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The B-cell lymphoma 2 (BCL2) family members, BCL2-associated protein

X (BAX) and BCL2 homologous antagonist killer (BAK), are required for

programmed cell death via the mitochondrial pathway. When cells are

stressed, damaged or redundant, the balance of power between the BCL2

family of proteins shifts towards BAX and BAK, allowing their transition

from an inactive, monomeric state to a membrane-active oligomeric form

that releases cytochrome c from the mitochondrial intermembrane space.

That oligomeric state has an essential intermediate, a symmetric homodi-

mer of BAX or BAK. Here we describe crystal structures of dimers of the

core domain of BAX, comprising its helices a2–a5. These structures pro-

vide an atomic resolution description of the interactions that drive BAX

homo-dimerisation and insights into potential interaction between core

domain dimers and membrane lipids. The previously identified BAK lipid-

interacting sites are not conserved with BAX and are likely to determine

the differences between them in their interactions with lipids. We also

describe structures of heterodimers of BAK/BAX core domains, yielding

further insight into the differences in lipid binding between BAX

and BAK.

Introduction

The intrinsic (or mitochondrial) cell-death pathway is

controlled by the BCL2 family of proteins, some mem-

bers of which promote cell death whilst others restrain

it. The family is aroused via interactions with small

proteins possessing only the third sequence homology

motif, known as the BH3-only proteins, that are sen-

sors of cellular stress or redundancy. Interactions

between BH3-only proteins and pro-survival family

members are long-lived whilst those with pro-apoptotic

BAX/BAK are transient and trigger conformational

re-arrangements in BAX/BAK that lead to their oligo-

merisation and consequent permeabilisation of the

mitochondrial outer membrane [1].

The BCL2 protein family fold is a bundle of eight

a-helices characterised by four motifs of sequence simi-

larity designated BH1 through BH4 [2]. A ninth helix

Abbreviations

BAK, BCL2 homologous antagonist killer; BAX, BCL2 associated protein X; BCL2, B-cell lymphoma 2; CL, cardiolipin; diC8-PS, di-octanoyl

phosphatidylserine; GFP, Green Fluorescent Protein; lysoPC, 2-stearoyl-sn-glycero-3-phosphocholine; MLM, mouse liver mitochondria; PE,

phosphatidylethanolamine; PEG, polyethylene glycol; PG, phosphatidylglycerol; TLC, thin layer chromatography; WT, wild-type.
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facilitates association with or anchoring in the mito-

chondrial outer membrane. This fold is a feature of

both the pro-survival BCL2 family members (BCL2

itself, BCLXL, BCLW, MCL1 and BFL1 [3]) and pro-

apoptotic members (BAX [4,5] and BAK [6]). The

BH3 sequence motif is located within helix a2. A

groove on the surface of the BCL2 fold delineated by

helices a3, a4 and a5 forms a receptor site for the heli-

cal BH3 motif of BH3-only proteins, such as BIM

or BID.

Upon engaging BIM or BID, both BAX and BAK

separate into core (a2–a5) and latch (a6–a8) domains

[7,8], with a1 dissociated from both [9]. Detergents are

also able to activate BAX [7,10], although some zwit-

terionic detergents have been reported to inhibit BAX

[11]. Once freed from the BCL2 fold upon activation,

core domains of BAX or BAK homodimerise by inser-

tion of a2 from one polypeptide into the a3a4a5
groove of the other protomer [12]. These core domain

dimers are amphipathic, and we have proposed that

their lipophilic face, comprising a platform of helices

a4a5-a50a40, initially associates with the mitochondrial

membrane in the manner of a monotopic membrane

protein [7]. Subsequent oligomerisation of these dimers

correlates with release of factors from the mitochon-

drial intermembrane space [13]. Various models are

contemplated for the organisation of multimers of core

dimers within the membrane pore [14,15].

Crystals of the BAX core domain fused to Green

Fluorescent Protein (GFP) provided the first image of

core domain dimers [7], albeit at a resolution sufficient

only to confirm the helical fold but not to

unambiguously locate side chains (PDB: 4BDU).

Another picture was provided by an NMR structure

of the BAX core dimer in the context of a lipid bicelle

(PDB: 6L8V) [16], which despite a similar helical

arrangement, displays significant differences when

compared with the crystal structure. High-resolution

crystal structures of BAK core dimers [8], including in

complex with lipids and detergents [17], have been

published. In the latter case, amino acids implicated in

BAK binding to lipids are not strictly conserved

in BAX (Fig. 1), raising questions about the generality

of core dimer interactions with lipids.

Here we describe high-resolution crystal structures

of BAX core domain dimers, both in the absence and

presence of lipids. In contrast to previous structures of

BAK core dimers with lipid [17], for BAX we were

unable to identify electron density that unambiguously

represented lipid molecules. However, the molecular

dyad symmetry of the dimers is disturbed in the crystal

structures that contain lipids, implicating residues

involved in lipid interactions.

Results

BAX a2-a5 (residues D53-K128, with the mutations

C62S and C126S) was expressed and purified as an N-

terminally fused GST-tagged protein. Subsequent puri-

fication following cleavage of the GST-tag yielded two

distinct species: a tetramer fraction and a hexamer

fraction, approximately 40 and 63 kDa in size,

Fig. 1. Structural alignment of hsBAX and hsBAK throughout their core domains. Sequence alignment of BAX (Q07812) a2-a5 with BAK

(Q16611) a2-a5 based on a structural superposition generated with PYMOL. BAK residue W125 is the only lipid interacting amino acid con-

served in BAX (W107 – lipid interacting residues identified in [17] are highlighted in blue). Notable differences between the sequences are

highlighted in pink and include BAX residues D71 (N86 in BAK) and Y115 (G133 in BAK). The amino acids in BAK helices a2 and a3 (orange

letters) suggest a (near) continuous heptad repeat of hydrophobic residues through the a2-a3 linker that is disrupted by the deletion in BAX.

Sequence alignment might prefer the BAX deletion at BAK residues D90-S91, but the structural alignment is indicated here. BAK Y89 can

be considered as a fifth hydrophobic residue (‘h5’) of its BH3 motif, being buried in the structure of the core dimer (PDB: 6UXM) in which

helices a2 and a3 are continuous with a kink.
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respectively (elution volume 11.3 and 10.4 mL, respec-

tively) (Fig. S1). All of the new structures we describe

here for this BAX core domain construct display as

homodimers, never monomers, consistent with earlier

studies of both BAX [7] and BAK [8,17]. Both the tet-

ramer and hexamer fractions crystallised under multi-

ple conditions, yielding different crystal forms with

complementary views of the dimer.

BAX tetramer fraction crystals reveal key

structural difference between BAK and BAX

dimers

Type 1 and 2 crystals (tetramer)

In this crystal form of the BAX tetramer, four dimers

in the asymmetric unit are arranged in two D2-

symmetric tetramers (Type 1 in crystals, Table 1,

Fig. 2A). The arrangement of helices in the dimer

structure does not differ from that described previ-

ously in a fusion protein with GFP (PDB: 4BDU,

BAX dimer regions estimated resolution ~ 4 �A [7]),

though here it is observed at high resolution (2.1 �A),

enabling scrutiny of sidechain interactions. Minor dif-

ferences between the four dimer structures are

observed at the termini of the construct, the a3-a4 cor-

ner and at F114 which adopts different rotamers to

accommodate its symmetry partners in the D2 particle

(Fig. S2).

In terms of dimer topology, helix a2 from one poly-

peptide inserts into the a3a4a5 groove of its partner in

the dimer (Fig. 2A). The dimer structure is charac-

terised by two extended a2a3 segments and two hair-

pin a4a5 segments in a two-layered structure around a

hydrophobic core. The former layer presents a hydro-

philic exterior and the latter a hydrophobic one. We

have previously proposed for BAX [7] and BAK [8]

that, following separation of the core and latch

Table 1. Crystallographic data table for BAX core dimer structures. Statistics for the highest-resolution shell are shown in parentheses.

