (the core
domain), plus a6-08 helices from the other monomer (the latch
domain), that are bridged by two extended antiparallel «5-06
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helices. The second is the domain-swapped BaxAo9 dimer with a
BH3 peptide of tBid bound to each globular unit via a hydrophobic
groove that is occupied by a9 in full-length Bax monomer (Suzuki
et al, 2000). The third was formed by a GFP fusion protein contain-
ing Bax o2-05 helices. A symmetric dimer interface exists in this
complex, in which the BH3 region or o2 of one Bax fragment
engages a groove in the other Bax fragment and vice versa, resulting
in two reciprocal BH3-in-groove interfaces (Fig 1A).

Based on these crystal structures, the following model was
proposed for Bax activation and oligomerization (Czabotar et al,
2013). Binding of a BH3-only protein to the hydrophobic groove of
Bax after o9 is released from the groove and inserted into the MOM
triggers the release of the latch domain from the core domain and
the exposure of the BH3 region. The exposed BH3 region of one Bax
replaces the BH3-only protein from the groove of other Bax and vice
versa, resulting in a Bax homodimer with the BH3-in-groove inter-
face that nucleates the oligomerization process. In addition, a
hydrophobic patch consisting of aromatic residues from o4 to o5
that is located on one side of the BH3-in-groove dimer engages the
MOM to promote MOMP (Fig 2A, top-left). However, these infer-
ences were made based on the structure of a domain-swapped dimer
that is acknowledged to be an off mechanism dead-end complex
and the structures of Bax deletion mutants, some of them fused with
GFP and all of them formed without membranes. Although the
core-latch separation and the BH3-in-groove dimerization were
confirmed recently by a DEER study that measured the intra- and
intermolecular distances of tBid-activated liposome-bound Bax
molecules with spin-labeled cysteines (Bleicken et al, 2014), the
broad distance distributions implied that the Bax oligomer structure
might be dynamic and flexible. Moreover, only three intramolecular
distances were obtained from mitochondrion-bound Bax. Thus, it
was uncertain whether the domain separation and dimerization
actually occurred for the Bax at mitochondria.

Forster resonance energy transfer (FRET) was used to measure
intramolecular distances within a Bax molecule and intermolecular
distances between two Bax molecules in the cytosol or the mito-
chondria of live and apoptotic cells (Gahl et al, 2014). The

Figure 1. Activated Bax proteins integrate into the MOM and dimerize via a BH3-in-groove interface.

A The crystal structure of the BH3-in-groove Bax homodimer (PDB entry 4BDU) is shown with one monomer colored gray and the other colored green, magenta, blue,
and red for its o2, a3, a4, and o5 helices, respectively, as indicated. The residue pairs that were replaced with cysteine pairs in (B) are presented in stick form, and
their B-carbon atoms linked by dashed lines with the distances ranging from 5.0 to 6.0 A.

B The in vitro synthesized [*>S]Met-labeled single-cysteine Bax proteins were activated and targeted to the mitochondria that were pretreated with NEM to block the
sulfhydryls of mitochondrial proteins. The resulting mitochondria were isolated and oxidized by CuPhe for 30 min. NEM and EDTA were then added to stop the
oxidation. For the “0O min” controls, NEM and EDTA were added before the addition of CuPhe. The resulting samples were analyzed by phosphorimaging after non-

reducing or reducing SDS—PAGE (see Appendix Fig S2A).

C Oxidized mitochondria with the radioactive single-cysteine Bax protein pair or double-cysteine Bax protein were prepared and analyzed as in (B).

D Oxidized mitochondria with the radioactive single-cysteine Bax protein pair or double-cysteine Bax protein were prepared as in (B). After an aliquot was withdrawn
as input, another aliquot was extracted by Na,COs (pH 11.5) and centrifuged through a sucrose cushion to separate the integral proteins in the membrane pellet
from the soluble and peripheral proteins in the supernatant. The input, pellet, and supernatant were analyzed by non-reducing SDS—-PAGE and phosphorimaging. In a
parallel control experiment, the pellet and supernatant were analyzed by reducing SDS—PAGE and immunoblotting with an antibody specific to PDHE1q, a soluble

mitochondrial matrix protein.

Data information: In (B-D), protein standards are indicated on the side of phosphor images or immunoblots by their molecular mass (M,). Open circles indicate Bax
monomers. Upward arrows indicate disulfide-linked dimers of the same single-cysteine Bax mutant (e.g., M79C), and downward arrows disulfide-linked dimers of two
different single-cysteine Bax mutants (e.g., L59C + M79C) or of the same double-cysteine Bax mutant (L59C,M79C). Closed circles indicate the disulfide-linked
heterodimer of Bax M79C and the BH3 peptide (with a cysteine at position 62). The number of independent replicates done for each Bax mutant in (B-C), n = 2 for
C62+M79C, T56C, and R94C; 3 for L63C, L63C+A112C, A112C, K64C, K64C+M99C, and M99C; 4 for LS9C+M79C, M79C, C62, C62+L76C, and T56C+R94C; 6 for L59C, and L76C;

and 8 for L59C,M79C. For each Bax mutant and PDHELa in (D), n = 2.

Source data are available online for this figure.

© 2015 The Authors
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intramolecular distance from the donor dye-labeled o2 to the
acceptor dye-labeled a7 was increased after Bax translocation from
the cytosol to the mitochondria, consistent with the core-latch
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separation model. However, a significant decrease in FRET effi-
ciency between the donor at o2 and the acceptor at a5 suggested a
large conformational change within the core that separates the two
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Figure 2. The BH3 region and the groove are partially embedded in the MOM.

The EMBO Journal

A Top-left panel, structure of the BH3-in-groove dimer (PDB entry 4BDU) with the predicted MOM-engaging residues presented in stick form. Bottom-left panel,
structure of the BH3-in-groove dimer with the predicted protein-buried residues presented in stick form. Top-right panel, structure of the BH3-in-groove dimer
without helix o5 (modified from PDB entry 4BDU), and bottom-right panel, structure of o5 (extracted from the NMR structure of Bax monomer, PDB entry 1F16). In
both structures in the right panels, the residues that are buried in the MOM or exposed to the aqueous milieu as the IASD-labeling data in (B-D) confirmed are
presented in yellow or cyan stick form, respectively. In all panels, the color codes for the two monomers are the same as that in Fig 1A, and indicated.

B The in vitro synthesized radioactive Bax proteins, each with a single cysteine positioned in helix a2, a3, a4, or o5, were activated and targeted to the mitochondria.
The resulting mitochondria were isolated and treated with IASD in the absence or presence of CHAPS, urea, or both. After 30 min, the labeling reactions were
stopped by mercaptoethanol. For the “O min” controls, the samples were pretreated with mercaptoethanol before addition of IASD. The IASD-labeled radioactive
Bax proteins were resolved from the unlabeled ones using either isoelectric focusing (IEF; as indicated) or gradient SDS—PAGE and detected by phosphorimaging.
Triangles and arrows indicate the unlabeled and IASD-labeled Bax proteins, respectively. n = 3 for V111C, and K119C; 4 for W107C, and A117C; 2 for other mutants.

The phosphorimaging data for IASD labeling of Bax mutants in (B) and the similar data from the independent replicates were quantified to derive the membrane

or protein burial indices as described and shown in Appendix Fig S3. The membrane burial indices were normalized by that of G179C in a9, a reference for the
membrane-buried residues. The resulting relative membrane burial indices are shown in (C). The residues with the relative membrane burial index >40% of that of
Gly'” are considered as buried in the MOM. Similarly, the relative protein burial indices shown in (D) were obtained by using Y115C in o5 as a reference for the

protein-buried residues. The residues with the relative protein burial index >40% of that of Tyr

Source data are available online for this figure.

helices further apart, inconsistent with the subtle distance changes
between the two sites during a transition from the monomer NMR
structure to the domain-swapped and the BH3-in-groove dimer
crystal structures (Suzuki et al, 2000; Czabotar et al, 2013). In addi-
tion, the FRET distance between o9 and o2 indicated that a9 was
distant from the canonical groove in the cytosolic Bax, thereby
exposing the groove and BH3 region for potential homo- and hetero-
interactions. After migrating to the mitochondria, while the
intramolecular distance between o9 and o2 remained large and in
accordance with the proposed core-latch separation, the intermolec-
ular distance measured by the FRET between a donor-labeled o9 in
one Bax molecule and an acceptor-labeled o9 in other Bax molecule
was comparable with a homodimerization between the two o9
helices, in line with a model proposed in the DEER and crosslinking
studies (Bleicken et al, 2014; Iyer et al, 2015). However, the DEER
study proposed an antiparallel o9 dimer model, different from the
parallel dimer model proposed by the other studies. Furthermore,
intermolecular FRET measurements supported a Bax oligomer
model in which in addition to the o9 dimer interface, a2 and o3
form the other dimer interface that unlike the crystallographic
BH3-in-groove interface does not involve 5.

To further refine the mechanism of Bax activation and oligomer-
ization, several important questions must be addressed. Does recip-
rocal binding of the BH3 region of one Bax to the groove of other
Bax indeed occur at the MOM resulting in a BH3-in-groove dimer
interface as revealed by crystallography? Does formation of the
BH3-in-groove interface nucleate Bax oligomerization? For an
oligomer to form, there must be additional dimer interfaces, but
what regions of Bax are involved? In particular, does a9 form an
additional interface, which together with the BH3-in-groove inter-
face mediates Bax oligomerization? Are these dimer interfaces
located above, on or in the MOM? If the BH3-in-groove dimer inter-
face is located on the membrane surface with the hydrophobic patch
engaging the membrane as the crystallography study proposed and
the DEER and one chemical labeling study concluded (Czabotar
et al, 2013; Bleicken et al, 2014; Westphal et al, 2014a), could that
drive the hydrophobic patch, particularly the hydrophobic o5 helix,
more deeply into the membrane as the other chemical labeling study
suggested (Annis et al, 2005)? If the a5 inserts into the membrane
and thereby separates from the rest of the BH3-in-groove dimer as
the FRET study indicated (Gahl et al, 2014), would the remnant

© 2015 The Authors

1> are considered as buried in the protein or its complex.

interface rearrange to another conformation that is more stable? In
other words, does the BH3-in-groove dimer represent a transient
intermediate state? Most importantly, how do Bax oligomers form
pores in the MOM? And how flexible is the pore structure? Accumu-
lating evidence suggests that the pores are proteolipidic with some
regions of Bax embedded into one leaflet of the bilayer to increase
the membrane tension to a point that the bilayer would fuse to a
highly curved monolayer, resulting in a toroidal pore with polar and
charged lipid head groups lining the rim (Garcia-Saez, 2012). Other
regions of Bax might localize to the rim to decrease the line tension,
thereby stabilizing the lipidic pore. However, what are the Bax
regions that induce, and that stabilize the lipidic pore? Finally, the
size of Bax pore is tunable (Bleicken et al, 2013), but does higher
order oligomerization expand the pore?

To answer these questions, we used disulfide crosslinking to
map the dimer interfaces in the active mitochondrial Bax oligomer,
and compartment-specific chemical labeling to determine the
membrane topology. We built structural models and conducted
molecular dynamics (MD) simulations to fit the experimental data,
and generated mutations to test the functional relevance of the
models. Based on these data and models, we propose a molecular
scheme for how active Bax proteins are assembled into oligomers to
induce and expand lipidic pores in the MOM.

Results
Bax mutants for interface and topology mapping are functional

Bax mutants with single, double, or triple cysteines located at specific
positions were generated from a Bax cysteine-null mutant
(Fig EV1A). The mutant proteins were synthesized by using a
coupled in vitro transcription and translation (TNT) system, and their
tBid-dependent MOMP activity was measured in an in vitro cyto-
chrome c release assay (Ding et al, 2014) using Bax and Bak double
deficient mitochondria (Bax /~/Bak /™ mitochondria) (Billen et al,
2008). Addition of both tBid protein and the wild-type (WT) Bax
protein-producing TNT mixture resulted in a synergistic increase in
cytochrome c released above the protein-independent background
release (Fig EV1B, compare the open bars from “+Bax WT, +tBid”
and “+Vector” samples). The releases above the background,

The EMBO Journal Vol 35| No 2 | 2016
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indicated as the “corrected” releases (hatched bars) calculated from
the “raw” releases (open bars) as described in the legend, showed
the protein-dependent releases of cytochrome ¢ by tBid (~20%), Bax
(~0%), and both (~50%). With the background release common to
these samples subtracted, the “corrected” data in Fig EV1C demon-
strated that the cytochrome c release due to Bax alone is ~10% or
lower for the wild-type Bax and all the mutants, except for L76C and
V110C. These two mutants are “autoactive” as they released ~30-
60% of cytochrome c in the absence of tBid. As expected, addition of
tBid to the “non-autoactive” Bax mutants increased the release to
~30-60%, comparable to the wild-type Bax. Even though some of the
mitochondria are somewhat leaky in our in vitro lysate-based system
(Fig EV1B, “Mito-only” sample), the intact mitochondria still
respond to the tBid and Bax proteins appropriately.

