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The interaction of Bcl-2 family proteins at the mitochondrial
outer membrane controls membrane permeability and thereby
the apoptotic program. The anti-apoptotic protein Bcl-2 binds
to the pro-apoptotic protein Bax to prevent Bax homo-oligo-
merization required for membrane permeabilization. Here, we
used site-specific photocross-linking to map the surfaces of Bax
and Bcl-2 that interact in the hetero-complex formed in a Triton
X-100 micelle as a membrane surrogate. Heterodimer-specific
photoadducts were detected from multiple sites in Bax and
Bcl-2. Many of the interaction sites are located in the Bcl-2
homology 3 (BH3) region of Bax and the BH1-3 groove of Bcl-2
that likely form the BH3-BH1-3 groove interface. However,
other interaction sites form a second interface that includes
helix 6 of Bax and the BH4 region of Bcl-2. Loss-of-function
mutations in the BH3 region of Bax and the BH1 region of Bcl-2
disrupted the BH3-BH1-3 interface, as expected. Surprisingly
the second interface was also disrupted by these mutations. Sim-
ilarly, a loss-of-function mutation in the BH4 region of Bcl-2
that forms part of the second interface also disrupted both inter-
faces. As expected, both kinds of mutation abolished Bcl-2-me-
diated inhibition of Bax oligomerization in detergent micelles.
Therefore, Bcl-2 binds Bax through two interdependent inter-
faces to inhibit the pro-apoptotic oligomerization of Bax.

Bcl-2 and Bax function oppositely during apoptosis initiation
(1, 2). Both proteins contain multiple Bcl-2 homology (BH)*
motifs (3) and have similar monomeric structures (4, 5). In
healthy cells, Bcl-2 is anchored at the mitochondrial outer
membrane (MOM) through its C-terminal transmembrane
(TM) a-helix 9, whereas Bax is a monomeric protein in the
cytosol with its C-terminal hydrophobic a-helix 9 in a hydro-
phobic groove formed by its BH1-3 sequences (Fig. 14) (6 -10).
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A similar hydrophobic groove in Bcl-2 is empty according to
the NMR structure of a Bcl-2 protein lacking a-helix 9 (Fig. 1A4)
(4). During apoptosis, truncated Bid (tBid) and other Bcl-2 fam-
ily proteins that only contain a single BH3 motif (hence called
BH3-only proteins) interact with both Bcl-2 and Bax at the sur-
face of MOM changing them to a multispanning conformation
with helices 5, 6, and 9 embedded in the membrane (11-14).
Cytosolic Bax can also be converted to the membrane-bound
form through interaction with the Bax that is already bound to
the membrane, a mechanism that was termed auto-activation
(15, 16). The MOM-bound multispanning Bax proteins form
oligomers that permeabilize the membrane to release cyto-
chrome cand other intermembrane space proteins that activate
caspases and nucleases to kill the cell (9, 17-19). Bcl-2 inhibits
the Bax-mediated MOM permeabilization as follows: (i) by
competing with Bax for binding with tBid thereby inhibiting
Bax targeting to mitochondria, (ii) by binding Bax at the mem-
brane to inhibit the conformational change from the soluble to
the multispanning state, and (iii) by binding the multispanning
Bax in the membrane to inhibit Bax oligomerization (11,
20-23). Because the structures of Bcl-2 and Bax are very similar
(Fig. 1A) and both proteins change to similar conformation in
response to tBid, we proposed that Bcl-2 can function as a dead-
end binding partner for Bax to inhibit Bax activation and oligo-
merization (1, 14). However, it has been difficult to discern the
molecular mechanism, particularly the binding interface, that
allows Bcl-2 to block the oligomerization of Bax. The problem is
exacerbated by the fact that the proteins interact with each
other in membranes, an environment that hampers using con-
ventional methods, such as crystallography and NMR, to obtain
structural information (1).