Type 1. Tetramer

8G1T

Type 2. Tetramer

8SPE

Type 3. Hexamer

with 2-stearoyl

lysoPC 8SPF

Type 4. Hexamer

with diC8-PS 8SPZ

BAX D71N

hexamer 8SVK

Space group P21 P31 P212121 P21212 P3121

Unit cell

a, b, c (�A) 60.36, 70.37, 62.78 141.34, 141.34, 110.18 61.13, 83.88, 100.3 52.81, 88.07, 73.30 67.39, 67.39, 140.82

a, b, c (°) 90, 90.14, 90 90, 90, 120 90, 90, 90 90, 90, 90 90, 90, 120

Wavelength (�A) 0.9537 0.9537 0.9537 0.9537 0.9537

Resolution range (�A) 50.0–2.09 (2.16–2.09) 50.0–2.30 (2.44–2.30) 50.0–2.20 (2.33–2.20) 50.0–2.40 (2.49–2.40) 36.58–2.25 (2.33–2.25)

Total reflections 112 743 (10 290) 622 201 (99 217) 167 737 (18 128) 61 008 (6225) 181 955 (18 467)

Unique reflections 30 871 (2935) 108 455 (17 395) 26 715 (4056) 13 894 (1352) 18 217 (1775)

Multiplicity 3.7 (3.5) 5.7 (5.7) 6.3 (4.5) 4.4 (4.6) 10.0 (10.4)

Completeness (%) 98.9 (93.4) 99.8 (98.9) 99.1 (94.5) 99.7 (100) 99.9 (99.8)

I/r(I ) 9.1 (1.1) 11.71 (1.35) 15.8 (0.60) 16.7 (1.1) 11.43 (0.76)

Rmerge 0.102 (1.81) 0.108 (1.56) 0.051 (2.01) 0.051 (1.39) 0.155 (3.04)

CC 1/2 0.997 (0.33) 0.998 (0.530) 1.00 (0.30) 1.00 (0.395) 0.99 (0.302)

R-work 0.2071 (0.3672) 0.2286 (0.3179) 0.2497 (0.3700) 0.2671 (0.3501) 0.2539 (0.3431)

R-free 0.2469 (0.3721) 0.2539 (0.3350) 0.3012 (0.3665) 0.3398 (0.3506) 0.2872 (0.3683)

Number of

non-hydrogen atoms

4513 18 988 3285 2244 2410

Macromolecules 4454 18 910 3211 2229 2321

Ligands 4 40 59 15 69

Solvent 55 38 15 10 20

RMS

Bonds (�A) 0.009 0.013 0.003 0.009 0.002

Angles (°) 1.25 0.98 0.81 1.22 0.46

Ramachandran

Favoured (%) 94.17 94.67 95.04 93.36 95.44

Outliers (%) 0.18 0.94 0.25 1.11 0.70

Average B-factor

Macromolecules 59.89 66.39 96.55 76.59 70.62

Ligands 61.69 59.46 98.36 103.5 78.47

Solvent 58.38 55.06 80.87 73.01 56.30
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domains triggered by engaging BH3 motifs, the hydro-

phobic surface of the a4a5-a50a40 layer directly

engages the cytosolic leaflet of the mitochondrial mem-

brane in the manner of a monotopic membrane pro-

tein. Here that surface is closely packed against a

symmetry partner in the D2 tetramer. No solvent or

ligand molecules are observed at this dimer-dimer

interface, in contrast to similar D2 particles of BAK

core dimers [17]. Note, however, that the D2 particles

of BAK were only ever observed by solubilising a D3-

symmetric particle with detergents or lipids prior to

crystallisation.

The hydrophobic core of each dimer contains the

signature BAX BH3 (a2) hydrophobic residues L59,

L63, I66 and L70 interacting with canonical groove

receptor residues on helices a30 (L76, M79, I80), a40

(V91, V95, M99) and a50 (F116) (Fig. 2B). Within all

four dimers in the asymmetric unit the salt bridge

between D68 (a2) and R1090 (a50) is observed. We

extracted from the core dimers entities containing

BH3-in-groove moieties, that is to say an a2 (the BH3

motif) from one polypeptide in the a3a4a5 groove of

its partner, for the purpose of comparing this interac-

tion with our previously published structure of a BAX

BH3 peptide bound to BAX [7] (PDB: 4BD6,

Fig. 2B). In the peptide bound structure, the angle

between the BH3 peptide and a2 BH3 of BAX is

approximately 135°, whereas in the core dimer struc-

tures the two a2 BH3s are approximately anti-parallel.

Otherwise, no significant differences are observed. Res-

idues I66, L70 and their partners (I660, L700) are close

to the dyad symmetry axis of the core dimer and they

are similarly close in the BAX:BAXBH3 peptide struc-

ture. This is consistent with all structures of BH3 pep-

tides (whether of BAX, BID [7], or BIM [18]) bound

to BAX, in the sense that the h3 and h4 residues of

the peptide are juxtaposed to L70 (h4) and I66 (h3)

of BAX, respectively.

M74 is a critical residue in facilitating restraint of

BAX by pro-survival proteins yet M74 mutants pose

no barrier to apoptosis [19]. M74 can be considered a

fifth hydrophobic residue in the BH3 motif of BAX,

as evidenced by its role in engaging the pro-survival

proteins BCL-XL and MCL1 [19] (PDB: 3PL7 and

PDB: 3PK1) and BCL2 [20] (PDB: 2XAO). In con-

trast, BAX core dimers form with M74 exposed to sol-

vent and thus it does not contribute to BAX-BAX

BH3:groove interaction, providing a rationale for why

M74 mutations do not affect membrane permeabilisa-

tion (Fig. 2B).

A distinguishing feature in comparison to BAK core

dimers is the location of the conserved tryptophan res-

idue at the N-terminus of a5. BAX W107, and its sym-

metry counterpart, project outwards from the

hydrophobic a4a5-a50a40 surface of the dimer and are

engaged in the interface between pairs of core dimers

that constitute the D2 particle described above. In

contrast, BAK W125 is buried within the interior of

the BAK core dimers, packed against G1330. BAX res-

idue Y115 (see Fig. 1) is likely responsible for this dif-

ference as it occupies the space where W107 might

otherwise locate (Fig. 2C).

As noted above, BAX Y115 occludes entry of

W1070 into the interior of the core dimer structure.

Y115 engages D71 and Q77 in hydrogen bonds, a sim-

ilar environment to that observed in inert, monomeric

BAX from mammals (PDB: 5W60, PDB: 5W61, PDB:

5W62) and catfish (PDB: 5W63) [4]. In those struc-

tures, D71 is close to R34 from a1, whereas in the core

dimer D71 is also H-bonded to the backbone amide of

G1080 (Fig. 2D). On seven of the eight polypeptides in

the asymmetric unit a water molecule is observed

at the backbone amide of W107 and on the eighth a

crystal contact intervenes. Thus the environment at the

N-terminus of helix a5 is quite different to that

observed in BAK core dimers [17] where N86 (Fig. 1)

Fig. 2. BAX core dimers from the tetramer fraction. (A) Orthogonal views of BAX core dimers in Type 1 crystals. The left figure shows the

arrangement of the dimers as a D2 tetrameric particle: dimer 1 is shown as dark (chain A) and light (chain B) teal, while dimer 2 is shown

as purple (chain C) and light pink (chain D). Helices a2-a5 are labelled. The upper right view shows the twisted hydrophobic platform a4a5-

a50a40 of dimer 1, while the lower right view shows the view into the hydrophilic surface formed by the pair of anti-parallel a2a3 helices. (B)

Left: BAX core dimer interactions illustrating on the dark teal chain the four signature hydrophobic residues of the BH3 motif, L59, L63, I66

and L70 and the salt bridge D68-R1090. Note, as illustrated on the light teal chain, M74, involved in interactions with pro-survival proteins

[19], is not engaged in core dimer formation. These contacts mimic those seen in the complex between the BAX BH3 peptide (wheat) and

BAX (pink, PDB: 4BD6) in the upper layer where I66, L70, I660 and L700 cluster around the dyad axis (no electron density observed for

M74). Right: BAX BH3 peptide bound to pro-survival BCL-XL (PDB: 3PL7). In this case M74 acts as a fifth hydrophobic residue in the BH3

motif. (C) Comparison of the exposed hydrophobic surface of the a5a50 interactions in core dimers of BAX (top, dark and light teal, residues