To relate this in vitro MOMP activity to apoptotic activity in live
cells, we expressed the two single- and two double-cysteine mutants
that were most frequently used in this study transiently as Venus
fusion proteins in bax/bak double-knockout baby mouse kidney
(bax/bak DKO BMK) cells (Fig EV2). We compared their intracellu-
lar location and apoptotic activity before and after staurosporine
(STS) treatment to that of wild-type Bax and the cysteine-null
mutant. Average Venus fluorescence per cell was measured and
correlated to the protein expression. All mutant constructs were
expressed at similar levels compared to Venus-WT Bax (Fig EV2A).
Expression of Venus-WT Bax increased apoptosis compared to the
Venus-only control, and the STS treatment further increased apopto-
sis (Fig EV2B). Consistent with the results from the in vitro MOMP
assay, the cysteine-null (C0), the single-cysteine (A178C and
A183C), and the double-cysteine (LS9C,M79C and L59C,L76C)
mutants significantly elevated apoptosis in response to STS like the
wild-type protein. In addition, the intracellular localizations of these
mutants and the Venus-WT Bax are similar, mostly in the cytoplasm
but partially at the mitochondria in the untreated cells (Fig EV2C
and D). The only exception is Venus-Bax L59C,L76C, which is
mostly localized to the mitochondria. As expected, these intracellu-
lar localization data are in line with the mitochondrial binding data
obtained in vitro (Appendix Fig S1, and below).

In addition, previous studies showed that the following Bax
mutants, T56C, E69C, R94C, L122C, C126, 1175C, V177C, A178C,
G179C, and V180C, were active in bax/bak double-knockout mouse
embryo fibroblast cells, inducing apoptosis after etoposide treatment
like WT Bax (Dewson et al, 2012; Westphal et al, 2014a; Iyer et al,
2015). Thus, the cytochrome c release by these mutants in vitro
(Fig EV1C) is consistent with their apoptotic activity in cells. There-
fore, the Bax mutants used here to map the dimer interface and
membrane topology are functionally similar to the wild-type
protein, ensuring that structural information obtained from them is
relevant to the functional MOM-bound Bax.

The BH3-in-groove dimer interface exists in the MOM-bound
Bax complex

To determine whether the BH3-in-groove dimer interface observed
in crystals exists in the MOM-bound Bax complex, we generated
Bax mutants with single cysteines located throughout the BH3
region and the groove. Some of the cysteines are located in the
known dimer interface and thus expected to form a disulfide-linked
dimer (Fig 1A). Other cysteines are located farther away in the

© 2015 The Authors
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dimer structure and thus not expected to form a disulfide. We
synthesized the [3°S]Met-labeled Bax mutants in an in vitro transla-
tion system, activated them with a Bax BH3 peptide, and targeted
them to the Bax /~/Bak /™ mitochondria. The mitochondria-bound
proteins were separated from the soluble ones and oxidized with
copper(Il) (1,10-phenanthroline); (CuPhe). The resulting radioactive
proteins and the potential disulfide-linked protein complexes were
analyzed using non-reducing SDS-PAGE and phosphorimaging. A
radioactive product of an apparent molecular mass (M,) close to that
of a Bax homodimer (Fig 1B, indicated by downward arrow) was
detected with each of the indicated single-cysteine Bax pairs
predicted to form a disulfide-linked Bax homodimer according to
the BH3-in-groove dimer structure (Fig 1A).

The following eight lines of evidence demonstrated that the prod-
ucts indicated by downward arrows in Fig 1B are the disulfide-
linked dimers of the corresponding single-cysteine Bax pairs after
they were activated and integrated into the MOM.

1 These products appeared on the non-reducing gel (Fig 1B) and
disappeared on the reducing gel (Appendix Fig S2A) and were
not formed by the cysteine-null Bax (CO0) (Fig EV3A) or when
NEM or EDTA was added to block the sulfhydryl and chelate the
Cu®*, respectively, before the addition of CuPhe to catalyze the
oxidation (Fig 1B, CuPhe 0 versus 30 min). Therefore, they are
disulfide-linked products generated from the oxidized single-
cysteine Bax pairs.

2 Bax L59C, C62, R94C, M99C, or A112C did not form a disulfide-
linked homodimer (Fig 1B, lane 2, 8, 30, 36, or 18). However,
when they were paired with another Bax mutant, M79C, L76C,
S56C, K64C, or L63C, respectively, a disulfide-linked dimer was
formed (lane 4, 10, 26, 34, or 16, indicated by a downward
arrow). Therefore, each of these single-cysteine Bax pairs formed
a disulfide-linked heterodimer.

3 Although Bax L63C, L76C, or M79C formed a disulfide-linked
homodimer (Fig 1B, lane 14, 12, or 24, indicated by upward
arrow), a new disulfide-linked dimer of a slightly higher M; was
formed when they were paired with Bax A112C, C62, or C62,
respectively (lane 16, 10, or 22, indicated by downward arrow),
suggesting that the new dimer is a heterodimer formed by the
respective single-cysteine Bax pair.

4 Bax T56C or M79C also formed a disulfide-linked homodimer
(Fig 1B, lane 28 or 6, indicated by upward arrow), and the
disulfide-linked dimer formed when they were paired with Bax
R94C or L59C, respectively (lane 26 or 4, indicated by downward
arrow), had a similar M, as the corresponding homodimer.
However, the yield of the dimer formed in the presence of the
paired mutants was higher than that of the homodimer formed
by the single mutant, suggesting that some of the dimers formed
in the presence of the paired mutants are the disulfide-linked
heterodimers. Consistent with this hypothesis, a disulfide-linked
dimer was formed in a reaction containing >*S-labeled Bax M79C
and unlabeled but six-histidine (6H)-tagged Bax L59C, and
detected by phosphorimaging in the Ni**-bound fraction
(Fig EV3B, lane 2, indicated by arrow), demonstrating that the
dimer contains both the 3°S-Bax and the 6H-Bax mutants. In a
parallel reaction containing only the **S-Bax mutant, the dimer
was not detected in the Ni**-bound fraction (lane 3). Therefore,
the dimer detected in the reaction containing both the 3°S-Bax
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and the 6H-Bax mutants must be the disulfide-linked heterodimer
of these two mutants. A similar “epitope tagging” experiment to
prove the disulfide linkage between T56C and R94C was unnec-
essary because this disulfide-linked heterodimer was detected
before in mitochondria isolated from apoptotic cells expressing
the two mutants with different tags (Dewson et al, 2012).

5 The yield of the disulfide-linked dimer formed by the double-
cysteine mutant Bax L59C,M79C was doubled compared to that
formed by the two corresponding single-cysteine mutants L59C
and M79C when mixed together (Fig 1C, lane 4 versus 2, indi-
cated by arrow). Therefore, this mutant was examined in more
detail.

6 A disulfide-linked dimer of the double-cysteine mutant was not
detected in the absence of the Bax/~Bak /~ mitochondria, the
BH3 peptide, or both (Fig EV3C, lanes 1, 2, and 3 versus 4, indi-
cated by arrow). Most of the Bax L59C,M79C monomer and the
disulfide-linked dimer remained in the mitochondrial pellet frac-
tion after Na,CO; (pH 11.5) extraction as expected for integral
membrane proteins (Fig 1D, lane 2 versus 3, indicated by open
circle and arrow, respectively), whereas a soluble mitochondrial
matrix protein, pyruvate dehydrogenase El-alpha subunit
(PDHElwa), was extracted to the supernatant fraction (lane 7
versus 8). Similar data were obtained for the single-cysteine Bax
C62 and L76C pair after the Na,CO; extraction (lane 5 versus 6).

7 In all the experiments above, Bax was activated by the Bax BH3
peptide that mostly stayed in the soluble fraction and hence
would not interfere with the homodimerization of Bax proteins at
the mitochondria via the same BH3-binding groove. To verify the
results obtained from the BH3 peptide, we used tBid or caspase-
cleaved Bid (cBid), a BH3 protein known to activate Bax in cells.
Both tBid and cBid activations induced Bax homodimerization at
the mitochondria as detected by the disulfide crosslinking of the
L59C,M79C mutant, although the intensity of the homodimer
band was less than that induced by the BH3 peptide (Fig EV3D,
indicated by arrow), a result expected from the competition
between Bax homo- and Bax-tBid hetero-dimerization.

8 The disulfide-linked homodimer of Bax L59C,M79C was clearly
detected in the mitochondrial pellet fraction only after activation
by cBid (Fig EV3E, indicated by arrow), consistent with the
result from the BH3 peptide-activated Bax mutant (Fig EV3C). In
the soluble supernatant fraction, a band of the same M; as the
Bax homodimer was detected in the CuPhe-induced disulfide-
crosslinking samples (Fig EV3E, indicated by open triangle).
However, because it was also formed before the CuPhe induc-
tion, it was not a disulfide-linked product, just like most of the
other bands detected in these supernatant samples. Further, the
specificity for where and when the Bax homodimer-specific
disulfide linkage can form suggests that the introduction of
cysteine into Bax by itself does not enhance the dimerization.
Instead, our data indicate that disulfide linkage of these cysteine
mutants can be used to probe the dimer formation by active Bax
molecules at the mitochondria.

Together, these results demonstrate that Bax dimers, as detected
by the disulfide crosslinking, were formed only after the Bax
mutants were activated by the BH3 peptide or protein and inserted
into the MOM. This result is consistent with reports suggesting that
Bax oligomerization occurs after the protein inserts into membranes
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(Annis et al, 2005; Lovell et al, 2008). Moreover, our data are
consistent with a twofold symmetry of the BH3-in-groove structure
for the core domain of Bax, further validating that the integral Bax
proteins in the MOM form a symmetric dimer interface similar to
that observed by crystallography.

The crystal structure of the Bax core dimer shows that two o5
helices are aligned in antiparallel forming the last part of the BH3-
in-groove dimer interface (Czabotar et al, 2013). If the MOM-bound
Bax proteins formed a dimer interface exactly like that in the crystal,
cysteine substitution of Val''! in one Bax and Tyr''® in other Bax
would generate a disulfide-linked dimer after the two Bax mutants
were activated and integrated into the MOM. However, such a dimer
was not detected (Fig EV3F), suggesting that the two o5 helices in
the MOM-bound Bax dimer may not interact exactly like those in the
crystal. To further probe the proximity of the o5 helices, we used
BMH, a chemical crosslinker with a spacer of 13 A between the two
sulfhydryl-reactive maleimides, to crosslink the MOM-bound Bax
mutants with single cysteine located in 5. Two W107C or Y115C
monomers were crosslinked by BMH forming a homodimer
(Fig EV3G). Similarly when the single cysteine was positioned in o2
in the I66C or L70C mutant, a BMH-crosslinked homodimer was also
detected. Because the distance between the [B-carbons of each of
these residues in the BH3-in-groove dimer is from 8 to 18 A
(Fig EV3H), the cysteine replacements would be located within the
range that can be linked by BMH, if one considers the flexibility of
the BMH spacer and the cysteine side chain. The BMH crosslinking
experiments thus revealed that the two a5 and the two o2 helices are
in close proximity in the MOM-bound Bax dimer. Taken together
with the disulfide-crosslinking data above, these chemical crosslink-
ing results corroborate the existence of a BH3-in-groove interface in
the active mitochondrial Bax complex, which is similar but not
identical to the crystal structure of the Bax core dimer.

Helix o5 is embedded partially in the MOM, whereas helices a2,
o3, and a4 are located on the surface

A hydrophobic patch was observed on one side of the BH3-in-
groove dimer crystal that includes the aromatic residues from both
o4 (Phe®?, Phe”®, and Phe'®) and o5 (Trp'®’) (Fig 2A, top-left). If
this hydrophobic patch engaged the MOM as proposed in the crys-
tallographic study, it might lead to the integration of these helices
into the MOM, particularly the more hydrophobic 5. To determine
whether the hydrophobic patch is embedded in the membrane and
the rest of the BH3-in-groove dimer structure is located on the
surface, we used IASD, a membrane-impermeant sulfhydryl-specific
labeling agent (Annis et al, 2005), to label Bax mutants with single
cysteine positioned throughout the BH3-in-groove structure after
they were activated by the BH3 peptide and targeted to Bax~/7/
Bak™/~ mitochondria. In this procedure, surface-accessible cysteine
residues are labeled by IASD directly; residues buried inside proteins
are more labeled when the reactions include urea to loosen protein
structures; and residues buried in the membrane-embedded protein
domains are most efficiently labeled in the reactions containing both
urea and the detergent CHAPS to unfold the protein and solubilize
the membrane. The amino acid sequence surrounding the cysteine
residue might also influence the labeling efficiency but would not be
affected by urea or CHAPS (Annis et al, 2005). Therefore, it is the
relative changes in accessibility to IASD resulting from added urea
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and CHAPS that enable assignment of the environment of individual
cysteine residues.

Some of the Bax mutants with a single cysteine in a2, a3, and o4,
including F92C and F93C with the aromatic residues in o4 replaced
by cysteine, were labeled by IASD in the absence of CHAPS and
urea, and the labeling was not increased in the presence of CHAPS,
urea, or both (Fig 2B). Thus, these residues are surface exposed.
Other Bax mutants, such as L59C, L63C, 166C, and L70C with the
cysteine positioned on the hydrophobic side of the amphipathic o2,
and F100C with the cysteine replacing the last aromatic residue in
o4, were partially labeled by IASD in the absence of CHAPS and
urea, and addition of CHAPS, urea, or both resulted in an increase of
IASD labeling. To quantify the extent of burial in the MOM, we
measured the fraction of IASD labeling for each cysteine in the pres-
ence of urea and in the presence of both urea and CHAPS, and then
subtracted the former from the latter to get a membrane burial index,
as described in Appendix Fig S3A. The resulting membrane burial
indices of all the cysteines shown in Appendix Fig S3B were then
normalized to that of G179C, a residue in o9 that is mostly embed-
ded in the MOM as shown by the data in Fig 5 and our previous
study (Annis et al, 2005). The resulting relative membrane burial
indices shown in Fig 2C indicate that at least for a fraction of the
mitochondrial Bax proteins, their a2, 3, and o4 are located on the
MOM surface with some residues exposed to aqueous milieu as their
membrane burial indices are < 40% of that for the membrane-buried
reference Gly'”?, and they are also not buried in the protein (see
below). Other residues, particularly the four hydrophobic residues
on one side of a2 and the one aromatic residue at the C-terminus of
o4, are buried in the MOM as their membrane burial indices are
more than 40% of that for Gly'”® (Fig 2A, top-right).