Previous studies have revealed certain regions in Bcl-2 and
Bax that are important for their interaction. Mutagenesis stud-
ies show that the BH1-3 regions of Bcl-2 and the BH3 region of
Bax are indispensable for their interaction (14, 24 -27). Struc-
tures of Bcl-2-like proteins in complex with the BH3 peptide
from Bak or BH3-only proteins provide explanations for the
mutagenesis results (28 —32). In all of the complex structures
determined so far, the BH3 peptide forms an amphipathic
a-helix whose hydrophobic surface interacts with a hydropho-
bic groove on the Bcl-2-like protein formed by the BH1-3
regions. Because the hydrophobic surface of the BH3 helix is
buried in the structure of monomeric Bax, binding of Bax to
Bcl-2 would require a conformational change in Bax (5). This
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FIGURE 1. Structures and interactions of Bax and Bcl-2. A, monomeric
structures of Bax (left) and Bcl-2 (right) were drawn using PyMOL (DelLano
Scientific) based on the coordinates 1F16 and 1G5M in the Protein Data Bank
(4, 5). All a-helices and the loop between a1 and a2 are indicated. The front
surface that includes the BH1-3 region is colored in medium gray. The rear
surface formed by a1, the loop between a1 and a2, and a6 are colored in dark
gray. The schematic below under each structure has the front and rear sur-
faces indicated and will be used in other figures to represent Bax and Bcl-2.
B, model for Bcl-2 homo-complex formation that is proposed based on previ-
ous studies (36-39). Neighboring molecules in the homo-oligomers are
shaded differently for clarity, although they have the same conformation and
interaction. C, Bax and Bcl-2 can potentially bind through their front surfaces
(left) or rear surfaces (right) to form heterodimers.

conformational change can be induced by binding with BH3-
only proteins. The binding site on Bax for BH3-only proteins is
likely a pocket formed by helices 1 and 6 as well as the loop
between helices 1 and 2 located on the opposite side of the
protein from the BH1-3 groove (Fig. 14) (33—35). On the other
hand, our previous study has shown that Bcl-2 forms a
homodimer in which the BH1-3 regions form part of the inter-
face (Fig. 1B, step I) (36). Thus, binding of Bcl-2 to Bax would
require dissociation of the Bcl-2 homodimer. However, the
same study also revealed that the BH4 region located on the
rear side of the Bcl-2 molecule opposite the BH1-3 groove is
part of the Bcl-2 homodimer interface, suggesting there may be
another type of homodimer in which the two molecules bind to
each other through the rear surface, including the BH4 region
(Fig. 1B, step 2). This type of Bcl-2 homodimer would have an
exposed BH1-3 groove that can bind the BH3 region of Bax.
Indeed, a Bcl-2 homodimer that is cross-linked via a cysteine
located in the rear surface can interact with Bax to form a het-
erotrimer (36). Consistent with our Bcl-2 homodimer model,
crystallographic and NMR structures of Bcl-x; homodimer
show an opened BH1-3 groove on both protomers, and the
Bcl-x; homodimer binds BH3 peptides (37, 38). In these struc-
tural studies, the Bcl-x; homodimer was formed either at basic
pH or high temperature. When Bcl-x; protein was studied in
Triton X-100, two different kinds of homodimers were found
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(39). One formed at acidic pH can bind BH3 peptides, whereas
the other formed at basic pH cannot. Taken together, these
studies suggest that Bcl-2-like proteins may exist in a mono-
mer-dimer equilibrium with two forms of homodimers that are
formed via the BH1-3 (front) interface or the rear interface as
shown in Fig. 1B.

Recently, we systematically mapped the surface of Bax that
mediates Bax homo-oligomerization in Triton X-100 micelles
using a site-specific photocross-linking technique (40). The
results suggest that there are two separate interaction surfaces
as follows: the front surface consisting of helices 2 and 3, and the
rear surface including helices 1 and 6 as well as the loop
between helices 1 and 2 (Fig. 1A, left panel). Because helices 2
and 3 of Bax overlap with the BH3 motif that likely binds to the
BH1-3 groove of Bcl-2 in the heterodimer (Fig. 1C, left panel),
binding to Bcl-2 would prevent Bax homodimerization through
the front surface. Because the formation of Bax oligomers larger
than a dimer requires interactions through both the front and
rear surfaces, binding of Bcl-2 to the front surface may be suf-
ficient to block Bax oligomerization. However, the alternative
mechanism cannot be ruled out. For example, Bcl-2 may bind
to the rear surface that is exposed on the Bax dimer, which is
formed through interaction via the front surface, a binding that
may dissociate the Bax dimer. Because the BH1-3 groove of
Bcl-2 would be used to bind the BH3 motif or helix 2 in the front
surface of Bax, another surface of Bcl-2 may be used to bind the
rear surface of Bax. A candidate for this Bcl-2 surface would be
the rear surface that is located at the opposite side of the mol-
ecule from the BH1-3 groove (Fig. 1, A, right panel, and C, right
panel), based on the structural homology between Bcl-2 and
Bax.