N106 to L122) and BAK (bottom, dark and light red, N125 to H145, PDB: 6UXM [17]). BAX residue W107 is exposed on the surface

whereas BAK residue W125 is buried in the interior, adjacent to G1330. BAX residue Y115, the structural equivalent of BAK G133, impedes

W107 from adopting the rotamer of BAK W125. (D) Hydrogen-bonding interactions between Y115 (a5), D71 (a2) and Q77 (a3) in the BAX

core dimer. D71 is also H-bonded to the backbone amide of G1080 (a50). While Y115 makes similar contacts in the structure of inert, mono-

meric BAX (in human, mouse and catfish), D71 forms an additional salt-bridge to R34 (a1).
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is positioned over the backbone amide of G1260 and

an anion (e.g. the phosphate of a lipid head group) is

bound to the backbone amide of W1250.
A second tetramer crystal form (type 2 in crystals,

Table 1), containing 18 dimers in the asymmetric unit,

had essentially the same dimeric topologies as in type

1 crystals, although some outliers within the asymmet-

ric unit displayed disorder in the a3 and a3-a4 linker,

indicating softness in the structure in that region

(Fig. S3).

Co-crystals of the BAX hexamer fraction with

lipids reveal an asymmetric dimer

Type 3 crystals (hexamer with lysoPC)

Co-crystallising the hexamer in the presence of lipids

yielded two distinct crystal forms, each of which dis-

plays some asymmetry in the dimer and distinct con-

formations from the tetramer crystals. The first (type

3) grew in the presence of 5 mM 2-stearoyl-sn-glycero-

3-phosphocholine (lysoPC). The hexamer has pseudo-

D3 symmetry with the hydrophilic surfaces of the

dimers on the exterior of the D3 particle, somewhat

reminiscent of a trimeric association of BAK core

dimers [17] (Fig. 3A). Overlay of the six polypeptides

reveals that the chains in the dimers C:D: and E:F: are

indistinguishable from each other and from the confor-

mation of the polypeptides in type 1 crystals (Fig. 3B).

Chain A: is an outlier at W107 and the preceding

a4-a5 corner, and chain B: differs from the canonical

fold in the pitch of a2 and its connections to a3,
commencing at B:R65 and extending through B:0s dis-

ordered a3 (Fig. 3B). Thus, the A:B: dimer is inher-

ently asymmetric.

Overlay of the three dimers shows that the anom-

alies in the conformation of chains A: and B: are

correlated (Fig. 3C). In the canonical, type 1 sym-

metric dimers the side chains of W107 are exposed

on the hydrophobic surface of the a4a5-a50a40 layer

of the dimer. Chain B:W107 adopts the canonical

rotamer and A: a2-a3 is similar to the polypeptides

in the type 1 symmetric dimers. In contrast A:W107

is buried between the two layers of the A:B: dimer

close to the a2-a3 connection of chain B:, a feature

reminiscent of BAK core dimers bound to lipid as

described above. Chains A: and B: have elevated

temperature factors compared to the others and

within the A:B: dimer the poorest defined helices are

B: a3, A: a2 and B: a5. Despite this, ensemble

refinement [21], which yields a slightly improved

Rfree (0.296), does not sample canonical rotamers

for A:W107, confirming a distinct rotamer.

The asymmetry in the A:B: dimer stems from struc-

tural features in its hydrophobic platform (a4a5--
a50a40), notably the different rotamers of the two

W107 residues. In order to accommodate the anoma-

lous A:W107, B:a5 (and especially B:Y115) is dislo-

cated (Fig. 3D). Whereas the canonical A:Y115 is

buried in the core dimer interior (hydrogen bonded to

A:D71 and A:Q77 as in type 1 crystals and inert,

monomeric BAX), B:Y115 is remote from B:D71 and

exposes its hydroxyl to the surface of the hydrophobic

platform. We suggest that the lipidic interior of the D3

particle has influenced this outcome, but the crystal

structure discloses no ligands associated with B:Y115.

Another way to compare the structural motifs in the

core dimers is by alignment of the six BH3-in-groove

entities, that is a2 (residues 60–71) of one chain with

a3a4a5 (residues 72–128) of its partner in the dimer.

Such alignments illustrate that, notwithstanding the

disordered B:a3, no significant difference is observed

(beyond the aforementioned side chains of C:W107

and D:Y115) (Fig. S4).

The three interfaces between the dimers in the D3

particle involve pairs of a4 helices, with F93 on one

dimer close to F100 and F105 on the neighbour

(Fig. S5). The interface between chains B: and C:,

whilst still utilising these same aromatic residues, dif-

fers in atomic detail to the other two. The trimeric

assembly of dimers through a4 contacts is like that

observed in the molecular replacement solutions to the

crystal structures that could not be successfully refined

Fig. 3. Co-crystals of the hexamer fraction with lipids reveal an asymmetric dimer. (A) Trimers of dimers in Type 3 crystals assemble with

pseudo-D3 symmetry via tenuous contacts between a4 helices (left). No ordered lipids are observed. BAK core dimers form a particle of

similar size (right, PDB: 6UXM [17]), with a lipid head group associated at the N-terminus of all a5s, its proximal alkyl groups crosslinking

adjacent dimers in the trimer and the distal alkyl groups disordered in the interior of the particle. (B) Overlay of six polypeptides in the D3

assembly of type 3 crystals. Chain B: (light teal) is an outlier, most clearly in the pitch of a2. (C) Overlay of the A:B: (dark/light teal) dimer

with the C:D: (dark purple/light pink) dimer. The C:D: and E:F: dimers in Type 3 crystals are symmetric and identical to those of Type 1 crys-

tals, but the A:B: dimer is asymmetric with anomalies at A:W107 and the pitch of B: a2. A:W107 is inserted between the two-layers of the

core dimer, dislocating the B: a2-a3 linker. (D) Environment of Y115 in symmetric core dimers (light pink & purple) compared to that of B:

Y115 (light teal) where A:W107 (dark teal) is inserted between B:Y115 and B:D71 (light teal). Note that at the other end of the A:B: dimer,

A:Y115 and B:W107 appear as in the pink/purple dimer.
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(see Materials and methods). Buried surface areas for

these three a4-a4 interfaces are all smaller than

200 �A2. This small contact surface is typical of con-

tacts observed between protein molecules in a crystal

lattice, not between proteins in an oligomeric assem-

bly, suggesting that lipids drive the trimer assembly as

proposed for BAK [17]. Indeed, bacterial lipids were

purified along with the hexameric BAX core fraction

(Fig. S6), as with BAK previously, but not the tetra-

meric fraction [17].

Although the protein used in preparing the type 3

crystals was incubated with lysoPC, whether any

exchange occurred with endogenous lipids is not

known. No electron density is observed either for bac-

terial lipids or for lysoPC. Fragments of electron den-

sity not belonging to protein have been variously

modelled as ethylene glycol (from the crystal freeze),

one glycerol-1-phosphate, and one each of an 8-, a 9-

and a 12-carbon alkyl chain. These alkyl chains are

associated with the exposed a4a5 surface of chain E:

and at the a4-a4 interface between chains A: and F:.

The glycerol-1-phosphate moiety is at the N-terminus

of E: a5.

Type 4 crystals (hexamer with di-octanoyl

phosphatidylserine)

These crystals were grown in the presence of the short

chain di-acyl lipid, di-octanoyl phosphatidylserine

(diC8-PS). Under these conditions, the hexamer is dis-

assembled, and core dimers appear in an extended heli-

cal array as described below (Fig. 4A). Two dimers

constitute the crystallographic asymmetric unit, one

(A:B:) being asymmetric (like A:B: in the type 3 crys-

tals) and the other (C:D:) being a canonical symmetric

dimer. Here chain A: has the anomalous W107 rota-

mer inserting the indole ring into the interior of the A:

B: dimer, and chain B: has the anomalous pitch of a2
(Fig. 4B). Two sulfate ions from the crystallisation

condition are observed at the backbone amides of

W107 on chains B: and C:. Near the anomalous A:

W107 a third sulfate is modelled but not over the

N-terminus of A: a5. Rather, it is located 3.5 �A from

the exposed B:Y115 and B:K119. Small (3-4r) differ-

ence electron density peaks adjacent to this sulfate ion

are not inconsistent with the features of a poorly-

ordered lipid head group (Fig. S7).