The seven residues in three consecutive helical turns of o5 were
buried in the MOM, as evidenced by their IASD-labeling profile
(Fig 2B) and relative membrane burial indices (Fig 2C). These
results indicate that about three-fifths of the five-turn o5 helix is
embedded in the MOM for at least a fraction of the mitochondrial
Bax proteins (Fig 2A, bottom-right), consistent with the conclusion
about the a5 topology of mitochondrial Bax from apoptotic cells in
our previous study (Annis et al, 2005) and a recent study by others
(Westphal et al, 2014a).

The BH3-in-groove crystal structure predicts that many non-polar
and a few polar residues, such as the eight residues shown in
Fig 2A, bottom-left, would be buried in the dimer interface. To
examine this, we subtracted the fraction of IASD labeling of each
single-cysteine mutant in the presence CHAPS from that in the pres-
ence of both urea and CHAPS to derive a protein burial index indi-
cating the extent of burial of the cysteine in the protein complex.
The resulting protein burial indices of all the cysteines shown in
Appendix Fig S3C were then normalized to that of Y115C, a residue
that is buried in the hydrophobic core of BH3-in-groove dimer crys-
tal structure (PDB entry 4BDU), and that is also the most protein-
buried residue in mitochondria-bound Bax according to the protein
burial index. The resulting relative protein burial indices shown in
Fig 2D suggest that six of the eight predicted protein-buried resi-
dues, including Leu®, 11e°, and Leu® in o2, Met”® in a3, and Val''!
and Tyr''® in o5, are indeed buried in the protein complex for at
least a fraction of the mitochondrial Bax proteins, as their protein
burial indices are more than 40% of that for the protein-buried
reference residue Tyr''® (Fig 2D). Of the other two residues, Leu®
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is buried in the MOM, whereas Leu’® is exposed to the aqueous
milieu. In addition, Lys''® and Val'?! in o5 are buried in the protein
complex at mitochondria, although they are not buried in the BH3-
in-groove dimer crystal structure, likely due to the unfolding of the
last two helical turns in the crystal.

Based on all the data presented so far, we conclude that a frac-
tion of mitochondrial Bax proteins formed a dimer interface similar
to that shown in the BH3-in-groove dimer crystal structure.
However, in another fraction of mitochondrial Bax, a5 is partially
embedded in the MOM, separating from o2, 3, and o4 on the MOM
surface. This conclusion is also consistent with the observation that
some of the protein-buried residues such as Leu®, Leu®®, and Leu”°
in a2, and Tyr''® and Lys''” in a5 are also buried in the membrane.
Thus, the protein burial of these residues occurs in one fraction of
Bax molecules that is in the BH3-in-groove dimer conformation on
the membrane surface, while the membrane burial of the same resi-
dues takes place in the rest of the Bax molecules that are more
deeply embedded in the membrane.

After the departure of a5, the remnant BH3-in-groove dimer
interface is rearranged to another conformation

Insertion of a5 into the MOM would peel it off from the rest of the
BH3-in-groove dimer structure remaining on the membrane surface.
This conformational change might destabilize the dimer structure
and initiate additional conformational changes to rearrange the
structure to a more stable conformation. To test this hypothesis, we
performed a MD simulation, starting with the BH3-in-groove dimer
structure on the surface of a lipid bilayer comprised of MOM charac-
teristic phospholipids (Kuwana et al, 2002), and then moving the
two a5 helices into the bilayer as described in Appendix Supplemen-
tary Methods and Appendix Table S1. The simulation disclosed a
dynamic dimer structure in which the o2-a3-04 regions remain on
the bilayer surface (Appendix Fig S4A). Several residues that were
initially distal in the interface became proximal during the simula-
tion (Appendix Fig S4B). To determine whether the simulated
conformational changes indeed happen in the Bax proteins bound to
mitochondria, we made more Bax mutants with single or double
cysteines replacing the interfacial residues that either approached
one another or remained separated during the simulation. All of
these Bax mutants generated disulfide-linked Bax dimers after they
were activated and integrated into the Bax/~/Bak™/~ MOM
(Fig 3A-C and EV4; Appendix Fig S2B), suggesting that the BH3-
in-groove dimer interface remained on the membrane surface was
altering such that the respective cysteines were close enough to
form a disulfide, as the MD simulation predicted. Note that the C62
and S72C mutants also generated a disulfide-linked dimer even
though the two residues never reached a disulfide-linkable distance
during the 135-ns simulation. These results suggest that after bind-
ing to membranes, the Bax dimer interface seen in the crystal rear-
ranges, and the scale of the conformational changes is larger than
that can be sampled within this short simulation time.

To search for a rearranged BH3-in-groove dimer interface that fits
all the crosslinking data in Figs 3 and EV4, we performed a global
computational search for a model that simultaneously optimized for
the distance between the crosslinked positions and the chemical
geometry of the interfacial residues. In particular, we allowed the
three helices o2, o3, and a4 to move freely in space driven by the
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Figure 3. The BH3-in-groove dimer interface rearranges to form a helices a2-a3-24 dimer interface.

A B Oxidized mitochondria with the radioactive single- or double-cysteine Bax proteins, or the single-cysteine Bax protein pairs were prepared and analyzed as in

Fig 1B.

C Oxidized mitochondria with the radioactive double-cysteine Bax protein were prepared, subjected to Na,CO3 extraction, and analyzed as in Fig 1D.

D  The best structural model for the helices a2-a3-a4 dimer is shown with the residue pairs replaced by cysteine pairs in (B) presented in stick form. The B-carbon
atoms of each residue pair are linked by a dashed line with the distance ranging from 4.7 to 5.2 A.

E The structural model for the a2-a3-a4 dimer is shown with the residues that are buried in the MOM or exposed to the aqueous milieu as determined in Fig 2
presented in yellow or cyan stick form, respectively. The pdb file for the model is provided as Dataset EV1 and named as “Helices a2-a3-a4 dimer.pdb”.

Data information: In (D-E), the color codes for the two monomers are indicated. In (A-C), protein standards, Bax monomers, and disulfide-linked Bax dimers are
indicated as in Fig 1B. In some targeting reactions, the mitochondria were pretreated with NEM (NEM-mito), while in others the mitochondria were untreated (mito). In
(A and B), n = 2 for C62,572C, R94C, and L59C+L76C; 3 for S72C, S55C, and S55C+R94C; 4 for C62; 6 for E69C, L59C, and L76C; 8 for L5S9C,L76C. In (C), n = 2 for each mutant.
The triangle-indicated bands generated from the untreated mitochondria in (A) are disulfide-linked heterodimers between the Bax cysteine mutants and unknown
mitochondrial proteins, as they disappeared if the mitochondria were pretreated with NEM to block the sulfhydryls of the mitochondrial proteins before adding the Bax
mutants (e.g., compare the products from E69C at the untreated mitochondria in lane 8 of Fig 3A to those from the same mutant at the NEM-pretreated mitochondria
in lane 4 of Fig 3C, or the products from S72C at the untreated mitochondria in lane 4 of Fig 3A to those from the same mutant at the NEM-pretreated mitochondria in
lane 4 of Fig EV4A). In contrast, the disulfide-linked Bax homodimers were still formed in the NEM-pretreated mitochondria (e.g., the arrow-marked band in lane 4 of

Fig 3C and lane 4 of Fig EV4A).

Source data are available online for this figure.

optimization of distance constraints derived from the crosslinking
data. The search produced a model in which helices a2 and o3 are
merged into a single helix forming a homodimer in a conformation
that resembles an antiparallel coiled coil, whereas o4 folds back
after a loop capping the end of the coil (Fig 3D). This o2-03-04
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dimer model has excellent packing and satisfies all imposed experi-
mental constraints, with the B-carbon distances near 5 A for all the
disulfide-linkable residue pairs. A similarly extended o2-a3 single
helix was observed before in the structure of a Bax BH3 peptide
(residues 54-73 or 54-79) in complex with either a domain-swapped

© 2015 The Authors



Zhi Zhang et al ~ Apoptotic Bax pore assembly and expansion

Bax dimer (PDB entry 4BD6) (Czabotar et al, 2013) or a Bcl-XL
monomer (PDB entry 3PL7) (Czabotar et al, 2011). Moreover, one
side of the dimer can be embedded in the MOM, whereas the other
side of the dimer is exposed to the aqueous milieu (Fig 3E), consis-
tent with the conclusion drawn from the IASD-labeling data (Fig 2).

Formation of the a2-u3-a4 interface depends on prior formation
of the BH3-in-groove interface

According to the BH3-in-groove dimer structure, Gly'®® in the groove
makes van der Waals’ contacts with Gly®” and Asp”' in the BH3
region, thereby contributing to the overall stability of the dimer
(Fig 4A, left). Gly108 to glutamate mutation (G108E) would not only
eliminate these favorable interactions, but also generate steric clashes
with the Gly®’, Leu”®, and Asp”’, and electrostatic repulsions with the
Asp®® and Asp’! (Fig 4A, right). In fact, a previous study showed that
the G108E mutation inhibited Bax oligomerization and MOMP activity
even in the presence of another mutation, Ser'® to valine (S184V),
that targeted the G108E mutant to mitochondria (Kim et al, 2009). To
determine whether the G108E mutation disrupts the BH3-in-groove
interface formed by the mitochondria-bound Bax, we put it together
with the S184V mutation into the single- or double-cysteine Bax
mutants that could generate disulfide-linked dimers according to the
BH3-in-groove dimer structure. The experiments with these mutants
showed that the G108E mutation inhibited the disulfide formation
along the entire BH3-in-groove interface (Fig 4B), suggesting that the
mutation disrupts the dimer interface.

The previous study also showed that a Bax with G108E and L63E
double mutations did not bind to tBid, but Bax with an L63E single
mutation did (Kim et al, 2009). Because the L63E mutation also
targeted Bax to mitochondria even in the presence of the G108E
mutation, the authors concluded that the G108E mutation in the
groove disrupted tBid binding to mitochondrial Bax, a step that
would be upstream of Bax oligomerization. Therefore, it is conceiv-
able that the G108E mutation does not directly disrupt the BH3-
in-groove Bax homodimerization but does so indirectly by blocking
the tBid-Bax heterodimerization that induces Bax homodimeriza-
tion. To test this hypothesis, we performed disulfide crosslinking of
tBid L105C, a mutant with the single cysteine located near the BH3
region, with Bax E69C, a mutant with the single cysteine in the
BH3-binding groove. As expected from the Bid BH3 peptide-BaxAa9
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complex structure (PDB entry 4BD2) (Czabotar et al, 2013), and
hence a positive control, a disulfide-linked dimer with a M, expected
for the tBid-Bax heterodimer was detected in the mitochondria
together with tBid and Bax monomers and a disulfide-linked Bax
homodimer (Fig 4C, lane 2). The identity of the tBid—Bax hetero-
dimer was confirmed by reciprocal immunoprecipitation with tBid-
or Bax-specific antibodies (lanes 3 and 4). Surprisingly, when the
G108E mutation was introduced into the Bax E69C together with the
S$184V mutation that targets Bax to the mitochondria, the disulfide-
linked tBid—Bax heterodimer was still formed (lanes 10-12), just like
the other control, Bax E69C with the S184V mutation (lanes 6-8).
As expected, the formation of the disulfide-linked Bax homodimer
was inhibited by the G108E mutation. These data demonstrate that
the G108E mutation in Bax does not disrupt the interaction with
tBid, and hence, the inhibitory effect of this mutation on the BH3-
in-groove Bax homodimerization is direct. The mutation also does
not interfere with the overall folding of Bax, because the mutant
Bax retains the capacity to bind tBid. The previous observation that
the G108E mutation disrupts Bax-tBid interaction is likely due to an
additional impact from the second mutation, L63E.

To determine whether the 02-03-04 Bax homodimer can still
form even when the BH3-in-groove homodimer is disrupted, we
tested the effect of the G108E mutation on the disulfide crosslinking
via the a2-03-04 interface. The results (Fig 4D) suggest that the
G108E mutation entirely abolishes the formation of the o2-03-04
interface. Because Gly!'% is the first residue of o5 that is not part of
the 02-03-04 dimer (Fig 3D), one does not expect the G108E muta-
tion to disrupt this dimer directly. Further, the mutation does not
disrupt the tBid—Bax interaction on which the a2-03-04 dimerization
may depend. Therefore, elimination of a2-03-04 dimerization by the
G108E mutation suggests that the 2-03-04 dimerization depends on
the BH3-in-groove dimerization, a prediction from the model in
which the BH3-in-groove dimerization is upstream of, and required
for, other interactions that further oligomerize Bax at the MOM
(Czabotar et al, 2013).

Helix o9 inside the MOM forms a dimer interface that has
two conformations

Previous studies suggested that o9 is inserted into the MOM after
Bax is activated (Annis et al, 2005; Westphal et al, 2014a). Whether

Figure 4. G108E mutation in the groove disrupts the BH3-in-groove as well as the helices a2-a3-24 Bax homodimer interface, but not tBid—Bax heterodimer

interface.