To identify the interactions between Bcl-2 and Bax that
inhibit the oligomerization of Bax, we studied Bax interaction
with Bcl-2 using the detergent system and the site-specific pho-
tocross-linking methods that were used in our previous study of
Bax homo-interaction (40). The results show that the surfaces
of Bax and Bcl-2 involved in the hetero-interaction overlap with
the surfaces used for the homo-interaction of each protein.
Bcl-2 binds to both the front and rear surfaces of Bax. Surpris-
ingly, the formation of the two interfaces is interdependent.
Therefore, our current and previous studies support the notion
that Bcl-2 inhibits Bax by forming heterodimers and trimers
that are structurally similar to the Bax homo-complexes
but that are not competent for further oligomerization.

EXPERIMENTAL PROCEDURES

Plasmids and Proteins—Construction of the pSPUTK plas-
mids containing coding sequences of wild type and mutant
human Bax and Bcl-2 for in vitro transcription and translation
was described previously (36, 40). For retroviral infection of
Rat-1ER™M cells, the BamHI/Sall fragment of pBABEhygro
plasmid (Cell Biolabs, San Diego) was replaced by the BgllI/
Xhol fragment of the pSPUTK plasmid containing the coding
sequence of wild type (WT) or mutant Bcl-2 resulting in the
pBABEhygro-wild type or mutant Bcl-2 plasmid.

Expression and purification of His,-tagged Bcl-2 lacking the
TM sequence (Hisg-Bcl-2ATM) and the mutant protein with
Gly'* or Val'® replaced by Ala or Glu (Hiss-Bcl-2ATM-G145A
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or V15E, respectively) were carried out as described previously
(36). Expression and purification of His,-tagged Bax (His,-Bax)
and the mutant protein with I1e®® and Asp®® replaced by Glu
and Arg (His,-Bax-I66E/D68R) were done as described previ-
ously (40, 41). The peptide, HHHHHHGGDPELIRTIMG-
WTLDFLRER, containing a-helix 6 (residues 130-147, in
boldface) of human Bax with an N-terminal His, tag and three
linker residues (underlined) was synthesized by Abgent (La
Jolla, CA).

Anti-apoptotic Activity of Bcl-2 Mutants in Rat-1ER™M
Cells—pBABEhygro plasmids encoding the various Bcl-2
mutants were transfected into Rat-1ER™™ cells as described
previously (42). Stable clones were isolated by selection in
hygromycin, and inhibition of apoptosis by the mutants was
assayed in cells treated with etoposide. We have demonstrated
previously that monitoring cleavage of the caspase 3/7 sub-
strate poly(ADP-ribose) polymerase (PARP) in these cells by
immunoblotting provides a quantitative estimation of apopto-
tic cell death (42).

Photocross-linking and Characterization of Photoadducts—
Preparation of [**S]Met- and/or N*-(5-azido-2-nitrobenzoyl)
(eANB)-Lys-labeled Bax or Bcl-2 protein was carried out in a
rabbit reticulocyte lysate or wheat germ extract-based in vitro
translation system, respectively, as described previously (36,
43). Purified His,-tagged Bax, Bcl-2ATM, and/or the mutant
protein was added to 10 ul of the in vitro synthesized protein to
a final concentration of 2.2 uM, and if indicated, 0.25% (v/v) of
Triton X-100 was added to induce oligomerization. Pho-
tocross-linking, purification of the photoadduct using Ni*"-
nitrolotriacetic acid-agarose, and characterization of the pho-
toadduct by reducing SDS-PAGE and phosphorimaging were
as described previously (36, 40).