The interface between B: a4 and D: a4 is similar to

that seen between a4 helices in the D3 particle

described above, but with an even smaller contact

area. This contact is recapitulated between chain A:

and chain C: of a symmetry-related dimer, resulting in

a continuous helical structure throughout the crystal in

which the hydrophobic surfaces of the dimers face the

helix axis, the crystal c-axis. The dyad axis along this

cell edge generates a double helical assembly where A:

B: dimers and C:D: dimers each face off their symme-

try partners across a cavity along and around the helix

axis (Fig. 4A). These cavities are continuous with each

other and with neighbouring tetramers along the crys-

tallographic dyad symmetry axis. It is likely that this

cavity contains disordered lipid molecules. The result-

ing assembly is a double helical structure, with dimer

contacting dimer through the exposed edges of a4
along the helix axis. Tenuous protein contacts across

the helix axis involve residues at the C-terminus of the

construct and bury only small surface areas (~100 �A2)

on each polypeptide, typical of contacts in a crystal

lattice as discussed for type 3 crystals.

BAX/BAK core domain heterodimer

A minor population of BAX/BAK heterodimers has

previously been identified in cells [22]. Taking advan-

tage of the proximity of the C-terminus of a5 to the

N-terminus a2 in the homo-core dimers of BAK and

BAX, we constructed a BAK core domain (S68-H145)

linked to a BAX core domain (D53-K128) via the

linker sequence (GGS)4G. Given the differences in

lipid binding between BAX and BAK that we have

identified, we crystallised the hybrid core domains in

the presence of the detergent C12E8 [12] and the lipid

lysoPC to see if we could glean further insight into the

BAX residues involved in lipid binding.

Type A crystals C12E8 crystals

These crystals grow in the presence of the detergent,

C12E8. The asymmetric unit contains two fusion poly-

peptides, i.e. two hetero-core dimers assembled as het-

erodimers with the a2 from the BAK component in

the a3a4a5 groove of the BAX component and vice

versa (Fig. 5A). The structure of each polypeptide

resembles the core domain dimer of BAK or BAX.

The two hetero-core dimers are arranged in a pseudo-

D2 symmetric particle, with BAK a4a5 facing off

BAK a4a5; and BAX a4a5 facing off BAX a4a5.
Two essential differences to the homodimers arise.

The heterodimer BH3-in-groove interactions involve

the BAK a2 in the BAX a3a4a5 groove and of BAX

a2 in the BAK a3a4a5 groove (Fig. 5B, Fig. S8), and

the centre of the lipophilic a4a5-a50a40 platform

accommodates a5 sequence differences between BAK

and BAX. Unlike in BAK homodimers, both

BAK W125 residues on both heterodimers in the tetra-

meric particle are exposed in the a4a5-a50a40 surface
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because the adjacent BAX residue Y115 prevents its

insertion into the interior of the dimer. BAX W107,

although adjacent to BAK G133, does not insert either

(Fig. 5C) (as observed in both chains of symmetric

BAX dimers and one chain of asymmetric BAX

dimers). This is unanticipated as BAK homodimer

structures have a cavity at this location due to the

smaller sidechain of BAK G133. Instead, in this het-

erodimer structure, density from the crystallisation

condition is present in the cavity and has been mod-

elled as fragments of polyethylene glycol (PEG) and

C12E8. They are located in the crevice between helices

a4 and a5, distal to the a4-a5 loop. No identically

equivalent ligands are observed at the interface

between the two BAX a4a5 surfaces but some solvent

or detergent occupies this space, further highlighting

the difference in lipid binding between BAX and

BAK. Further extraneous electron density, modelled

here as diethylene glycol, is observed between the

a2-a3 connection and a5 of both BAK moieties, but

again, not of BAX. This ‘ligand’ can access the hydro-

phobic space between the two a4a5-a50a40 platforms

via a narrow opening between BAK a5 (G133) and

BAX a5 (V110, F114) although no electron density is

visible in this opening.

Type B crystals lysoPC crystals

In crystals grown in the presence of lysoPC, the

asymmetric unit contains a single D2 sandwich

Fig. 4. Co-crystals of the hexamer fraction with di-octanoyl phosphatidylserine form a helical arrangement with a mixture of symmetric and

asymmetric dimers. (A) Assembly of asymmetric (A:dark teal, B:light teal) and symmetric (C:purple, D:light pink) dimers around the crystallo-

graphic dyad axis (horizontal in both images). Unlike the closely packed tetramers of crystal Types 1 and 2, here the association is around a

cavity along the dyad axis which is presumed to contain the short-chain lipid, di-octanoyl phosphatidylserine. The modelled sulfate ions

(depicted as yellow and red spheres) could instead be poorly-ordered head groups of these lipids. The A:B: and C:D: dimers contact each

other via B: a4 and D: a4. The motif shown extends through the crystal along the dyad axis via similar contacts between A: a4 (dark teal)

and C: a4 (purple). (B) Overlay of the asymmetric (A: dark teal, B: light teal) and symmetric (C: purple, D: light pink) dimers showing the

anomalous pitch of a20 and insertion of A:W107.
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(Fig. 5D). Similarly to the C12E8 structure, the BAK

a4a5 platforms face off as do the BAX platforms,

however, with different geometry. Unlike the C12E8

structure, clear density for two lipid molecules lies at

the heart of the tetramer with their phosphates

at the W125 amide NH of BAK and the cholines

near BAX Q77 (Fig. 5E). BAX W107 again does not

insert next to BAK G133, but here there is no ligand

density. Rather BAK a3 collapses into this space

(Fig. S9).

Fig. 5. BAK-BAX heterodimers and lipid binding. (A) Type A crystals of the BAK-BAX heterodimer in the presence of the detergent C12E8.

The BAX portion is shown coloured in teal and purple, while the BAK portions are white and grey. The polyethylene glycol (PEG) molecules

have been represented as salmon sticks. (B) These structures provide the first picture of BAX BH3 bound in a BAK groove and BAK BH3

bound in a BAX groove. The four signature hydrophobic residues of the BH3 motif for both BAX and BAK are labelled, along with the con-

served salt bridge. (C) Close up view of a BAK-BAX heterodimer showing the key lipid binding residues. The PEG-like or detergent mole-

cules are mostly concentrated at the hydrophobic a4a5-a40a50 platform. BAX W107 does not insert next to BAK G133, but instead a

fragment of PEG or detergent fills this space. BAK W125 cannot insert due to the presence of BAX Y115. (D) Type B crystals of the BAK-

BAX heterodimer in the presence of the lipid lysoPC. Coloured as per panel a. The lysoPC molecules are shown as salmon sticks. (E) A

close up view of the lysoPC binding site in one of the BAK-BAX heterodimers. There are no direct interactions between the protein and the

lysoPC molecule. The choline head group is positioned between BAX Q77 and D71, with the phospho head group close to the backbone of

BAK W125. The long hydrocarbon tail snakes around the sidechain of BAK W125, which cannot insert due to the presence of BAX Y115.
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Functional role of Y115

The observation of asymmetric BAX core dimers in

the presence of lipid and the apparent role of Y115

in that asymmetry led us to investigate a possible

functional role for Y115 in BAX-mediated membrane

permeabilisation. We were particularly focused on

the role of the tyrosyl hydroxyl and its potential to

engage phospholipid head groups in the asymmetric

conformation. BAX mutants D71N and Y115F, to

disrupt the hydrogen-bonding network around Y115

(Fig. 2D), were expressed and purified on a BAX full-

length (FL) background, with the cysteines mutated to

serines (Fig. S10). Our attempts to also generate

Y115A and the Y115F/D71N double mutant were

unsuccessful.