A Left panel, part of the BH3-in-groove dimer structure is shown with Gly*°® from one monomer presented in sphere form, and Gly®” and Leu’® from the other

monomer that have van der Waals’ contacts with the Gly*%®

panel, the same structure is shown with the Gly*®
repulsions with the Asp®® and Asp”*.

presented in stick form. Asp®® and Asp”* from the other monomer are also presented in stick form. Right
changed to glutamate (G108E), which results in steric clashes with the Gly®”, Leu”®, and Asp’*, and electrostatic

B The radioactive single- or double-cysteine Bax proteins with or without the indicated mutations were activated and targeted to the mitochondria that were either
untreated (mito) or pretreated with NEM (NEM-mito), then oxidized and analyzed as in Fig 1B. Protein standards, and monomers and disulfide-linked dimers of the

Bax proteins are indicated as in Fig 1B. n = 2 for all mutants.

C The in vitro synthesized [**S]Met-labeled Bax E69C protein with or without the additional mutations (G108E and/or S184V) were activated by the in vitro synthesized
[®*S]Met-labeled tBid L105C protein and targeted to the Bax/~/Bak™/~ mitochondria that were pretreated with NEM. The resulting mitochondria were isolated and
oxidized by CuPhe for 0 or 30 min. The resulting “O min” samples (1 equivalent each) and “30 min” samples (1 equivalent each) were analyzed by non-reducing SDS—
PAGE and phosphorimaging. The remaining “30 min” samples (4 equivalent each) were immunoprecipitated (IP) by either Bax- or tBid-specific antibody, and then
analyzed by non-reducing SDS-PAGE and phosphorimaging. The identities of the four major products, indicated on the right side of the image, were based on their

M, and recognition by the respective antibody. n = 2.

D The disulfide crosslinking data were obtained from the indicated Bax mutants and presented as in (B). n = 2 for all mutants.

Source data are available online for this figure.
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the insertion results in a partially or fully embedded helix in the
MOM is unknown. To determine the membrane topology of a9, we
constructed ten Bax mutants with single cysteines positioned
throughout o9 and did the IASD-labeling experiment after activating
and targeting the Bax mutants to the Bax /~/Bak /~ mitochondria.
The results (Fig 5A; Appendix Fig S5) show that seven residues in
the middle three turns of a9 helix are embedded in the MOM, as
evidenced by their relative membrane burial indices being 40% or
more of that of the membrane-buried reference Gly'”® (Fig 5B).
In contrast, the relative membrane and protein burial indices of
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IASD (min) 0 30 30 30 30
12345 Bax
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Figure 5. Helix a9 is partially embedded in the MOM.

Ralative Membrane Burial Index

Relative Protein Burial Index

The EMBO Journal

two residues in the N-terminal two turns and one residue in the
C-terminal turn are < 40% of that of the respective reference Gly'”’
and Tyr''® (Fig 5B and C), indicating that these parts of a9 are
exposed to aqueous milieu. Therefore, like a5, 9 is partially embed-
ded in the MOM in a fraction of the activated mitochondrial Bax
molecules (Fig 5D).

Sequence analysis of a9 revealed a GxxxA motif in the C-terminal
half (Glyl79—Va1—Leu—Thr-Ala183; Fig EV1A). GxxxG and GxxxG-like
motifs are often found in transmembrane domains and are known to
promote dimerization (Russ & Engelman, 2000; Senes et al, 2000).
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A The in vitro synthesized radioactive Bax proteins, each with a single cysteine positioned in a9, were activated and targeted to the mitochondria, and labeled with
IASD as in Fig 2B. The IASD-labeled and unlabeled Bax proteins were resolved using gradient SDS—PAGE, detected by phosphorimaging and indicated by triangles

and arrows, respectively. For all mutants, n = 2, except for A183C, n = 3.

B, C The IASD-labeling data in (A) and the similar data from the independent replicates were quantified to derive the membrane or protein burial indices shown in
Appendix Fig S5, from which the relative membrane (B) or protein (C) burial indices were obtained as described in Fig 2C and D, and shown.

D The structure of a9 (extracted from the NMR structure of Bax monomer, PDB entry 1F16) is shown with the residues that are buried in the MOM or exposed to the
aqueous milieu, as the IASD-labeling data in (A-C) suggested, presented in yellow or cyan stick form, respectively.

Source data are available online for this figure.

© 2015 The Authors
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In particular, the GxxxG-like motifs are involved in homodimeriza-
tion of transmembrane helices from glycophorin A and a BH3-only
protein Bnip-3 (MacKenzie et al, 1997; Sulistijo & Mackenzie, 2009).
To investigate the hypothesis that the GxxxA motif mediates homo-
dimerization of Bax o9 in the MOM as previously observed (Bleicken
et al, 2014; Gahl et al, 2014; Iyer et al, 2015), we built a homodimer
model for the a9 using the program CATM (Mueller et al, 2014). We
tested the model by generating single-cysteine Bax mutants with the
cysteines positioned in the dimer interface (Fig 6A), and induced the
disulfide crosslinking after activating and targeting these mutants to
the Bax /~/Bak™/~ mitochondria. As predicted by the model, the
integral Bax 1175C, G179C, A183C, and 1187C mutants formed disul-
fide-linked homodimers (Figs 6B and C, and EV5). Particularly, the
cysteine that replaced Ala'®® of the GxxxA motif yielded the stron-
gest homodimer band among the four cysteines, comparable to the
dimers captured by the cysteines in the BH3-in-groove and o2-03-04
interfaces (e.g., the disulfide-linked L59C-M79C or C62-L76C dimer
in Fig 1B, and E69C-E69C or L59C-L76C dimer in Fig 3A). These
data suggest that like the other two dimerizations outside the MOM,
GxxxA-mediated o9 dimerization inside the MOM occurs between
activated mitochondrial Bax proteins.

To further test the GxxxA o9 dimer model, disulfide crosslinking
was performed with other single-cysteine Bax mutants with the
cysteines located at nearby positions that would have low propensity
to form disulfides according to the model. Four of the Bax mutants
(T174C, V177C, V180C, and S184C) did not generate disulfide-linked
homodimers, as predicted by the GxxxA model (Fig 6B and D).
Unexpectedly, the other four mutants (Q171C, A178C, T182C, and
L185C) generated homodimers (Figs 6D and E, and EVS5). We there-
fore identified another dimer model from our computational search
that could fit these positive disulfide-crosslinking data. In this
alternative dimer model, the two helices are more parallel (thereby
termed the parallel o9 dimer model, Fig 6F) in contrast to the GxxxA
dimer model, in which the two helices intersect with a right-handed
crossing angle of approximately —40° (thereby termed the intersected
o9 dimer model, Fig 6A). The parallel o9 dimer model could also
accommodate the negative disulfide-crosslinking data from the other
four Bax mutants. However, to account for all of the crosslinking
data, both models must be correct, suggesting that the disulfide-
crosslinking approach identified specific, non-random, yet flexible
interactions between the two a9 helices.

A recent FRET study also found a o9 dimer interface after
translocation of Bax to the mitochondria in apoptotic cells (Gahl
et al, 2014). In accordance with the above-mentioned study, our
crosslinking data show that both a9 dimers are formed by the Bax

Figure 6. Helix 9 homodimerizes with two interfacial conformations.

Apoptotic Bax pore assembly and expansion  Zhi Zhang et al

proteins that are activated by BH3 protein or peptide and integrated
into the MOM (Figs 6C and E, and EV5B-D). To assess the effect of
lipids on the dimer structure and stability, we carried out MD
simulations, described in Appendix Supplementary Methods and
Appendix Table S1, for the a9 dimers in solution containing counter-
ions and in a lipid bilayer comprised of the MOM characteristic
lipids, particularly those negatively charged ones known to facilitate
Bax activation, insertion, oligomerization, and pore formation
(Kuwana et al, 2002; Lucken-Ardjomande et al, 2008; Shamas-Din
et al, 2015). We compared the initial conformations of both inter-
sected and parallel o9 dimers (Fig 6A and F), which were generated
by the computational modeling and fit the crosslinking data, to the
final conformations after 175-ns simulation. The results indicate that
both dimer conformations in the lipid bilayer remained stable, with
small backbone root-mean-square deviation (RMSD) fluctuations
~1 A (Appendix Fig S6A, membrane). In contrast, both dimer
conformations in the solution became unstable resulting in large
backbone RMSD fluctuations ~5 A and loss of helicity from both
termini (Appendix Fig S6A, solution). Therefore, the MD simulation
data support an important role for the membrane in stabilizing the
09 dimer structures. Consistent with this prediction, the 9 dimer-
specific crosslinking was observed in the mitochondrial fraction
after Bax proteins were activated by cBid, but not in the soluble
fraction even when cBid was present (Fig EV5D).

To determine the relative stability of the intersected and parallel
a9 dimer conformations in the membrane, we did free-energy simu-
lation of a9 dimer transition between the two conformational states.
The results suggest that the free energy of the intersected dimer is
~3.5 kcal/mol lower than the parallel one (Appendix Fig S6B). In
addition, several intermediate conformational states with different
free energy were revealed. In summary, in membranes the inter-
sected o9 dimer is more stable than the parallel dimer, and they may
coexist in equilibria with other intermediate dimeric conformations.

The two 9 dimer conformations are formed interdependently,
and the formation of both depends on the BH3-in-
groove dimerization

The MD simulation data suggest that the two extreme o9 dimer
states may be linked through the intermediate states and transitions
between them are possible if the energy barriers between them can
be surpassed. To determine whether one o9 dimer state could be
reached in the absence of the other, we designed one mutation for
each interface that would be disruptive to that interface but not the
other based on the respective “static” models (Fig 6A and F). The

A Structural model for intersected a9 homodimer is shown with one monomer colored brown (29) and the other gray («9'). The residue pairs that formed disulfide
bonds after they were replaced with cysteine pairs in (B) are presented in stick form, and their B-carbon atoms linked by dashed lines with the distances indicated

in A, except that the Gly*”°

EV2 and named as “Helix a9 intersected dimer.pdb”.

pair is linked by a dashed line via their o carbon atoms with the distance indicated. The pdb files for the model is provided as Dataset

B-E The oxidized mitochondria with radioactive single-cysteine Bax proteins were prepared, analyzed as in Fig 1B, and shown in (B) and (D); or subjected to Na,COs

extraction, analyzed as in Fig 1D, and shown in (C) and (E).

F Structural model for parallel a9 homodimer is shown with the color codes described in (A). The residue pairs that formed disulfide bonds after they were replaced
with cysteine pairs in (D) are presented in stick form, and their b carbon atoms linked by dashed lines with the distances indicated in A. The pdb files for the model

is provided as Dataset EV3 and named as “Helix a9 parallel dimer.pdb”.

Data information: In (B—E), protein standards, Bax monomers and disulfide-linked Bax dimers are indicated as in Fig 1B. n = 3 for A183C, and A178C; 2 for other mutants.

Source data are available online for this figure.
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intersected dimer model predicts van der Waals’ interactions
between Gly'”® of one a9 and Phe'”® and Val'®® of the other «9
(Fig 7A, intersected 9 dimer, left). Thus, a Gly'”® to isoleucine
mutation (G1791) would not only eliminate these favorable interac-
tions but also introduce steric clashes between Ile'” of one a9 and
Phe'”®, 1le!” and Val'®® of the other o9, thereby disrupting the inter-
sected dimer (Fig. 7A, intersected o9 dimer, right). The parallel
dimer model predicts favorable van der Waals’ interactions between
GIn'"!, 1e'”, Ala'”®, Thr'®?, and Leu'®® in the two o9 helices.
Mutating Thr'®? to isoleucine (T182I) would remove the favorable
interaction between the two Thr'®* (Fig 7A, parallel a9 dimer, left)
and introduce a steric clash between the two Ile'®? (Fig 7A, parallel
o9 dimer, right), thereby disrupting the parallel dimer. Confirming
these predictions, the G1791 or T182I mutation greatly inhibited the
disulfide crosslinking of Bax A183C or A178C that was specific to
the intersected or parallel dimer, respectively (Fig 7B, arrow-
indicated bands in lane 4 versus lane 2, or lane 8 versus lane 6).

The G1791 or T182I mutation also greatly inhibited the disulfide
crosslinking of Bax A178C or A183C, respectively (Fig 7B, arrow-
indicated bands in lane 12 versus lane 10, or lane 14 versus lane
16), suggesting that the disruptive mutation in the intersected dimer
is also disruptive to the parallel dimer and vice versa. This result
was not predicted by the static dimer models, suggesting that the
two o9 dimer conformations are formed in an all-or-none fashion or
interdependently.

We carried out MD simulations with the o9 dimers containing
the G1791I or T182I mutation in the membrane to assess the effects
of these mutations in a dynamic setting. Comparison of the initial
and final structures of the dimers suggests that the G179I mutation
disrupts both intersected and parallel dimers, whereas the T182I
mutation only disrupts the parallel dimer (Appendix Fig S6C). To
compare with the effect of each mutation observed in the
crosslinking experiment with the A183C or A178C single-cysteine
mutant that captured the intersected or parallel dimer, respectively
(Fig 7B), we measured the p-carbon distance between the two Ala'®?

178 residues in the two o9 dimers

residues or between the two Ala
with the G1791 or T182I mutation in the initial and final structures.
The results indicate that the G1791 mutation increases the B-carbon
distance for both residue pairs (Appendix Fig S6C), thereby explain-
ing its inhibitory effect on the disulfide crosslinking of both A183C
and A178C mutants. In contrast, the T1821 mutation only increases
the B-carbon distance for the Ala'’® residue pair significantly, thereby
only explaining its inhibition of the A178C crosslinking. While the
inhibition of the A183C crosslinking or the intersected o9 dimeriza-
tion by the T182I mutation can be explained by neither the MD simu-
lation nor the static modeling, it remains possible that the intersected
o9 dimer with the lowest free energy may be evolved from the paral-
lel dimer through the intermediate conformational states revealed by
the free-energy simulation of the transition (Appendix Fig S6B). And
if so, blocking the upstream parallel dimerization by the T1821 muta-
tion may also block the downstream intersected dimerization.