Gel Filtration Chromatography to Assay Bcl-2 Inhibition of
Bax Oligomerization—Purified His,-tagged Bax (1.5 um), Bax-
I66E/D68R (1.5 pm), Bcl-2ATM (9.0 um), and/or Bcl-2ATM-
V15E (9.0 um) proteins were incubated in 0.25% (v/v) Triton
X-100. The samples were bound to Ni**-nitrilotriacetic acid-
agarose to exchange Triton X-100 with 2% CHAPS. The eluted
proteins were subjected to gel filtration chromatography using
Superdex 200 HR10/30 column (Amersham Biosciences), and
the eluted fractions were analyzed by SDS-PAGE and immuno-
blotting with Bax or Bcl-2-specific antibody. Details of this
assay were described previously (40).

RESULTS

Bax/Bcl-2 Heterodimer Detected by Photocross-linking—To
determine which sites on Bax and Bcl-2 are located in the com-
plex interface, we employed the same site-specific photocross-
linking approach we used before to map the interface of Bcl-2-
Bcl-2 and Bax-Bax complexes (36, 40). The initial interaction
between Bax and Bcl-2 occurs between the full-length cytosolic
Bax and the cytosolic domain of Bcl-2 anchored in the MOM
through its C-terminal TM sequence. To mimic this interaction
in the cross-linking study, we used full-length Bax and Bcl-2
lacking the TM sequence (Bcl-2ATM). The RNA encoding
Bax or Bcl-2ATM was translated in vitro in the presence of
€ANB-Lys-tRNA™*, a functional lysyl-tRNA analog that rec-
ognizes the lysine codon in RNA and incorporates a lysine
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analog with the photocross-linker 5-azido-2-nitrobenzoyl
(ANB) covalently attached to the e-amino group of the lysine
side chain into the polypeptide (44). Because the RNA of Bax or
Bcl-2ATM contains nine and two lysine codons, respectively,
the resulting Bax and Bcl-2ATM proteins would have the ANB-
Lys incorporated at multiple locations. [**S]Met was also
included in the in vitro translation to incorporate a radioactive
tracer into the proteins. The resulting ANB-Lys/[>*S]Met-la-
beled Bax or Bcl-2ATM protein was mixed with purified
recombinant His,-tagged Bcl-2ATM or Bax protein, respec-
tively, in Triton X-100 micelles, a membrane surrogate that can
activate Bax/Bcl-2 interaction (45). Upon exposure to UV light,
a nitrene was generated from the ANB moiety, which is a pow-
erful electrophile that rapidly reacts with heteroatoms, double
or even single bonds in the bound His,-tagged proteins that are
near the ANB-Lys residue. The photolysis thus generates a pho-
toadduct that covalently links [**S]Met-Bax to His,-Bcl-2ATM
or [**S]Met-Bcl-2ATM to His,-Bax. The resulting photoadduct
was enriched by binding to Ni*"-chelating resin, separated
from other proteins by reducing SDS-PAGE and detected by
phosphorimaging. Because the photoadduct covalently links
the two proteins, the cross-linked species displays an apparent
molecular weight similar to the combined molecular weight of
the two proteins on SDS-PAGE.