The thermal stability of BAX FL D71N was dramati-

cally reduced compared with wild-type FL, BAX FL

Y115F less so (Fig. 6A, Fig. S11). We have previously

shown with BAK (and for BOK [23,24]) that reduced

stability of the monomeric protein results in increased

auto-activity, while increased stability is a barrier to

activation [25]. The D71N FL mutant correspondingly

showed increased activity in the absence of a BH3 stim-

ulus compared with wild-type, both on liposomes and

on isolated mouse liver mitochondria (Fig. 6B,C,

Fig. S11). The Y115F FL mutant, however, showed low

level activity (like wild-type) in the absence of BH3-

stimulus, but was consistently less active than wild-type

after activation with BIM BH3 peptide or tBID

(Fig. 6B,C). Similar results were obtained both on lipo-

somes and isolated mitochondria.

One potential difference for this activity would be

capacity to bind lipid, so we performed lipid mass

spectrometry on purified hexameric samples of wild-

type, D71N and Y115F a2-a5 core-dimers to compare

the relative amount of lipid bound (Fig. 6D, Fig. S12).

BAX wild-type pulled down 2342 pmol per lg of pro-

tein, which equates to approximately 21 lipid mole-

cules per BAX protomer. BAX D71N hexamers pulled

down slightly fewer lipids (75% of WT or 16 mole-

cules per BAX protomer), while Y115F bound just

over half (56% or 12 lipid molecules per BAX proto-

mer) of the lipid amount observed in the WT hexam-

ers. This is suggestive of impaired lipid binding

capacity in BAX Y115F due to the loss of the

hydroxyl group. We additionally solved the structure

of BAX D71N dimers from hexamer fractions (Table 1,

Fig. S13). The arrangement of molecules in these crys-

tals was similar to that seen for type 4 crystal above,

with an asymmetric dimer, consistent with BAX D71N

having reduced, but not absent, bound lipid. We were

unable to crystallise the BAX Y115F dimers.

Discussion

The BAX core dimer structure revealed in the type 1

crystals is not materially different from the low-

resolution structure obtained from crystals of the

dimer fused to GFP. The architecture is identical, but

the current image affords a high-resolution view. The

shape complementarity at the core dimer interface is

approximately 0.70 over 1000 �A2 of buried surface

area on all four copies in the asymmetric unit. The tet-

rameric assembly within type 1 and type 2 crystals

arises from the close packing of opposing a4a5-a50a40

surfaces at the heart of the pseudo-D2 symmetric par-

ticle. This close packing excludes the possibility of any

lipid being trapped between the two hydrophobic sur-

faces at the heart of the tetramer.

A feature of the core dimer structures of BAK is the

frequency with which an anion (often the phosphate

moiety of a lipid) is observed bound at the exposed N-

terminus of helix a5. Despite the BAX core dimer type

1 crystals growing from concentrated citrate, only

water molecules are observed bound at this site in the

tetrameric particles. Sequence differences may also

play a role here. BAX residue D71 is the structural

homologue of BAK N87, and its proximity to the

putative anion binding site may compromise

the capacity of that site to so function. Another con-

sideration is the proximity of the second dimer in the

tetrameric particles of type 1 and type 2 BAX dimer

crystals.

X-ray diffraction datasets from two different crystal

forms of the hexamer fraction, prepared without either

detergent or lipid additions, led to convincing molecu-

lar replacement solutions but not to satisfactorily

refined structures (discussed in more detail under

methods). Both suggested trimeric assemblies of dimers

similar to that eventually observed in the type 3 crys-

tals which grew in the presence of lysoPC. The effect

of the lysoPC, if any beyond aiding crystallisation,

appears to have not involved disassembly of the

trimer.

The pseudo-D3 particle observed in the type 3 crys-

tals of the hexamer fraction is reminiscent of a similar

structure of trimers of BAK core dimers (Fig. 3A)

[17]. In that case, bacterial lipids are observed to medi-

ate interactions between dimers in the hexamer and

protein contacts between the dimers are minimal. For

BAX, the particle has similar dimensions and could

similarly encapsulate bacterial lipids, though structural

evidence for that in this case is absent. Like the

D3 particle of BAK core dimers, protein–protein inter-

faces between the BAX core dimers are small

(< 200 �A2), consistent with the hexamer being a
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proteo-lipidic particle wherein the protein has assem-

bled around the lipidic core. However, unlike BAK,

the BAX particle does not display preferred binding

sites for lipid head groups. In the case of BAK, these

led to the sn1 and sn2 acyl chains crosslinking the

dimers in the particle. In the case of BAX, the cross-

linking appears non-specific.

The type 4 crystal structure illustrates the dependence

of the quaternary and/or crystal structure of the BAX

core dimers on the lipid environment. Dissolution of the

D3 particle in the presence of the short chain lipid is

similar to the behaviour of the BAK core dimer D3 par-

ticle when it is exposed to detergents and/or short chain

lipids. The exposed hydrophobic edges of BAX helix a4

Fig. 6. BAX lipid binding mutants show altered lipid binding and permeabilisation activity. (A) Thermal denaturation curves for full-length BAX

wild-type (WT), D71N and Y115F. Five micrometre of BAX WT or mutant was mixed with SYPRO� Orange and the fluorescence signal mea-

sured as the protein was heated from 25 to 95 °C. The mean of two technical replicates is plotted. Data shown are the most representative

curves for each mutant from three independent experiments. The results from individual experiments are in Fig. S11. (B) Liposome permea-

bilisation assay with full-length BAX and BAX mutants. Full-length BAX WT or mutant and BIM BH3 were mixed at the specified concentra-

tions and added to 5 lM of 5(6)-carboxyfluorescein containing liposomes consisting of a mixture of lipids mimicking the mitochondrial outer

membrane. The fluorescence signal was background subtracted using a liposome only sample and normalised to dye release from lipo-

somes treated with the detergent CHAPS. Bars represent the mean, with error bars showing SEM, of three independent experiments. Indi-

vidual independent experimental values (mean of two technical replicates per experiment) are shown as dots. (C) Mouse Liver Mitochondria

(MLM) cytochrome c release assay. BAX and truncated BID (tBID) were added to isolated mouse liver mitochondria at the specified concen-

trations and incubated for 1 h at 37 °C. Supernatant and pellet fractions were immunoblotted for cytochrome c. All data shown are repre-

sentative of three independent experiments. Results from repeat experiments are shown in Fig. S11. (D) Assessment of total amount of

lipid bound to hexameric fractions of BAX core-dimer mutants by lipid mass spectrometry. Lipid derives from the expression of these con-

structs in E. coli, as previously observed for BAK dimers [17]. Results shown are the mean of two technical replicates, with error bars repre-

senting standard deviation.
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mediate contacts between dimers in both the D3 assem-

bly and the helical assembly. Small differences in the

atomic details of the a4-a4 contacts underlie the differ-

ent assemblies, but the small size of the buried protein

surfaces again imply that the assembly is largely deter-

mined by the lipid.

An unexpected finding from these studies is the pres-

ence of asymmetric dimers exclusively in structures

that are accompanied by lipid. Even in those cases, a

mixture of symmetric and asymmetric dimers is found.

The asymmetry is observed adjacent to Y115, the

structural counterpart of which is G133 in BAK

(Fig. 1). It is marked by the insertion of BAX W1070

into the interior of the core dimer (in a manner similar

to that observed with BAK W1250) with an accompa-

nying exposure of Y115 from the core dimer interior

into the a4a5-a50a40 surface. The anomalous location

of W1070 requires displacement of the a2-a3 linker.

Thus, the asymmetry is manifest on both chains of the

dimer, on one at W1070 and on the other at Y115 and

in the pitch of a2. These observations suggest a possi-

ble role for Y115 in interactions between BAX core

dimers and lipids.

Our results show that either mutation of D71 to

asparagine (the BAK homologous residue) or Y115

to phenylalanine destabilises the BAX FL monomer.

The destabilisation of the D71N mutation leads to

the expected constitutive activation on both liposomes

and mitochondria. This mutant also showed slightly

lower lipid binding capacity, but the effect of this on the

permeabilisation activity appears to be overshadowed

by the dramatic loss of monomeric stability. The Y115F

mutation also destabilises the monomer, though not as

dramatically as D71N. However, rather than constitu-

tive activation, this mutation leads to similar levels of

auto-activity to wild-type, and lower capacity for per-

meabilisation upon BH3-only stimulus. This is likely

due to the dramatic reduction in lipid binding capacity

(56% of WT levels), consistent with a proposed role for

Y115 in lipid binding. Although a lower binding affinity

for BH3-only proteins cannot be conclusively ruled out,

the Y115 hydroxyl is not directly involved in BH3 bind-

ing [18], so this is an unlikely explanation.