The model that the BH3-in-groove dimerization is a nucleation
event that initiates other dimerizations to further oligomerize Bax
predicts that the o9 dimerization would depend on the BH3-
in-groove dimerization (Czabotar et al, 2013). To verify this predic-
tion, we tested the effect of the G108E mutation that disrupted the
BH3-in-groove dimerization on the o9 dimerization. The G108E
mutation completely abolished the homo-disulfide crosslinking of

The EMBO Journal Vol 35| No 2 | 2016
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both Bax A183C and A178C that specifically captured the two
conformations of the a9 dimer, respectively, even though both Bax
mutants were targeted to the mitochondria by the S184V mutation
in a9, which by itself did not abolish the homo-disulfide crosslink-
ing (Fig 7C, disappearance of the arrow-indicated bands from lanes
6 and 12, but not lanes 4 and 10). These data suggest that o9 dimer-
ization does not occur in the absence of the BH3-in-groove dimeriza-
tion, thereby placing the o9 dimerization downstream of, and
dependent on, the BH3-in-groove dimerization.

In contrast, the G1791 mutation that disrupted the o9 dimerization
via both conformations did not affect the BH3-in-groove dimeriza-
tion as captured by the disulfide linkage of Bax L59C,M79C (Fig 7D,
arrow-indicated bands in lane 2 versus lane 4). The G179I mutation
also did not reduce the a2-a3-04 dimerization as detected by the
disulfide linkage of Bax L59C,L76C (Fig 7D, arrow-indicated bands
in lane 8 versus lane 6). Thus, both BH3-in-groove and o2-a3-04
dimer interfaces are formed in the absence of o9 dimerization,
as expected from the model that places the BH3-in-groove and the
02-03-04 dimerizations upstream of the o9 dimerization.

The a9 dimerization links the BH3-in-groove or the a2-03-04
dimer into higher order oligomers

The oligomerization of Bax requires at least two separate
dimer interfaces. To determine whether the BH3-in-groove or the
02-03-04 dimer interface located on the MOM and the intersected
or parallel o9 dimer interface located in the MOM could mediate
oligomerization of Bax dimers, we generated Bax mutants with
three cysteines. The first two cysteines, L59C and M79C or L59C
and L76C, were positioned in the BH3-in-groove or the o2-03-04
dimer interface, and the third cysteine, A183C or A178C, was
positioned in the intersected or the parallel o9 dimer interface,
respectively. After activating and targeting to the Bax/~/Bak ™/~
mitochondria, and oxidizing by CuPhe, each of these triple-
cysteine Bax mutants formed multiple products with M, higher
than the monomers (Fig 8A, lanes 4, 10, 16, and 22, indicated
by arrows, and open and closed triangles). The products with
the M, below 46 are the disulfide-linked Bax homodimers,
because they were also formed by the corresponding double- or
single-cysteine Bax mutant (lanes 2, 6, 8, 12, 14, 18, 20, and 24,
indicated by arrows). The product with the M, above 69 formed
by the triple-cysteine Bax mutants containing A178C or A183C is
not a disulfide-linked dimer, because it could not be reduced
(compare open triangle-indicated band in lanes 4 and 10 of
non-reducing gel to that in the respective lanes of reducing gel).
The remaining products (lanes 4, 10, 16, and 22) indicated by
closed triangles) are the disulfide-linked Bax oligomers, as judged
by their M, and disappearance on the reducing gel. These products
were detected only in the samples containing the triple-cysteine
mutants but not those containing the double- or single-cysteine
mutants, suggesting that the two disulfides in the BH3-in-groove
or the o2-03-04 dimer interface together with the one disulfide in
the intersected or the parallel o9 dimer interface linked Bax
monomers into oligomers. Together, these results suggest that the
o2, 03, and a4 with or without o5 formed a dimer interface that
was separated from another dimer interface formed by the 09,
and that the two dimer interfaces together mediated Bax
oligomerization.

© 2015 The Authors



Zhi Zhang et al ~ Apoptotic Bax pore assembly and expansion The EMBO Journal

Intersected o9 dimer Parallel 09 dimer
G179

w w
[ [}
=3 =]
2 2
> 3 > 5
g § 2 8 3 & s 3
o £ o [ o @ o 0
[ Q Q Q [*] Q Q Q [*] Q Q [+ Q Q
"« [¥] [(J [(J [ [ [} (¥} « [} o [ @ (J
e @ &t t t = e & e & @2 tE &t
Bax € < < < T < T < Bax <« <« < T I <
CuPhe (min) 0 30 0 30 0 30 0 30 030 0 30 030030 CuPhe (min) 0 30 0 30 0 30 030 030 0 30
M 12345678 M, 9101112 M 13141516 M 123456 M 78 9101112
97 — :;_ 0 97 — 97 — 97 —
®— 5= 8z - :::
= - 46— SV “= ¥ 46—
B= 4y oy v Loy ' L L sy
30 —
30 — 30 — 30— 30 —
0 ° -—mem—o Sabbeso Sam——-
= 4= o B ' L g pu
12— 12= s g —
12— — -
- - .- 12 12 Wem=m=
5 —
S e
12 Q
g o o o
4 2 @ @
= = 3 3
(2] (%) (%] o
Bax & 9 3 3
CuPhe (min) 0 30 0 30 030030
M 1234 M 5678
97 = 97 —
69 — 69 —
55 — i
= 46 — ¥
s= 4 ¥ C -——
30 —
30 —
e 0
i
P -
- 12—
12—

Figure 7. G179 or T182] mutation in 9 disrupts the o9 dimer but not the BH3-in-groove and o2-3-a4 dimers, whereas G108E mutation in the groove disrupts
the 09 dimer.

7 in sphere form, and the other monomer with Phe'”®, Gly*”®, and Val**° that

A Intersected a9 dimer: the structural model on the left depicts one monomer with Gly
have van der Waals’ contacts with the first Gly*”® in stick form. The same model is shown on the right, except that the two Gly*’® are changed to isoleucine
(G1791), which results in steric clashes between the Ile'”® in one monomer and the Phe'’®, 1le*” and Val*®° in the other monomer, and vice versa. Parallel o9 dimer:
the structural model on the left depicts the two interfacial Thr*®? that have van der Waals’ contacts in sphere or stick form. The same model is shown on the right,
except that the two Thr'®? are changed to isoleucine (T182I), which results in a steric clash with each other.

B-D The in vitro synthesized radioactive single- or double-cysteine Bax proteins with or without the indicated mutations were activated and targeted to the
mitochondria, oxidized, and analyzed as in Fig 1B. Protein standards, and monomers and disulfide-linked dimers of the Bax proteins are indicated as in Fig 1B.

n = 2 for all mutants.

Source data are available online for this figure.
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Figure 8. Combinations of either the BH3-in-groove or the a2-a3-a4 dimer interface with the a9 dimer interface mediate Bax oligomerization.

A

The oxidized mitochondria with radioactive single-, double-, or triple-cysteine Bax proteins were prepared and analyzed by non-reducing or reducing SDS-PAGE as in
Fig 1B. Protein standards, Bax monomers, and disulfide-linked Bax homodimers are also indicated as in Fig 1B. Closed triangles indicate disulfide-linked higher order

Bax homo-oligomers. Open triangles indicate a background band that could not be reduced, and hence is not a disulfide-linked complex.

The BMH-treated mitochondria with the radioactive single- and double-cysteine Bax proteins were prepared and analyzed as in Fig EV3G, except that closed triangles

indicate the BMH-linked Bax oligomers.

Data information: In (A, B), n = 2 for all mutants.

Source data are available online for this figure.
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permeabilize the MOM.

0.6 4 - - - '.- A-C The single- or double-cysteine Bax proteins with or without the
indicated mutations were synthesized in vitro, activated by tBid protein
_ and targeted to the Bax~/~/Bak~/~ mitochondria. Cytochrome c release
. " from the mitochondria was measured using ELISA. The dots are the
fractions of cytochrome c release from two independent replicates after
- - - they were corrected as described in Fig EV1B, and the lines are the
0.2 averages. The amount of the Bax mutants bound to the mitochondria in
the assay was determined and the results are shown in Appendix Fig S1.
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A DEER study of a liposome-bound Bak complex suggested
proximity between two BH3-in-groove dimers, particularly the
C-termini of the o3 and a5 helices (Aluvila et al, 2014). To deter-
mine whether the mitochondrion-bound Bax complex adapts a
similar configuration, we used BMH to crosslink the active mito-
chondrial Bax mutant A81C or T127C with the single cysteine
located at the C-terminus of either o3 or oS5, respectively. The
results show that BMH could link each Bax mutant to a homo-
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12, indicated by closed triangles). As a control, another double-
cysteine mutant L70C,Y115C did not form higher order BMH-
linked oligomers (Fig 8B, lane 8), because the two BMH linkages
are in the same BH3-in-groove dimer (Fig EV3G and H). Taken
together, the disulfide and the BMH crosslinking data support a
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mers by intersected or parallel o9 dimerization.
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C62,5184V,G108E
L76C,S184V,G108E
E69C,S184V,G108E

L59C,L76C,S184V,G108E -

(9]

. The BH3-in-groove dimerization is required for Bax to
oa . permeabilize the MOM
. To determine which Bax dimer interface is required for assembly of
021 - - a functional pore in the MOM, we monitored the effect of the inter-
. . . - face-disrupting mutations on the MOMP activity of Bax. As shown
0.0 +—= = = p— in Fig 9, the G108E mutation in the BH3-in-groove dimer interface
inhibited the tBid-induced and Bax-mediated cytochrome c release
from the Bax~/~/Bak ™/~ mitochondria. This inhibition was not due
to the deficiency of Bax binding to mitochondria caused by the
G108E mutation, because it occurred in the presence of the S184V
mutation that rescued the mitochondrial binding (Appendix Fig S1).
This inhibition was caused by the deficiency of Bax dimerization via
all of the four interfaces, because the G108E mutation inhibited the
Bax formation of all of them as determined by the interface-specific
disulfide crosslinking (Figs 4 and 7C). This inhibition is indepen-

Fraction of Cyto C Released

A183CH
A183C,S184V 4
A178C+
A178C,S184V 4

A183C,S184V,G108E -
A178C,S184V,G108E 4
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Figure 10. The a9 dimerization is not required for the release of cytochrome c from mitochondria, but facilitates the release of Smac and larger proteins.

A The cytochrome c release by the indicated Bax mutants was measured, corrected and shown as in Fig 9. The dots are the fractions of cytochrome c release from two
independent replicates, and the lines are the means. The amount of the Bax mutants bound to the mitochondria in the assay was determined and the results are

shown in Appendix Fig S1.

B Purified wild-type (WT) or mutant (G1791 or T182I) Bax protein of the indicated concentration was incubated with the Bax/~/Bak~/~ mitochondria in the absence or
presence of tBid protein. The proteins released from and those remaining in the mitochondria were separated and analyzed by SDS—-PAGE and immunoblotting with

antibody specific to either cytochrome ¢ or Smac. n = 2.

C Purified wild-type or mutant Bax protein of the indicated concentration alone or together with purified cBid was incubated with the Bax/~/Bak~/~ mitochondria
containing Smac-mCherry protein. Release of Smac-mCherry was detected by measuring the fluorescence in the supernatant after the mitochondria were pelleted by
centrifugation. The dots are the fractions of Smac-mCherry release from three independent replicates, and the lines are the means.

D The in vitro synthesized radioactive Bax proteins with indicated mutations were targeted to the mitochondria in the absence or presence of purified tBid protein, and
then labeled with IASD, as in Fig 2B. The IASD-labeled and unlabeled Bax proteins were resolved using either gradient SDS—PAGE or IEF, detected by phosphor-
imaging, and indicated by arrows and triangles, respectively. n = 3 for A178C,G179I; 2 for other mutants.

E The IASD-labeling data in (D) and the similar data from the independent replicates were quantified to derive the membrane burial indices shown in Appendix Fig S7A,
from which the relative membrane burial indices were obtained as described in Fig 2C, and shown.

Source data are available online for this figure.

dent of the locations of the cysteines in the Bax mutants (Fig 9) that
were used in the disulfide-crosslinking experiments. Some of the
Bax mutants (e.g., A112C,S184V and L59C,L76C,S184V) were
autoactive, as they released cytochrome c in the absence of tBid.
The G108E mutation inhibited the release of cytochrome c by these
autoactive Bax mutants and the other Bax mutants that require tBid
to activate, suggesting that the inhibition occurred at a step down-
stream of Bax activation. Consistent with this hypothesis, the G108E
mutation did not inhibit Bax interaction with tBid (Fig 4C). There-
fore, Bax dimerization via the BH3-in-groove interface that is
directly disrupted by the G108E mutation is not only required for
dimerizations of Bax via other interfaces including the o2-03-04 and
the o9 interfaces, but also for the MOMP by Bax.