As shown in Fig. 24 (lane 2, indicated by a brace), specific
photoadducts were formed between [**S]Met-Bax and His,-
Bcl-2ATM. In control experiments, the adducts were not
detected when His,-Bcl-2ATM (Fig. 24, 6H-Bcl-2; lane 3), UV
irradiation (/v; lane 4), or eANB-Lys-tRNA™* (ANB; lane 5)
was omitted. The adducts were preferentially bound to Ni**
resins compared with other products seen in the total pho-
tocross-linking sample (Fig. 24, lanes 6-10), demonstrating
that the adducts contain Hisg-Bcl-2ATM. Consistently, as
shown in Fig. 24, the in vitro synthesized [**S]Met-Bax mono-
mer (indicated by a circle on the right of the phosphorimage)
was detected in lanes 1, 2, 4, and 5 when the His,-tagged Bcl-
2ATM was present in the reaction but not in lane 3 when the
His,-tagged Bcl-2ATM was absent. Thus, [**S]Met-Bax bound
to Ni** resin only when bound to His.-tagged Bcl-2. The
molecular weight of the major adduct between Bax and His,-
Bcl-2ATM is close to 46, the predicted molecular weight for a
Bax/Hisg-Bcl-2ATM dimer. The difference in the apparent
molecular weight among the various adducts most likely
resulted from the ANB probes at different lysine residues of Bax
reacting with the Bcl-2 because the in vitro synthesized
[**S]Met-Bax protein is nearly homogeneous, and the purity of
Hisg-tagged Bcl-2 protein is >90% as assessed by reducing SDS-
PAGE and silver staining (data not shown). Among the other
radioactive products detected, the most abundant one is the in
vitro synthesized Bax (Fig. 24, indicated by circle). The other
one is a photoadduct between Bax and protein that is likely
from the reticulocyte lysate used for translation in vitro as it
formed in the absence of His,-Bcl-2ATM (Fig. 24, lane 8, indi-
cated by arrowhead). Because this adduct did not bind to Ni**
resin, we conclude that it did not have a His, tag. This photoad-
duct is unlikely formed between two in vitro synthesized Bax
proteins because it was not detected when the ANB probe was
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FIGURE 2. Photocross-linking detected Bax/Bcl-2 heterodimers. A, pho-
tocross-linking of in vitro synthesized ANB-Lys/[>**S]Met-labeled Bax to His,-
tagged Bcl-2ATM in the absence and presence of Triton X-100 (TX-700). Phos-
phorimaging data shown are from the total samples (lanes 6-10), and their
corresponding Ni** resin-bound fractions (lanes 1-5). The heterodimer-spe-
cific photoadducts were detected in lanes 2-7 and are indicated by braces. A
photoadduct formed by Bax and a protein in the reticulocyte lysate were
detected in lanes 7 and 8 and indicated by arrowheads. In vitro synthesized
[**SIMet-Bax monomer is indicated by a circle on the right of the phosphorim-
age. The molecular weight (M,) of protein standards is indicated on the left.
B, photocross-linking of the ANB-Lys/[**S]Met-labeled Bax to His¢-tagged Bcl-
2ATM-G145A (6H-Bcl-2-G145A). Both total (lanes 6-10) and the Ni*™ resin-
bound (lanes 1-5) samples are shown. The symbols used to indicate the pho-
toadduct of Bax and reticulocyte protein and the [**S]Met-Bax monomer are
defined in A. C and D, photocross-linking of in vitro synthesized ANB-Lys/
[®>*SIMet-labeled Bcl-2ATM to Hiss-tagged Bax or Bax-I66E/D68R. Data shown
were from the Ni>* resin-bound fractions of the samples. The heterodimer-
specific photoadduct is indicated by an arrow, and the [**SIMet-Bcl-2ATM
monomer by a circle.

attached to most of the interacting sites in Bax homo-complex
as shown by our recent study (40).