In a seminal paper describing the essential role

of helices a2-a5 (core domains) in the membrane-

permeabilising properties of BAX [26], various mutants

of BAX were characterised. These included the quadru-

ple substitution of residues 113LFYF116 with alanine, a

mutant that lost its capacity to oligomerise and its mem-

brane activity. Recently, a network analysis [27]

has again focussed attention on these residues [28]. Indi-

vidual alanine replacements at these four residues all

destabilise BAX and render it constitutively active on

both liposomes and mitochondria, but certain triple

mutants destroy activity by blocking the capacity of

BAX to form core dimers [28]. The difference between

the constitutively active Y115A mutant and the less

active Y115F mutant reported here is noteworthy. The

alanine mutation likely results in significantly greater

destabilisation than the mutation to phenylalanine.

Indeed, we were unable to produce sufficient amounts

of the Y115A mutant to conduct our experiments. Per-

haps the smaller alanine side-chain allows for more flex-

ibility and for other residues able to contribute to lipid

binding, or the level of destabilisation and auto-

activation can compensate for lower levels of lipid

binding.

Although no convincing evidence emerges for a spe-

cific lipid-binding site in these structures of BAX core

dimers, non-specific association with lipid is implied by

the assembly of core dimers in the crystal types 3 and

4. The dependence of the assembly of core dimers on

the lipid environment supports a role for the mem-

brane in the oligomerisation of activated BAX mole-

cules during apoptosis. Unlike BAK where structural

evidence supports the linking of dimers via the sn1

and sn2 acyl chains of individual lipids [17] no such

evidence is found here for BAX. BAK has been shown

to oligomerise faster than BAX [29]. While part of this

can be explained by the need for membrane recruit-

ment of BAX, a BAX mutant (S184V) that is constitu-

tively associated with mitochondria still displays

slower assembly kinetics. Differences in lipid binding

may thus manifest in differences in the kinetics of oli-

gomerisation. Further work is needed to investigate

whether this is the case.

Lv et al. [16] reported a structure of the BAX core

dimer bound to a bicelle. The NMR spectrum of their

soluble, core dimer material, constructed identically to

ours and presumably the D2 tetramer we describe,

showed no signal for residues F114, Y115 and F116.

Resonances for these residues appeared in the bicelle-

bound BAX core dimer. These studies confirmed the

helical organisation of the core dimer but resulted in a

structure in which the a4a5a50a40 platform is flatter

than observed in the D2 soluble assembly or in the

symmetric dimers of type 3 and type 4 crystals. In

their model that platform is packed against the acyl

chains of long-chain lipids exposed by the displace-

ment of the short-chain lipids by the core dimer. In

the 15 lowest energy structures reported (PDB: 6L8V),

W107 is always projected outwards from the a4a5--
a50a40 surfaces and never buried in the core dimer inte-

rior. Neither is there any evidence in the ensemble of

structures in PDB: 6L8V for the anomalous pitch in

a2. Thus, the features we describe in asymmetric
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dimers, and which are only observed in the presence of

lipid, are not features of the BAX core dimer-bicelle

complex. The size of the bicelles is carefully controlled

to allow only a single core dimer to bind per bicelle.

All of the presented structures have limitations as sur-

rogates for understanding what is happening on

the surface of the outer mitochondrial membrane, and

yield no insight into the role of a6-a9 in permeabilisa-

tion and lipid binding. Despite this, our data suggest

that the asymmetric conformations of Y115 and W107

could be involved in the formation of lipid-induced

higher order oligomeric structures within the membrane.

The observation of asymmetry in the presence of

lipid is intriguing as core dimers are presumed, at least

initially, to be symmetric in the outer leaflet of the

MOM but are required to transition from that envi-

ronment to lining the pore. There are opposing models

for how dimers line the pore [3], an asymmetric dispo-

sition in the pore lumen with one half in the intra

membrane space and one half located at the upper

leaflet [30] versus a symmetric orientation with dimers

evenly distributed across the lumen [31]. In either case,

symmetric interactions are in play, either in the transi-

tion to a symmetric orientation, or in maintenance

of asymmetry in the lumen. Thus, the structures pre-

sented here are another snapshot into the possible con-

formations that BAX can adopt in lipid environments

and highlight the complexity of the long standing

question as to how lipids are involved first in BAX

core dimer formation, and subsequently in the forma-

tion of the apoptotic pore.

Materials and methods

Protein production and characterisation

All BAX constructs have their wild-type cysteine residues

mutated to serine (C62S, C126S).

The sequence encoding the core domain of BAX (a2-a5,
residues D53-K128) was cloned into the pGEX-6P-3 vector

and transformed into BL21 (DE3) E. coli cells. Cells were

grown at 37 °C and expression was induced by 0.2 mM.

IPTG and harvested after 2–3 h. GST-fusion proteins were

purified using a glutathione column after cell lysis in GST

buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA),

and on-column cleavage was performed with PreScission

protease. Five residues from the vector (GPLGS) remain at

the N-terminus of the construct. The BAX core domain

was eluted from the column in GST buffer and purified by

anion exchange chromatography, yielding two peaks that

were further purified by gel filtration in TBS (20 mM Tris

pH 8, 150 mM NaCl) (Superdex S200 Increase 10/300,

Cytiva, Marlborough, MA, USA). Two species of MW

approximately 40 and 63 kDa, dimers of core dimers

(tetramers) and trimers of core dimers (hexamers) were sep-

arately crystallisable. BAX D71N and BAX Y115F core

dimers were expressed and purified in the same way.

The core domain of human BAK (a2-a5, S68-H145)

linked via ((GGS)4G) to human BAX core domain as

described above was cloned into pGEX-6P-3 and expressed

in E. coli BL21 (DE3) cells. Cells were lysed in GST buffer,

and the GST-fusion proteins purified as for BAX proteins

described above. Further purification by gel filtration

(Superdex S75 10/300) in TBS yielded an elution profile

consistent with a dimer of the above fusion protein.

Full-length BAX constructs and single mutants were cloned

into a pTYB1 vector and expressed in E. coli and purified as

previously described [5]. Briefly, the cells were lysed in TBS

(20 mM Tris pH 8, 150 mM NaCl) and purified firstly by chitin

affinity chromatography, followed by size exclusion chroma-

tography (Superdex 75 10/300, Cytiva) in TBS.

Crystallography: BAX Core dimers

Crystallisation experiments were all performed by sitting

drop vapour diffusion at 20 °C with drops of 150 : 150 nL

unless otherwise specified. X-ray diffraction data were col-

lected at the Australian Synchrotron Beamline MX2

(Tables 1 and 2) and processed with XDS [32].

Two crystal forms were grown from the tetramer fraction,

one from protein (6 mg�mL�1) with 1.44 M sodium citrate,

0.01 M TCEP (type 1) and the other from protein

(10 mg�mL�1) with 27% PEG MME550, 0.01 M zinc sulfate,

0.1 M NaMes pH 5.6 (type 2). Both were cryoprotected with

10% ethylene glycol. A solution for the type 1 crystals was

found by molecular replacement with PHASER [33] using the

low-resolution image of the BAX core dimer previously pub-

lished (PDB: 4BDU) [7]. Chains E: and F: of that structure

comprise one core dimer and four copies of this dimer were

found arranged as two tetrameric particles with pseudo D2

symmetry. Subsequent model building in COOT [34] and

refinement in PHENIX [35] led to the structure described

(Table 1). Type 2 crystals have a large asymmetric unit volume.

Here the tetrameric particle as determined in the type 1 crystals

was used as the initial search object and eventually 9 copies of

that tetramer were found and refined (Table 1).