The o9 dimerization is not required for the formation of small
pores in MOM, but facilitates the formation of large pores

To determine the effect of deficient o9 dimerization on Bax MOMP
activity, we used the G1791 and T182I mutations that abolished the
o9 dimerization, but not the BH3-in-groove and o2-03-04 dimeriza-
tions as shown by the interface-specific disulfide crosslinking
(Fig 7B and D; data not shown). These mutations did not reduce the
tBid-induced cytochrome c release by Bax with cysteine(s) in any of
the four interfaces (Fig 10A). In fact, the G1791 mutation made some
of these Bax cysteine mutants autoactive, thereby releasing cyto-
chrome c in the absence of tBid.

To verify these results, we purified wild-type Bax protein and
mutant Bax protein with either G1791 or T182I as the only mutation.
We incubated each protein with the Bax /~/Bak /~ mitochondria in
the absence or presence of purified tBid protein and monitored the
cytochrome c release using immunoblotting. Consistent with the
results obtained from the in vitro synthesized Bax proteins using the
ELISA-based cytochrome c release assay (Fig 10A), the immuno-
blots clearly show a tBid-induced cytochrome c release by the puri-
fied wild-type Bax protein (Fig 10B, cytochrome c blots, lanes 5 and
6 versus 11 and 12). The result from the T182I mutant at 60 nM
was similar to the wild-type protein, but at 120 nM it released
cytochrome c in the absence of tBid, and hence was autoactive
(lanes 1 and 2 versus 7 and 8). In contrast, the G179I mutant at both
concentrations was autoactive, releasing cytochrome c in the
absence of tBid (lanes 3 and 4 versus 9 and 10). Therefore, the
dimerization of o9 is not required for Bax to form small pores in

The EMBO Journal Vol 35| No 2 | 2016

the MOM that release cytochrome ¢, a 12-kDa globular protein with
diameter ~30 A (PDB entry 2AIU) (Liu et al, 20006).

We next assayed the release of Smac, a 27-kDa cylinder-like
intermembrane space protein with diameter ~25 A and height
~100 A (PDB entry 1FEW) (Chai et al, 2000) that is released from
mitochondria during apoptosis (Du et al, 2000; Verhagen et al,
2000). As expected, the wild-type Bax released Smac dependent on
tBid (Fig 10B, Smac blots, lanes 5 and 6 versus 11 and 12), whereas
the G1791 mutant released Smac independent of tBid (lanes 3 and 4
versus 9 and 10). Surprisingly, the T182I mutant only released
traces of Smac, even at the high concentration and in the presence
of tBid (lanes 1 and 2 versus 7 and 8). Therefore, at least one of the
09 dimer-disruptive mutations inhibited the formation of Smac-
releasing pores that might be larger than the cytochrome c-releasing
pores.

To further test this hypothesis, we monitored the release of
Smac-mCherry, a 37-kDa fluorescent fusion protein that contains a
cylinder-like GFP fold with diameter ~35 A and height ~45 A (PDB
entry 1EMA) (Ormo et al, 1996) and is localized to the intermem-
brane space of the mitochondria isolated from the bax/bak DKO
BMK cells (Shamas-Din et al, 2014). By comparing the fluorescence
intensities in the supernatant and the mitochondrial pellet, we found
that the wild-type Bax released Smac-mCherry in a dose- and cBid-
dependent manner (Fig 10C). The G1791 mutant also released
Smac-mCherry, but independent of cBid, particularly at higher
concentrations. In contrast, the T182I mutant released significantly
less Smac-mCherry, even at the highest concentration and in the
presence of cBid. These data and those from the Smac release assay
(Fig 10B) are consistent with the conclusion that o9 dimerization
facilitates the formation of large pores in the MOM that release large
proteins.

To determine why the G1791 and T182I mutations that inhibited
the a9 dimerization to the same extent displayed different pheno-
types in the large mitochondrial protein release assays, we
performed IASD-labeling experiment to examine whether the muta-
tions affect the insertion of 49 and o5 into the MOM. The labeling
profiles (Fig 10D) and the membrane burial indices (Fig 10E;
Appendix Fig S7A) of wild-type Bax and the two mutants that
contain a single-cysteine (A178C) in o9 indicate that the G1791
mutation greatly enhanced the o9 insertion into the MOM compared
to the wild-type protein, whereas the T182I mutation did not. In
contrast, the T182I mutation enhanced the o5 insertion, whereas the

© 2015 The Authors
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G1791 mutation did not, as shown by the data from Bax L120C with
the single cysteine in o5 (Fig 10D and E; Appendix Fig S7A).

We used disulfide crosslinking to assess the effect of G1791
mutation on the BH3-in-groove and o2-03-04 dimerizations at the
mitochondria before and after Bax activation by cBid. The L59C,
M79C and the L59C,L76C with the G179 mutation formed the
BH3-in-groove and the a2-a3-a4-specific disulfide-linked dimer,
respectively, in the mitochondrial pellet fraction in the absence of
cBid (Fig EVSE). Dimer formation without cBid is consistent with
our data showing that this mutation autoactivates Bax such that it
permeabilized the MOM in the absence of tBid. In comparison, dimer
formation by the respective cysteine mutants without the G1791
mutation in the mitochondrial fraction was cBid dependent
(Figs EV3E and EV4D). Intriguingly, a significant dimerization of
the L59C,L76C occurred in the post-mitochondrial supernatant frac-
tion (Fig EV4D), which was dramatically enhanced by the G1791
mutation but not by cBid or mitochondria or both (Fig EVSE).
Whether this dimerization in the soluble fraction contributes to the
MOMP activity is uncertain. Nonetheless, increased o9, but not a5,
insertion into the MOM can compensate for a deficiency of o9
dimerization, promoting the dimerization on the membrane surface
and large pore formation in the membrane. When o9 insertion is at
the wild-type level, o9 dimerization facilitates the formation of
large pores.

Small pore formation in the MOM is necessary and sufficient for
Bax to kill cells

To determine whether the in vitro activities of these Bax mutants
are relevant to the biological activity of Bax in cells, we expressed
wild-type Bax, and the G108E, S184V, G108E/S184V, G179, and
T182I mutants as N-terminal Venus fusion proteins in bax/bak DKO
BMK cells, and assessed their intracellular localization and apoptotic
activity in the absence and presence of STS. Expression levels of
these mutants were similar to that of Venus-WT Bax, except for
Venus-Bax G108E that had an increased expression (Fig EV2A),
which was likely tolerated by the cells since this mutant induced a
significantly lower level of apoptosis in the absence and presence of
STS when compared to Venus-WT Bax (Fig EV2B). In untreated
cells, this mutant was mainly localized to the cytoplasm similar to
the wild-type protein (Fig EV2C and D).

Addition of the S184V mutation to Venus-Bax G108E increased
the mitochondrial localization resulting in apoptotic activity compa-
rable to wild-type Bax and inducible by STS (Fig EV2B-D).
However, the apoptotic activity of the G108E/S184V double mutant
was significantly lower than the S184V single mutant (Fig EV2B),
even though they had similar mitochondrial localization (Fig EV2C
and D). Therefore, the G108E mutation inhibited an activation step
downstream of mitochondrial localization of Bax, such as the dimer-
izations detected by the crosslinking assay above. Furthermore, the
residual apoptotic activity of the G108E mutant that could be ampli-
fied by the S184V mutation is consistent with the residual dimeriza-
tions and cytochrome c release observed in vitro (Figs 4 and 9).
Together, the results from these mutants in our cell-free and
cell-based systems suggest that the G1I08E mutation incompletely
blocks Bax dimerization, MOMP and apoptotic activities especially
in the presence of the S184V mutation that targets Bax to the
mitochondria.
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In contrast, the G1791 mutant was constitutively active and spon-
taneously killed cells (Fig EV2B), an observation that is consistent
with those from the in vitro MOMP assays (Fig 10A-C). Due to the
extensive cell death caused by the G179 mutant, accurate localiza-
tion data was not obtainable. However, because the cells were
dying, Venus-Bax G1791 was likely targeted to the mitochondria
constitutively, a notion supported by the mitochondrial association
of the G179I-containing Bax cysteine mutants observed in vitro
(Fig EVSE).

When expressed in cells, the T1821 mutant had similar localiza-
tion and slightly higher apoptotic activity compared to that of WT
Bax (Fig EV2B-D). While the apoptosis data from the cells express-
ing the T182I mutant are mostly in line with the cytochrome c
release data from the isolated mitochondria reconstituted with the
in vitro synthesized or purified T182I mutant (Fig 10A and B), the
defect of the T182I mutant detected in the in vitro Smac and Smac-
mCherry release assays (Fig 10B and C) does not translate into a
defect in the cell-based apoptosis assay. The most simple explana-
tion is that the cytochrome c release caused by the T182I mutant in
the cells is sufficient to induce apoptosis, and the reduction of the
Smac release caused by the mutation in the cells is not sufficient to
block apoptosis. Therefore, the small pore-forming activity of Bax,
which was largely inhibited by the G108E, and enhanced by the
G1791, but not altered by the T1821 mutation, mirrors the cellular
apoptotic activity. The large pore-forming activity, which was inhib-
ited by the T182I mutation, is not required at least for Bax to kill the
bax/bak DKO BMK cells.

Discussion

In this study, we made several major observations about the
conformational changes of activated Bax at the MOM, which are
accompanied by a series of protein—protein and protein-membrane
interactions, resulting in oligomeric pores that permeabilize the
MOM. These observations, together with those published previ-
ously, allowed us to propose a mechanistic model by which the acti-
vated Bax induces MOMP, as illustrated in Fig 11.

After soluble Bax is activated by a BH3 activator such as tBid and
targeted to the MOM (Fig 11A, step I), it inserts into the MOM with
either o9 helix alone (step II) or together with o5 and o6 helices
(step IV) embedded in the MOM at least partially (Figs 2 and 5)
(Annis et al, 2005; Lovell et al, 2008; Gavathiotis et al, 2010; West-
phal et al, 2014a). Insertion of a9 is favored when the mitochondrial
Bax binds to the activator via the canonical BH3-binding groove
(step II; Fig 4C) (Kim et al, 2009; Czabotar et al, 2013), because the
release of a9 from the groove empties the groove for the BH3 bind-
ing, and the BH3 binding to the groove prevents o9 from reoccupy-
ing the groove, thereby keeping o9 in the MOM. In line with this
scenario, disruption of a9-groove interaction by the S184V mutation
(Suzuki et al, 2000) or increase of a9 hydrophobicity by the G1791
mutation enhances Bax mitochondrial targeting, MOMP and apop-
totic activities (Figs 9, 10, EV2 and EV5E). When the BH3 activator
dissociates from the groove, insertion of o5 and a6 is favored (step
V), because the empty groove exposes a large hydrophobic surface
to aqueous milieu, making the cytosolic domain of the tail-anchored
Bax less stable, thereby forcing a conformational change to bury the
hydrophobic residues in the MOM, particularly those in the more

© 2015 The Authors
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Figure 11. A model for conformational changes and interactions of Bax at the MOM, and the resulting pore.

A Schematics illustrate the soluble Bax monomer and the MOM-bound Bax monomers, dimers and tetramers. The helices a2-09 are depicted as cylinders with the
indicated colors, and the helix ol is omitted for simplicity. The MOM-bound tBid, depicted as a star, enhances cytosolic Bax interaction with the membrane (step )
and binds to the groove of Bax, thereby releasing o9 from the groove to the membrane (step Il). The tBid binding also unfolds the Bax separating the latch (a6-a8)
from the core (x2-a:5) (step IIl). After tBid dissociates, the activated Bax monomer either embeds more hydrophobic regions such as o5 and o6 into the membrane
(step 1V) or binds other activated Bax monomer forming a BH3-in-groove dimer on the membrane surface (step V). After o5 is released into the membrane, the
remnant BH3-in-groove dimer is rearranged to a o2-03-a4 dimer (step VI). A Bax tetramer is then formed by two BH3-in-groove dimers via an additional dimer
interface formed by two membrane-embedded o9 helices either intersected (step VII) or in parallel (step VIII). These Bax complexes may be in equilibrium with one
another, but the BH3-in-groove dimerization is a prerequisite for the other dimerizations. In principle, combinations of these dimer interfaces would be sufficient to

generate higher order oligomers, although other dimer interfaces have been discovered.

B A lipidic pore in the MOM is illustrated with BH3-in-groove dimers located on the cytosolic surface of the membrane and o9 monomer and dimer at the rim. Note
that the BH3-in-groove dimers are partially embedded in the cytosolic monolayer, generating membrane tension that induces the pore, while the a9 monomer and

dimer are integrated into the highly curved monolayer to reduce the line tension, thereby stabilizing and expanding the pore.
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hydrophobic o5 and those on the hydrophobic side of the amphi-
pathic o2 (Fig 2). Consistently, our previous study suggested that
the mitochondrial Bax monomer could embed a5, 06, and o9 in the
MOM before oligomerization (Annis et al, 2005). A recent study
also showed that the S184L mutation in o9 inserted not only 9 but
also a5 and a6 into the MOM in the absence of tBid (Westphal et al,
2014a). Alternatively, o9 could be released from the membrane and
reoccupy the empty groove, thereby refolding the Bax monomer,
which could then return to the cytosol through retrotranslocation, a
cellular process regulated by both anti- and pro-apoptotic family
members (Billen et al, 2008; Edlich et al, 2011; Schellenberg et al,
2013; Todt et al, 2013, 2015). The G108E mutation adds a strong
hydrogen donor to the edge of the groove, which increases the
propensity for hydrogen bonding with the o9 residues in vicinity,
and hence could stabilize the a9 in the groove, thereby keeping Bax
soluble in the cytosol (Suzuki et al, 2000). The S184V mutation
apparently overwrites the inhibitory effect of G108E on the mito-
chondrial targeting reactivating the MOMP and apoptotic activity
(Figs 9 and EV2) (Kim et al, 2009). In the absence of membranes, a
domain-swapped Bax dimerization could bury some of these
hydrophobic residues as shown by the crystal structure of BaxAa9
dimer (Czabotar et al, 2013). However, such dimerization would
unlikely to occur in cells because activation of Bax takes place at
membranes (Lovell et al, 2008), and the domain-swapped BaxAa9
dimer is a detergent-induced complex that does not form by active
Bax at membranes, as demonstrated in a recent DEER study
(Bleicken et al, 2014). Here, we also saw majority of the Bax dimer-
izations in the mitochondrial, but not the soluble fraction
(Figs EV3E, EV4D, and EV5D).