Consistent with the finding that Triton X-100 is required for
activating the Bax/Bcl-2 interaction (45), Bax/Bcl-2 photoad-
ducts were not detected in the absence of Triton X-100 (Fig. 24,
lane 1). Furthermore, when purified His,-Bcl-2ATM-G145A
protein was added to the cross-linking reaction with the ANB-
Lys/[**S]Met-Bax, no photoadduct was detected from the frac-
tion bound to Ni** resin (Fig. 2B, lane 2) as expected, because
the G145A mutation prevents Bcl-2 binding to Bax in cells (14,
24, 25). The photoadduct detected in the total reaction (Fig. 2B,
lane 7) is not the photoadduct of ANB-Lys-Bax and His,-tagged
Bcl-2 mutant, because it was also formed in the absence of the
Bcl-2 mutant (Fig. 2B, lane 8, indicated by arrowhead) and did
not bind to Ni*" resin (Fig. 2B, lane 2). As discussed above, this
photoadduct is likely formed by the ANB-Lys-Bax and a protein
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in reticulocyte lysate. Interestingly, the formation of this pho-
toadduct was inhibited by wild type His,-Bcl-2 but not the
G145A mutant (compare the arrowhead-indicated bands in
lanes 7 and 8 of Fig. 2, A and B), suggesting that binding by wild
type Bcl-2 blocks the interaction of Bax with the reticulocyte
protein. The mutant Bcl-2 does not bind to Bax, and therefore it
does not have the inhibitory effect. Other evidence for the lack
of interaction between the mutant Bcl-2 and Bax is that no
[**S]Met-Bax produced in the total reaction was recovered
from the Ni** resin-bound fraction (Fig. 2B, compare lanes 1, 2,
4, and 5 with 6, 7, 9, and 10, indicated by circle), suggesting that
the [**S]Met-Bax does not bind to the His,-tagged mutant
Bcl-2 that is bound to the Ni*>™ resin. In contrast, [**S]Met-Bax
was recovered from the Ni** resin-bound fraction in the pres-
ence of His,-tagged WT Bcl-2 (Fig. 24, compare lanes 1, 2, 4,
and 5 with 6, 7, 9, and 10, indicated by circle). Taken together,
these results suggest that the photocross-linking strategy used
here captures a biologically relevant Bax/Bcl-2 interaction.

The Bax/Bcl-2 interaction was also captured when the ANB
probe was incorporated into the Bcl-2ATM protein (Fig. 2C). A
Bcl-2ATM/His,-Bax-specific photoadduct was only detected
when all of the necessary components, including His,-Bax,
€ANB-Lys-tRNA™, and UV irradiation, were present (Fig. 2C,
compare lane 4, band indicated by arrow with the controls in
lanes 1-3). The photoadduct bound to Ni*" resin and its
molecular weight is close to the predicted molecular weight
(~47) of Bcl-2ATM/His,-Bax dimer. Furthermore, formation
of the photoadduct was inhibited by mutation of two conserved
residues (I66E/D68R) in the BH3 region of Bax (Fig. 2D) that are
critical for binding to Bcl-2 in cells (26, 27, 46). Therefore, the
photocross-linking via ANB probes on Bcl-2 also captured bio-
logically relevant Bcl-2/Bax heterodimers.

Generation of Functional Bax and Bcl-2 Mutants with a Sin-
gle Lysine for Site-specific Photocross-linking— The above cross-
linking data show that one or more ANB-Lys residues are close
to or within the interface of Bax-Bcl-2 complex thereby result-
ing in heterodimer-specific photoadducts. However, which Lys
residues are in or near the interface would be difficult to deter-
mine, and residues other than the Lys residues that are located
in or near the interface would not be seen. To use the pho-
tocross-linking approach to map the binding surfaces, we gen-
erated a series of Bax and Bcl-2 mutants, each with a single Lys
located at a specific location where the photoreactive probe can
be incorporated. Each single Lys mutant has a Lys substituting
for a residue in a Lys-null Bax or Bcl-2ATM (Bax KO or Bcl-
2ATM KO, respectively) that was constructed by replacing all of
the Lys residues in WT Bax and Bcl-2ATM with Arg (Fig. 3, A
and B). As a simple naming convention for these mutants, we
refer to them as Bax or Bcl-2ATM followed by K and the loca-
tion of the residue in the amino acid sequence of the protein.
Thus, Bax K21 is a mutant Bax with a single lysine at amino acid
position 21.

The following criteria were employed to design these single
Lys mutants. 1) Only residues on the surface of the soluble
protein were replaced by Lys to avoid disrupting the protein
core. 2) Conserved substitutions were preferred, wherever suit-
able, to minimize the impact on the protein surface. Some of the
lysines in WT Bax and Bcl-2ATM were kept as single Lys
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GRIVAFFEFGGVMCVESVNREMSPLVDNIALWMTEYLNRHLHTWIQDN 192  To determine whether site-specific
y 'y > > photocross-linking can detect the

ol o6 o7

_________ hetero-interactions of Bax and
EGWDAFVELYGPSMRPLFDFSWLSL(KTLLSLALVGACITLGAYLSHK) 239  Bcl-2, we used Bax K73 and Bcl-2
o8 K107, two mutants with a single Lys
replacing a residue in the BH3
C e Vector WT K99 K109 K129 K139 K202 regions of these proteins. Cross-
me RascTeh SRR c=* ;- L =w o ed linking through the photoreactive