The initial crystals grown from the hexamer fraction con-

tained no detergent or lipid-based additives. Twinned mono-

clinic crystals grew from protein (13.5 mg�mL�1) with 0.1 M

trisodium citrate (pH 3.5), 0.02 M sodium HEPES (pH 6.8),

2 M ammonium sulfate, 0.33% (w/v) of each of 1,3,5 pentane-

tricarboxylic acid, 5-sulfosalicylic acid and trimesic acid.

Tetragonal crystals grew from protein (11.3 mg�mL�1) with

citrate buffered 2.3 M ammonium sulfate. Both of these crystal

forms gave convincing molecular replacement solutions (final

TFZs of 9.1 and 14.6 respectively) based on search objects

derived from the core dimers from type 1 crystals, but neither

could be satisfactorily refined. Both indicated the presence of a

hexameric particle, a trimer of dimers, with pseudo D3
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symmetry encompassing a void large enough to contain bacte-

rial lipids though none could be visualised. Contacts between

the core dimers around the three-fold axis in both of these

assemblies involved pairs of a4 helices.
An interpretable crystal form from the hexamer fraction

was obtained after first incubating hexamer at 9.9 mg�mL�1

with 5 mM 2-stearoyl-sn-glycero-3-phosphocholine (LysoPC).

Crystals grew from 1.4 M trisodium citrate, 0.1 M Hepes, pH

7.5. These crystals, type 3, were solved by molecular replace-

ment using a search object derived from the type 1 crystals.

Four copies of one half of a core dimer (a2 of one polypep-

tide in the a3a4a5 groove of the partner) were located by

molecular replacement and a near-complete model for the

hexamer resulted from successive rounds of model building

and refinement. Pairs of a4 helices mediate contacts between

the core dimers in the pseudo D3-symmetric particle.

Type 4 crystals grew from the hexamer fraction

at 7.5 mg�mL�1 in the presence of 5 mM di-octanoyl phos-

phatidylserine (~ 5-fold molar excess over the core domain

construct), 2.25 M ammonium sulfate, 9% v/v DL maleate-

MES-tris pH 7, 0.1 M trisodium citrate (frozen in 25%

glycerol). Two copies of the core dimer as determined from

the type 1 crystals were located by molecular replacement

with PHASER [33]. They are arranged side-by-side via con-

tacts between a4 residues.

Assessment of buried surface area was performed using

SC [36].

All structure figures were generated with PYMOL v2.5.5

(Schrodinger, Inc., New York, NY, USA).

Crystallography: BAK-BAX Hetero-core dimers

Diffraction-quality crystals were only obtained in the presence

of detergent or lipid. Type A crystals grow from protein

(6 mg�mL�1) with 30% PEG MME 2000, 100 mM potassium

thiocyanate and 0.01% C12E8 at 8 °C. A search model was

constructed from the a2-helix of the BAX core-domain dimer

(PDB: 4BDU) [7] with a4-a5 of BAK in its core-domain dimer

(PDB: 4U2U) [8]. Four copies of this object were found with

PHASER and subjected to rounds of building in COOT and

refinement in PHENIX to complete the model. Type B crystals

grow from protein (6 mg�mL�1), 100 mM bis-Tris chloride pH

5.5, 25% PEG 3350, 200 mM sodium acetate, 10 mM LysoPC

at 8 °C. Four copies of a search object like that described

above but taken from the type A crystal structure were located

with PHASER [33] and refined with COOT [34] and PHENIX

[35] (Table 2).

Crystallography: D71N BAX Core-dimer

Crystals were grown from drops with 100 nL protein

(10 mg�mL�1) and 100 nL 0.2 M sodium citrate tribasic

dihydrate, 20% PEG3350 at 18 °C. Four copies of a type 4

WT dimer were found with PHASER [33] and subjected to

rounds of building in COOT [34] and refinement in PHE-

NIX [35] to complete the model (Table 1).

Thin layer chromatography (TLC)

Concentrated samples of the BAX core domain tetramer or

hexamer were slowly pipetted onto marked spots near the

base of aluminium-backed, silica gel 60 TLC plates. Plates

were placed in glass jars containing chloroform/methanol/-

water [25 : 10 : 1 (v/v/v)] to a level below where samples were

loaded. Samples were run until the solvent front was close to

the top of the TLC plate, and plates were dried. Dried plates

were stained with ninhydrin or phosphomolybdic acid, then

dried and heated with a heat gun to reveal stained lipid species.

Thermal shift assay

5 lM of full-length BAX in TBS was mixed with SYPRO�
Orange (1 : 550 dilution, Sigma, Saint Louis, MO, USA)

and a temperature gradient of 1°/50 s from 25 to 95 °C

Table 2. Crystallographic data table for BAK-BAX core heterodimer

structures. Statistics for the highest-resolution shell are shown in

parentheses.

Type A. C12E8

crystals 8SRY

Type B. lysoPC

crystals 8SRX

Space group P61 C21

Unit cell

a, b, c (�A) 43.96, 43.96, 220.04 158.17, 45.56, 43.71

a, b, c (°) 90, 90, 120 90, 101.76, 90

Wavelength (�A) 0.9537 0.9537

Resolution range (�A) 38.07–2.39 (2.48–

2.39)

38.71–2.09 (2.17–

2.09)

Total reflections 178 297 (17 721) 113 430 (11 090)

Unique reflections 9406 (939) 18 141 (1776)

Multiplicity 19.0 (18.9) 6.3 (6.2)

Completeness (%) 99.9 (99.9) 99.7 (98.2)

I/r(I ) 20.2 (1.6) 8.6 (1.3)

Rmerge 0.143 (2.05) 0.199 (1.42)

CC 1/2 0.99 (0.53) 0.99 (0.41)

R-work 0.2132 (0.2977) 0.2161 (0.3201)

R-free 0.2471 (0.3661) 0.2654 (0.3823)

Number of non-

hydrogen atoms

2537 2708

Macromolecules 2455 2469

Ligands 81 125

Solvent 1 114

RMS

Bonds (�A) 0.005 0.006

Angles (°) 1.02 1.05

Ramachandran

Favoured (%) 96.07 94.10

Outliers (%) 1.31 2.30

Average B-factor

Macromolecules 62.98 36.41

Ligands 61.49 46.01

Solvent 84.69 40.66
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applied to the samples. The fluorescence signal was measured

at every degree using the FRET channel of a C1000 thermo-

cycler equipped with a CFX384 Real-Time System fluores-

cence reader (Biorad, Hercules, CA, USA). All experiments

were performed in duplicate at least three times.

Liposome assay

Liposomes containing a mixture of lipids mimicking the mito-

chondrial outer membrane were prepared as previously

described [7,37]. All lipids were purchased from Avanti Polar

Lipids (Alabaster, AL, USA). Liposomes were made with a

mole percent mixture of 46% 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), 25% 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (PE), 11% L-a-phosphatidylinositol
from bovine liver (PI) 10% 1,2-dioleoyl-sn-glycero-3-phospho-

L-serine, 8% 10,30-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-
glycerol (cardiolipin). Chloroform solutions of the lipids were

mixed in the described ratio and dried under a stream of nitro-

gen. The lipid film was resuspended in 50 mM 5(6)-

carboxyfluorescein. Resuspended lipids were frozen and

thawed several times and then extruded an odd number of

times (more than 20) through a membrane with a pore size of

100 nm and stored at 4 °C. Excess dye was removed from the

liposomes using a PD10 column immediately before use.

Human BIM BH3 peptide (Ac-DMRPEIWIAQELR-

RIGDEFNAYYARR-NH2) was purchased from Mimo-

topes (Melbourne, Vic, Australia) and stored as a 10 mM

stock in DMSO. BAX and BIM BH3 were diluted to the

concentrations specified in SUV buffer and added to lipo-

somes with 5 lM lipid in a final reaction volume of 150 lL
in Falcon 96-well U-bottom tissue culture plates (Corning

Costar, Cambridge, MA, USA). Fluorescence (excitation at

485 nm, emission at 535 nm) was measured every 2 min in

a Chameleon V plate reader (LabLogic Systems, Sheffield,

UK) over the course of 1 h. Experiments were performed

with two technical replicates at least three times. The fluo-

rescence signal was background subtracted using a lipo-

some only sample and normalised to dye release from

liposomes treated with the detergent CHAPS.