The BH3-in-groove dimer interface is formed by two tail-
anchored Bax proteins (step V) after departure of the BH3 activator
from the groove that readies both the BH3 region and the groove of
Bax for their engagement (Fig 1). The crystal structure of tBid BH3
peptide in complex with the domain-swapped BaxA«a9 dimer
displays a cavity in the BH3-binding groove (Czabotar et al, 2013)
that may destabilize the complex, thereby facilitating the departure
of tBid BH3 peptide and the exposure of Bax BH3 region. This
complex structure also shows separation of the latch (26-08) from
the core (a1-05) of Bax, implying that the binding of tBid BH3
peptide to Bax groove induces the separation (step III). This
“unlatching” event would occur before the BH3-in-groove dimeriza-
tion required for Bax function (Figs 4 and 9), because disulfide link-
age of a5 and a6 blocked tBid-induced MOMP by Bax (Czabotar
et al, 2013), and opening of the a5-a6 hairpin in membrane-bound
Bax is consistent with a DEER-derived distance between the spin
pair located at the beginning and the end of the hairpin (Bleicken
et al, 2014). The core-latch separation was also observed through
FRET imaging in apoptotic cells (Gahl et al, 2014).

The BH3-in-groove dimerization exposes the hydrophobic resi-
dues in o4 and o5 to aqueous milieu (Czabotar et al, 2013), but only
transiently because this high energetic state is quickly relaxed to a
low energetic one either by burial of these hydrophobic residues in
the cytosolic leaflet of the MOM bilayer (step V) or by release of the
more hydrophobic o5, a part of the groove that houses the BH3
region, into the membrane (step VI; Fig 2). In contrast, the more
amphipathic o4 does not insert into the membrane. Instead, o4
adjusts its position in the remnant dimer to form a o2-03-04 dimer
on the membrane to hide some of the hydrophobic residues from
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aqueous milieu (step VI; Figs 2 and 3). These conformational
changes would separate 04 from o5, an implication somewhat dif-
ferent than that from the crystallography study, which concluded
that o4 and o5 were not separated in the activated mitochondrial
Bax (Czabotar et al, 2013). Most likely, 04 and o5 become separated
in a fraction of, but not all, Bax proteins when they are activated
and bound to mitochondria.

After the departure of a5, the remnant BH3-in-groove dimer rear-
ranges to the helices a2-03-a4 dimer (step VI), in which the o2 and
a3 from one Bax are merged into a single helix that forms an
antiparallel coiled-coil dimer on the membrane with its counterpart
from the other Bax (Fig 3). This rearrangement re-stabilizes this
dimer interface on the MOM by shielding the hydrophobic residues
either in the new interface or in the cytosolic leaflet of the bilayer. It
is conceivable that the a2-03-04 dimer could be formed directly by
the Bax monomer that has the o5, a6, and 9 embedded in the
MOM, but the 2, o3, and o4 exposed to the cytosol (step IV
product) and hence available for dimerization. However, inhibition
of the 02-a3-a4 dimerization by the G108E mutation that should not
directly disrupt the o2-a3-a4 dimer, but rather the BH3-in-groove
dimer (Fig 4), suggests that the a2-a3-a4 dimerization depends on,
and thus occurs downstream of, the BH3-in-groove dimerization.
The MD simulation (Appendix Fig S4) indicates the o2-03-04 dimer
structure we show here based on the static modeling represents a
cohort of different, yet related, conformations that likely coexist
among the membrane-bound Bax complexes.

The o9 from one BH3-in-groove dimer binds its counterpart from
the other dimer (step VII and VIII), resulting in an intersected or
parallel o9 dimer interface in the membrane (Figs 5 and 6). As
shown by the G108E mutant (Fig 7C), the o9 dimerization also
depends on the BH3-in-groove dimerization, hence occurring down-
stream, to link the BH3-in-groove dimers to tetramers and higher
order oligomers (Fig 8).

Numerous studies suggest that active Bax embeds into the
cytosolic monolayer to generate membrane tension that induces
lipidic pore in the MOM bilayer (Basanez et al, 2002; Terrones et al,
2004; Schafer et al, 2009; Bleicken et al, 2013). The membrane
tension is proportional to the local concentration of Bax that is
increased initially by the BH3-in-groove dimerization and further by
the o9 dimerization. The membrane tension is also proportional to
the regions of Bax that can partition into the cytosolic monolayer,
including o9, because a9 only has three helical turns embedded in
the MOM (Fig 5), too short to span the entire bilayer. Once the
lipidic pore is formed, o9 would slide into the rim, where the bilayer
is fused to a highly curved monolayer. The o9 at the rim would
reduce the line tension, stabilizing the lipidic pore. The o9 dimeriza-
tion at the rim might recruit more Bax proteins to the vicinity,
expanding the pore. Therefore, both membrane insertion and dimer-
ization of a9 would induce, stabilize, and expand the lipidic pore.
As shown by the G179I and T182I mutants (Figs 10 and EVSE),
more o9 insertion and the consequently more BH3-in-groove dimer-
ization could compensate for less 9 dimerization to enlarge the
pore. However, at a normal o9 insertion level, we propose that o9
dimerization becomes critical to the pore expansion. Thus, dimer-
ization of o9 is not required for the small pore formation that
releases cytochrome c, but facilitates large pore formation that
releases Smac and larger proteins. The membrane insertion of o5
may play a similar role as it also has three helical turns embedded
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in the membrane (Fig 2), and thus prefers the highly curved mono-
layer at the pore rim. In fact, a5 peptide can form a toroidal pore by
localizing to the rim (Garcia-Saez et al, 2007; Qian et al, 2008),
although o9 peptide can oligomerize in membranes and may form a
barrel-stave proteinous pore (Garg et al, 2013).

We built a model to illustrate the architecture of Bax pore in the
MOM (Fig 11B). In this model, the BH3-in-groove dimers are placed
on the cytosolic surface of the MOM, forming the outer ring of the
pore. The o9 dimers are placed at the edge of the bilayer, forming
the rim of the pore with lipid head groups in the highly curved
monolayer. The o9 dimer of BH3-in-groove dimer is one of the
multiple tetrameric units that are assembled into an oligomer. The
number of Bax molecules in the oligomer dictates the pore size. In
order to transport hydrated cytochrome c across the MOM, the mini-
mal pore diameter must be ~50 A. This model represents one
conformation of a dynamic Bax pore, variations from which are
possible. For example, the a5 may leave the BH-in-groove dimer,
inserting into the bilayer or joining the a9 at the pore rim, whereby
the remnant of the dimer rearranges to the o2-03-04 dimer that
remains on the cytosolic surface of the MOM.

The DEER study proposed another conformation for the pore
(Bleicken et al, 2014), in which the BH3-in-groove dimer is located
at the rim with the hydrophobic side of 04 and o5 embedded in the
curved lipid monolayer, while the o9 is inserted into the bilayer
farther from the rim and linked to the o5 by a6 located on the
surface of the bilayer. Due to the symmetry of the BH3-in-groove
dimer, this conformation requires two o6 helices, one from each
monomer, to locate on the opposite surfaces of the MOM, and two
09 helices to span the MOM in an antiparallel orientation. While this
model fits some of the intra- and intermolecular distances derived
from the DEER data, the broad distance distribution indicates a
dynamic localization of the a6 and o9 relative to the BH3-in-groove
dimer that requires other models to fit. Moreover, it is difficult to
imagine how a large part of the Bax molecule stretching from o6 to
09 can cross to the intermembrane space side from the cytosolic side
of the MOM where the initial binding occurs to drive the pore
formation (Andrews, 2014). Our model, on the other hand, would
allow the BH3-in-groove dimer to slide into the rim after pore forma-
tion, which might further stabilize and expand the lipidic pore.
Moreover, while the localization of a6 on the MOM surface is
supported by previous IASD-labeling studies (Annis et al, 2005;
Westphal et al, 2014a), the transmembrane topology of o9 requires
at least five helical turns to be buried in the bilayer, which is incon-
sistent with our IASD-labeling data (Fig 5) unless a9 also accesses
the aqueous interior of the pore or IASD can label the residues
located in the bilayer but near the surfaces such as the lipid head
group region. Finally, the antiparallel orientation of two o9 helices
is at odds with our disulfide-crosslinking data (Fig 6) and others’
intermolecular FRET imaging data (Gahl et al, 2014) that support a
parallel or intersected 09 dimer model.

By monitoring the conformation and interaction of active Bax
at mitochondria in a biologically relevant cell-free system supple-
mented with a cell system, we have demonstrated the formation
of two separate dimer interfaces. The BH3-in-groove interface
located on the membrane surface is formed earlier than and
required for the formation of the o9 interface inside the
membrane. Together, both interfaces assemble Bax proteins into
oligomers that induce membrane permeabilization by forming
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lipidic pores. While it appears that the BH3-in-groove dimerization
is required for pore formation, 9 dimerization may be primarily
involved in pore expansion. The concerted action of this series of
protein—protein interactions and the subsequent membrane desta-
bilization results in the release of not only cytochrome c, which
induces caspase activation, but also larger proteins like Smac,
which neutralizes caspase inhibitors, thereby culminating in a
full-scale apoptotic reaction that dismantles the cell. The protein
complexes and conformations that we have characterized here
may be potential targets for the future development of apoptotic
modulators to eradicate cancer or to prevent ischemia reperfusion
injury (Czabotar et al, 2014; Moldoveanu et al, 2014; Brahmbhatt
et al, 2015).

Materials and Methods
Reagents

Single-cysteine Bax mutant plasmids for in vitro transcription and
translation were constructed from pSPUTK vector (Stratagen) as
described earlier (Ding et al, 2014). Additional mutations, as
described in Results, were introduced into some of the single-
cysteine mutants or wild-type Bax using QuickChange mutagenesis
(Agilent technologies). The single-cysteine mutants were designated
as a letter and a number that indicate the wild-type residue and its
position follow by C that indicates the change to a cysteine. The
other mutants were similarly designated. The single-cysteine tBid
mutant pladmid was constructed from pSPUTK to include the same
5 untranslated region as that in the Bax plasmid.

Human Bax protein with or without G1791 or T182I mutation,
and murine tBid protein were expressed and purified as described
elsewhere (Zha et al, 2000; Yethon et al, 2003; Zhang et al, 2010).
The Bax BH3 peptide was synthesized by Abgent as described in
Tan et al (2006).

The rabbit polyclonal antibody to Bid (catalog No. ab77815)
and the mouse monoclonal antibody to pyruvate dehydrogenase
El-alpha subunit (catalog No. ab110334) were from Abcam. The
rabbit polyclonal antibody to Smac (catalog No. sc-22766) was from
Santa Cruz Biotechnology. The rabbit polyclonal antibody to Bax
and the sheep polyclonal antibody to cytochrome ¢ were produced
in David Andrews’s laboratory.

MOMP assays

The ELISA-based cytochrome c release assay was performed as
described earlier (Ding et al, 2014), except that we used 2 pl Bax
protein synthesized in transcription/translation (TNT)-coupled SP6
RNA polymerase/reticulocyte lysate system (Promega), 17 nM puri-
fied tBid protein, and 0.6 mg/ml Bax /~/Bak /" mitochondria.

The immunoblot-based cytochrome ¢ and Smac release assay
began with incubation of 60 or 120 nM purified Bax protein with
1 mg/ml Bax /7 /Bak/~ mitochondria in the absence or presence of
17 nM purified tBid protein at 37°C for 2 h. The resulting sample
was centrifuged at 13,000 g and 4°C for 5 min. The supernatant and
pellet were separated and analyzed by reducing SDS-PAGE and
immunoblotting with the antibody to cytochrome c¢ (dilution
1:1,500) or to Smac (dilution 1:750).
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The fluorescence-based Smac-mCherry release assay was
performed as described in Shamas-Din et al (2014) with 10, 20, or
40 nM purified Bax protein, and where indicated, 2 nM purified
caspase-cleaved Bid protein (cBid).

Live cell imaging and analysis

Bax/Bak double-knockout (DKO) baby mouse kidney (BMK)
cells were cultured in DMEM supplemented with 10% FBS. For
transfections, Bax/Bak DKO cells were seeded at 1,000 cells/well in
a 384-well imaging plate (PerkinElmer Cell Carrier Ultra) and tran-
siently transfected 24 h later with Venus-Bax constructs (ratio of 1:6
DNA:Fugene HD transfection reagent from Promega). Cells were
incubated for 14 h post-transfection of Venus-Bax constructs and
then treated with or without 50 nM staurosporine (STS) for 8 h.
Cells were stained 30 min prior to imaging with 5 uM Drag5
(BioStatus) and either 10 nM TMRE (Invitrogen) for activity assays
or 100 nM Mitotracker Red (ThermoFischer) for colocalization stud-
ies. Cells were imaged using the Opera high-content screening
system (PerkinElmer) with either a 20x air objective (for activity
assays) or a 40x water immersion objective (for colocalization
studies). Three channels were captured: DraqS, Venus, and TMRE
or Mitotracker Red. Images were analyzed as in Shamas-Din et al
(2013). Briefly, a script written for Acapella high-content imaging
and analysis software (available for download from dwalab.ca)
was used to segment and detect only Venus-positive cells. The
same script was used to extract intensity and morphology features
for each segmented cell as well as Pearson’s correlation coefficient
(for colocalization experiments). Dead cells were classified as
small rounded up TMRE-negative cells. The percentage of
apoptosis was calculated by taking total number of Venus-positive
cells classified as dead and dividing by the total number of
Venus-positive cells.

To minimize the effects of subjective bias in sample allocation
and result analysis, a fully automated microscope was used to image
cells based on a predetermined pattern of locations within the wells
of an imaging plate. Therefore, the selection of cells analyzed was
unbiased. Images acquired by the automated microscope were then
analyzed numerically based on automated image analysis of
computer-measured features in the images rather than a subjective
interpretation.

Justifications for the statistical test used are that points are gener-
ally averages of ~150 randomly selected automatically analyzed cell
images from three biological replicates. Standard deviation is
reported to provide error bars on the histograms. However, to deter-
mine significance of differences between mutants, one-way ANOVA
was used and determined that the means are not identical. Post-hoc
multiple comparisons were made using a t-test with a P-value
< 0.05 being significant. To correct for type I error, the Bonferroni
correction was applied to the P-value (0.05/24(number of measure-
ments)), and any P-value < 0.002083 is deemed significant. For
expression levels, post-hoc multiple comparisons were made using a
t-test with a P-value < 0.05 being significant. To correct for type I
error, the Bonferroni correction was applied to the P-value (0.05/12
(number of measurements)), and any P-value < 0.00417 is deemed
significant. t-tests were used to compare the Venus intensity of each
mutant construct to that of WT Bax in order to compare expression
levels. Raw data are plotted and means were compared to medians.

The EMBO Journal Vol 35| No 2 | 2016

Apoptotic Bax pore assembly and expansion  Zhi Zhang et al

Data is close enough to normal distribution that standard deviation
is a reasonable estimate.

Disulfide crosslinking

Disulfide crosslinking of mitochondria-bound Bax proteins was
performed and analyzed as described in Ding et al (2014) with the
following modifications. We incubated 15 pl in vitro synthesized
[3°S]Met-labeled Bax protein, 17 uM Bax BH3 peptide, and 0.6 mg/
ml Bax~/~/Bak ™/~ mitochondria at 37°C for 1 h. The mitochondria
with activated Bax were pelleted by centrifugation at 13,000 g and
4°C for 5 min. The mitochondria were resuspended in high salt
buffer (400 mM KOAc, 4 mM Mg(OAc),, and 25 mM HEPES, pH
7.5) to remove loosely bound proteins before adding redox catalyst
CuPhe to induce disulfide crosslinking. For some of the mitochon-
drial samples, low salt buffer (110 mM KOAc, 1 mM Mg(OAc),, and
25 mM HEPES, pH 7.5) was used, and the crosslinking results were
similar to the “high salt” controls. The disulfide-crosslinked samples
were precipitated by Cl3CCOOH. The resulting protein pellets were
resuspended in quenching buffer (20 mM N-ethylmaleimide (NEM),
100 mM EDTA, 1 mM NaAsO,), solubilized in non-reducing SDS
sample buffer (12.5% SDS, 500 mM Tris, 25% glycerol, 250 mM
EDTA, and a trace of bromophenol blue) at 65°C for 30 min, and
analyzed using SDS-15% PAGE and phosphorimaging.

Some of the disulfide-crosslinked samples were treated with
Na,CO; (pH 11.5) as described earlier (Billen et al, 2008), except
that DTT was omitted from the 200-mM Na,COj; solution and 0.5-M
sucrose cushion. The resulting pellet and supernatant fractions were
analyzed by SDS-PAGE and phosphorimaging as describe above, or
by immunoblotting with mouse monoclonal antibody to pyruvate
dehydrogenase El-alpha subunit (dilution 1:2,500).

Immunoprecipitation

To identify the disulfide-linked products from the reactions contain-
ing single-cysteine Bax and tBid mutants, the samples were divided
into two equal portions, and diluted approximately 1:7 in IP buffer
containing 100 mM Tris pH 8.0, 100 mM NaCl, 10 mM EDTA,
1 mM PMSF, 1% (v/v) Triton X-100 and incubated with Bax (dilu-
tion 1:100) or Bid (dilution 1:1,600) antibody. Reactions were rotated
overnight at 4°C. The resulting immuno-complexes were bound to
Sepharose protein G beads (6-8 pl of 50% bead suspension in IP
buffer) for 2 h at 4°C. After centrifugation at 2,000 g for 30 s at 4°C,
the beads were washed three times with IP buffer and twice with
100 mM Tris pH 8.0 and 100 mM NaCl. The bound proteins were
eluted from the beads with non-reducing SDS sample buffer and
analyzed by non-reducing SDS-PAGE and phosphorimaging.

4-acetamido-4'-((iodoacetyl)amino)stilbene-2,2'-disulfonic acid
(IASD) labeling

IASD labeling of mitochondria-bound Bax proteins was performed
and analyzed as described in Ding et al (2014) with the following
modifications. We incubated 2.5 pl Bax protein synthesized in vitro
with 17 uM Bax BH3 peptide or 17 nM tBid protein, and 0.8 mg/ml
Bax /~/Bak ™/~ mitochondria at 37°C for 1 h. The mitochondria
with activated Bax were pelleted by centrifugation as described
above, and resuspended in medium salt buffer (200 mM KOAc,
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2 mM Mg(OAc),, and 10 mM HEPES, pH 7.5) to increase IASD-
labeling efficiency (Westphal et al, 2014a). For some mitochondrial
samples, low salt buffer was used, and the IASD-labeling results
were similar to the “medium salt” controls. The mitochondrial
suspension was split equally to five, and 0.5 mM IASD was added
to each aliquot alongside 230 mM Tris—HCI, pH 7.5, 100 ng/ml each
of leupeptin, antipain, chymostatin, and pepstatin, 150 ng/ml apro-
tinin, 0.05 mM DTT, and, if indicated, 2% 3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate (CHAPS), 4 M urea, or both.
The labeling reactions were carried out in dark at 22°C for 30 min
and then quenched by 50 mM 2-mercaptoethanol. For the “0 min”
labeling control, 2-mercaptoethanol was added prior to the addition
of IASD to prevent the labeling. After the concentration of CHAPS
and urea in each sample was brought to 2% and 4 M, respectively,
the proteins were precipitated by Cl;CCOOH.

For reducing SDS-gradient (15-16%) PAGE analysis, the protein
pellet was solubilized at 65°C for 30 min in the SDS sample buffer
plus 1 M 2-mercaptoethanol. For IEF analysis, the protein pellet was
sonicated at 22°C for 20 min in IEF sample buffer (10 mM Tris-HCI,
pH 7.5, 8 M urea, 4% CHAPS, 4% Tergitol NP-40, 0.4% Triton
X-100, 30% glycerol, 2% 5-8 ampholyte, 1 M 2-mercaptoethanol,
and a trace of bromophenol blue), loaded on a pH 5-8 gel (1.5% 5-8
ampholyte, 0.5% 3-10 ampholyte, 7% acrylamide (acrylamide:
methylenebisacrylamide = 37.5:1), 7 M urea, 2% CHAPS, 4% Tergi-
tol NP-40, 0.08% tetramethylethylenediamine, and 0.09% ammo-
nium persulfate, pre-run at 100 V for 30 min), and run with anode
buffer (50 mM H3PO,4, pH ~4) and cathode buffer (20 mM lysine,
20 mM arginine, pH ~10) at 100 V for 1 h, 250 V for 1.5 h, and
400 V for 14 h 45 min. The radioactive proteins in the resulting gels
were detected by phosphorimaging, and quantified using Multi
Gauge program (Fujifilm) as described in Appendix Fig S3A.

Computational modeling of Bax dimer interfaces

02-0.3-04 dimer interface

We modeled this dimer based on the published structure of Bax
monomer (PDB entry: 1F16) and the distance restraints provided by
the disulfide crosslinking between the specific interfacial residues
after they were replaced by cysteines (Fig 3A). Briefly, the partial
Bax structure formed by residues 54-103 including o2, o3, and o4
helices and the inter-helical loops were extracted from the whole
structure. The loops were removed and a global search was
performed to optimize the distance restraints and the protein geom-
etry according to the following procedures.

First, helices a2 (residues 54-71), o3 (residues 75-81), and o4
(residues 88-99) were converted to poly-alanine and allowed to
independently move in space as rigid bodies, using a Monte Carlo
procedure to minimize the energy of springs functions introduced to
represent the linkages from crosslinking experiments. The springs
were places between the Cf atoms of each crosslinked position in
the two chains (S55-R94’, L59-L76/, S62-S72, and E69-E69’) using a
spring constant of 200 kcal/mol/A2 and an energy minimum
distance of 5 A. Spring penalties were not calculated for distances of
the crosslinked Cp atoms below 5 A. In addition, the helical termini
of 02 and o3, and of o3 and o4 were also constrained to remain
within 6 A of distance. Once these distance constraints were mini-
mized, the original side chains were reintroduced and the same
procedure was continued—except that each cycle included a round
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of side chain optimization—until the energy converged. The o2, o3,
and o4 helices were then connected together by the residues with
favorable geometry using fragments extracted from the PDB data-
base according to a procedure previously described (LaPointe et al,
2013). Briefly, protein fragments with pattern hhhahhhh were
extracted from high-resolution X-ray structures, where h are posi-
tions in a helical conformation and a, are positions in any confor-
mation corresponding to the number needed for the loop connecting
the helices (x = 3 for a2-03 loop; x = 6 for the a3-04 loop). The
termini of the inter-helical fragments were then aligned with the
termini of the helices to be connected to obtain favorable geometries
and the helices and fragments were fused. Only the N, C, CA, and O
atoms were considered for the alignment and the fragments with the
lowest root-mean-square deviation (RMSD) were selected. The side
chains on the fragment were replaced with the one corresponding to
the native Bax sequence and their conformation was optimized.

The procedure yielded a well-packed model with favorable ener-
gies, in which a distorted helical region connected helices a2 and
a3. To investigate whether the geometry of the 02-a3 region was
compatible with canonical helical conformation, the procedure was
repeated as described except that helices o2 and a3 were fused into
a single canonical helical fragment. This second computation
produced a model closely related to the original that satisfied the
distance constraints in similar fashion but had slightly lower ener-
gies. This model is illustrated in Fig 3D.

In the procedure, the energies were calculated using the
CHARMM 22 van der Waals’ function (MacKerell et al, 1998) and
the hydrogen bonding function of SCWRL 4 (Krivov et al, 2009), as
implemented in MSL C++ libraries (Kulp et al, 2012). All side chain
optimization procedures were performed using the Energy-Based
Conformer Library applied at the 95% level (Subramaniam & Senes,
2012, 2014) with a greedy trials algorithm (Xiang & Honig, 2001) as
implemented in MSL.

o9 dimer interface
Two models were predicted for the membrane-embedded o9 dimer.
The first model was predicted ab initio by CATM program (Mueller
et al, 2014) from the sequence of 09, G**°TP**TWQTVTIFVAGVL-
TASLTIWKKM'!, except that Pro'®® was replaced by alanine to
increase the helical propensity. The program predicted a homo-
dimeric structure adopting a GASright conformation (Walters &
DeGrado, 2006) mediated by the GxxxA sequence motif (Russ &
Engelman, 2000; Senes et al, 2000). The resulting intersected o9
dimer model (Fig 6A) fits the disulfide-crosslinking data from four
single-cysteine Bax mutants (Fig 6B).

The second model (the parallel o9 dimer) was obtained through
a systematic search of the dimer conformational space directed by
the disulfide-crosslinking data from the other four single-cysteine
Bax mutants (Fig 6D). The search program generated two standard
helices for @9 and performed a systematic search of the space of all
possible C2 symmetrical dimer geometries, varying four degrees of
freedom, (i) the rotation around the helical axis, (ii) the inter-helical
crossing angle, (iii) the position of crossing point along the axis of
symmetry, and (iv) the inter-helical distance. The distance between
the B-carbon atoms of Q171, A178, T182, and L185 was evaluated
for each geometry. If all four distances fell below a 6 A, the side
chains were optimized. The energy of association of this optimized
dimer was computed as the difference between the energy of the
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dimer and the energy of a side chain optimized monomer, and all
dimers with a favorable energy of association were stored. From this
set of structures, a structure with good packing was selected by
visual inspection (Fig 6F).

Disruptive mutations were predicted from both o9 dimer models
by a computational mutagenesis protocol. Each position was
mutated into glycine, alanine, leucine, valine, isoleucine, and phenyl-
alanine residues. For each mutation, side chains were optimized
and the energy of association was computed for the dimer using
hydrogen bonding and van der Waals’ functions as reported
previously (LaPointe et al, 2013). Each mutation was classified into
one of four categories based on the difference in the energy (AE)
between the wild-type and the mutated dimer. The classification is
as follows: (i) silent: AE < 2 units, (ii) significant: 2 < AE < 4 units,
(iii) mildly disruptive: 4 < AE < 8 units, and (iv) disruptive: AE > 8
units. An average score was computed for each position, and used to
identify disruptive mutations. All programs were implemented using
the MSL molecular modeling software library (Kulp et al, 2012).

Molecular dynamics simulations
See Appendix Supplementary Methods.
Expanded View for this article is available online.
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