Mitochondrial assays

Mouse liver mitochondria (MLM) were isolated from male

Bak�/� C57BL/6 mice (ranging 150–155 days old) [38] that

were bred and maintained at the Walter and Eliza Hall

Institute of Medical Research Animal Facility. All animal

experiments were approved by the WEHI Animal Ethics

Committee (WEHI internal ethics number 2022.014) and

were conducted in accordance with the Prevention of Cru-

elty to Animals Act (1986) and the Australian National

Health and Medical Research Council Code of Practice for

the Care and the Use of Animals for Scientific Purposes

(1997). Euthanasia of adult mice by cervical dislocation

was performed by trained Bioservices staff followed by

harvesting of mouse livers. Individual barrier cages were

used for permanent housing in all areas (e.g. Individually

Ventilated Cages or Exhaust Ventilated Cages). Mice were

kept in open topped cages for short periods. Rooms were

controlled at appropriate temperature and humidity levels.

Cages contained suitable bedding material (e.g. Corn cob,

Puracell) and environmental enrichment for shelter, nesting

and foraging activities (e.g. plastic domes, tissues, mash,

sunflower seeds). Food and water were provided ad libitum.

Single housing of mice was minimised and a maximum of 6

adult mice were housed per cage.

Isolation was conducted as described previously [39]. Iso-

lated MLMs were diluted to 1 mg�mL�1 in MELB

(100 mM KCl, 2.5 mM MgCl2, 100 mM sucrose, 20 mM

HEPES/KOH pH 7.5) and supplemented with complete

EDTA-free protease inhibitor cocktail (Roche, Mannheim,

Germany) and 4 mg�mL�1 pepstatin A (Sigma Aldrich).

Isolated MLMs were incubated with BAX and cBID at the

concentrations specified and incubated at 37 °C for 1 h.

Samples were spun at 10 000 g at 4 °C for 10 min and the

supernatant and pellet fractions immunoblotted for cyto-

chrome c.

cBID was expressed and purified as described previously

[40,41]. The construct was expressed as a GST fusion using

the pGEXT4T-1 vector in BL21 (DE3) E. coli cells. Bacte-

rial cells were cultured at 37 °C in super broth until an

optical density of 0.6 was achieved at 600 nm, cells were

then induced for 16 h with 1 mM isopropyl b-D-1-

thiogalactopyranoside at 18 °C. The resultant cells were

harvested by centrifugation and lysed using a French press

in a lysis buffer consisting 50 mM Tris pH 8, 1 mM EDTA,

150 mM NaCl and 1.5 mg�mL�1 DNase I. The cBID GST-

fusion protein was purified using glutathione resin (Gen-

Script, Piscataway, NJ, USA). The GST fusion was

removed by proteolysis using thrombin protease (1 unit,

Sigma, cat# 10602400001) and adding CaCl2 to a final con-

centration of 1 mM, incubating overnight at 4 °C and elut-

ing cBID as the flow through from the column.

SDS/PAGE and western blotting

Samples were resolved by SDS/PAGE (BoltTM 4–12% Bis-

Tris gels, Invitrogen, Waltham, MA, USA) and transferred

to 0.22 lm nitrocellulose membranes. Membranes were

blotted with anti-cytochrome c (1 : 2000, #556433, BD Bio-

sciences, Franklin Lakes, NJ, USA) and detected with

IRDye� 800CW goat anti-mouse IgG secondary antibody

(1 : 20 000, P/N 926-32210, Licor Biosciences, Lincoln,

NE, USA). Immunoblotted membranes were imaged on a

ChemiDocTM MP Imaging System (Bio-Rad).

Lipid identification and quantification

Lipids were extracted from purified WT BAX a2-a5,
Y115F BAX a2-a5 and D71N BAX a2-a5 protein using a
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monophasic lipid extraction protocol, similar to that previ-

ously described [17,42]. Dried protein pellets were resus-

pended in 100 lL 60% aqueous methanol. For each 10 lg
protein, 1 lL chloroform containing lipid standard PE

(33 : 1) d7, PG (33 : 1) d7 and CL (56 : 0) was added. An

additional 208 lL methanol, 133 lL chloroform and 59 lL
milli-Q water were then added to each sample to achieve a

final extraction ratio of 0.74 : 1 : 2 methanol:chloroform:

water. Samples were then incubated at room temperature

on ThermoMix at 1000 rpm for 30 min, followed by centri-

fugation at 21,000 g for 15 min. Supernatants were col-

lected and transferred to new Eppendorf tubes and dried in

a SpeedyVap vacuum evaporator. Dried lipid extracts were

then reconstituted into 200 lL of a 2-propanol: methanol:

chloroform mixture (4/2/1, v/v/v) and transferred to glass

vials then stored at �80 °C prior to further analysis. Lipid

analysis was performed as previously described, with some

modification [43]. Lipid extract was diluted in 2-propanol:

methanol: chloroform mixture (4/2/1, v/v/v) containing

20 mM ammonium formate, then introduced into an Orbi-

trap Fusion Lumos Mass Spectrometer (Thermo Scientific,

Waltham, MA, USA) using a Triversa Nanomate nESI

source (Advion, Ithaca, NY, USA), operating with a spray

voltage of 1.1 kV and a gas pressure of 0.3 psi. The mass

spectrometer transfer tube was set at 150 °C and the RF

lens set to 10%, with a AGC target of 50%. Mass spectra

were collected over a mass range of 350–1600 m/z with a

mass resolving power of 500 000 for 3 min in negative ioni-

sation mode. A Field Asymmetric Ion Mobility Spectrome-

try (FAIMS) interface (FAIMS Pro, Thermo Fisher

Scientific, San Jose, CA, USA) was interfaced with the

mass spectrometer for selective enrichment and analysis of

cardiolipin (CL). Lipid extracts were reconstituted in 2-

propanol: methanol: chloroform mixture (4/2/1, v/v/v) and

introduced to the mass spectrometer, using a FAIMS com-

pensation voltage of 61 V in negative ionisation mode

(optimised for the cardiolipin [M-2H]2� precursor ion

charge states) [44,45]. Mass spectra were collected using an

RF lens setting of 20% and an AGC target setting of

100% for 3 min, with a mass resolving power of 500 000.

Data analysis of the resultant mass spectra was carried out

using LIPIDSEARCH 5.0 software (Thermo Scientific and Mit-

sui Knowledge Industry) with automated peak picking, cor-

rection of 13C isotope abundances and identification of

lipids at the ‘sum composition’ level of annotation using an

in-house generated lipid database, as described previously

[45]. For peak picking, precursor ion intensity threshold

was set at 3 times the observed noise intensity with the

mass tolerance set at 3.0 ppm. For lipid ion identification

and quantification, the isotope threshold was 0.1% and the

max isotope number was set at 1. LipidSearch outputs were

further processed with in-house developed R scripts, in

which the concentration of endogenous lipids were calcu-

lated based on the peak area ratio of individual lipids com-

pared to their corresponding internal lipid standards.
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Fig. S1. Size exclusion trace of BAX wild-type (WT)

and mutant tetramer and hexamer fractions.

Fig. S2. Differences between the four dimer copies in

the asymmetric unit of the Type 1 crystals.

Fig. S3. Type 2 crystals provide 36 independent images

of the core domain in 18 dimers (9 D2-symmetric tet-

ramers) and illustrate a softness in the structure of the

a2a3 layer.

Fig. S4. Alignment of the six BH3-in-groove entities

from the type 3 crystals.

Fig. S5. Dimer interfaces between a4 helices in type 3

crystals.

Fig. S6. Thin layer chromatography of BAX(a2-5) tet-
ramer and hexamer samples.

Fig. S7. Electron density around sulfate ion.

Fig. S8. Binding of the ‘h0’ residue in the BAK-BAX

heterodimers.

Fig. S9. BAX W107 does not insert in the BAK-BAX

heterodimer structures.

Fig. S10. Size exclusion trace of BAX full length and

mutants.

Fig. S11. Data for repeat experiments in Fig. 6.

Fig. S12. Lipidomic analysis of purified hexameric

fractions of BAX core dimers.

Fig. S13. BAX D71N core dimer crystal structure.
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