Bcl-2

Etoposide (h) 0 1218 0 1218 0 1218 0 1218 0 1218

to show lack of background in the vector-transfected cells.

mutants. 3) Representative Bax and Bcl-2 mutants with a single
Lys in some of the structurally important motifs were assayed
alongside WT Bax and Bcl-2 and the KO mutants in mammalian
cells for pro- and anti-apoptotic activity, respectively. The
results for Bax KO, K21, K58, K73, K87, K123, and K128, and
Bcl-2 KO were published previously (36, 40). Examples of addi-
tional activity data for Bcl-2 mutants expressed in Rat-1ER™M
cells that did (K99, K109, and K129) and did not (K139 and
K202) inhibit etoposide-induced apoptosis as measured by
cleavage of the caspase 3/7 substrate PARP are shown in Fig.
3C. Functionally inactive mutants such as K139 and K202 were
not used in the cross-linking experiments.

In this study, detergent micelles were used as membrane sur-
rogates. Although the structure of protein in detergent micelles
may more closely resemble the structure in membranes than
the structure determined in solution, it is unlikely to be identi-
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FIGURE 3. Sequences of Bax and Bcl-2 mutants and anti-apoptotic activity of Bcl-2 mutants. Bax (A) and
Bcl-2 (B) sequences are shown with BH motifs highlighted by dashed lines above and a-helices identified by
arrows below. All nine lysines (underlined Ks) were changed to Arg to create Bax KO. Single Lys Bax mutants were
created by replacing each of the residues highlighted in boldface with a Lys. Arrowheads indicate 1le®® and
Asp®® of Bax that were changed to Glu and Arg, respectively, in the I66E/D68R mutant; and Val'® and Gly
Bcl-2 that were changed to Glu and Ala in the V15E and G145A mutants, respectively. The last 22 residues (in
parentheses) were deleted in all Bcl-2ATM mutants. G, activity of wild type human Bcl-2 (WT) and the single Lys
mutant proteins in Rat-1ER™M cells. Cleavage of PARP to APARP and expression of the Bcl-2 proteins in the
etoposide-treated cells were followed by SDS-PAGE and immunoblotting of the cell extracts with PARP- (top
panels) and Bcl-2 (bottom panels)-specific antibody, respectively. The Bcl-2 protein expressed stably in the cells
is indicated above each panel. Cells were treated with etoposide for the time indicated below each panel prior
to analysis. In the controls (vector and WT Bcl-2), the blot probed for human Bcl-2 was deliberately overexposed

probe attached to these sites was
expected to occur as the BH3 region
is known to play an important role
in the Bax/Bcl-2 interaction (4, 26,
27,47,48). The Bax or Bcl-2 mutant
was synthesized in vitro to incorpo-
of rate ANB-Lys and [**S]Met and
incubated with His,-tagged Bcl-
2ATM or Bax, respectively, in the
presence of Triton X-100. Specific
photoadducts were detected in the
photolyzed samples (Fig. 4, A, lane
4, and C, lane 8; indicated by arrow),
because these products were not
detected in the control experiment when eANB-Lys-tRNA""*
or UV irradiation was omitted (Fig. 4, A, lanes I or 2, and C,
lanes 7 or 6, respectively). We concluded that the photoadducts
were formed between the [>°S]Met-labeled proteins and their
corresponding His.-tagged binding partners because the pho-
toadducts were radioactive, bound to Ni*" resin, and were not
detected in the absence of the His,-tagged proteins (Fig. 4, A,
lane 3, and C, lane 5). The apparent molecular weight of the
photoadducts is close to the predicted molecular weight for the
corresponding heterodimer (46 or 47 for [**S]Met-Bax/His,-
Bcl-2ATM or [*°S]Met-Bcl-2ATM/His,-Bax, respectively).
When RNA encoding Bax KO or Bcl-2ATM KO was used to
program the in vitro translation, ANB-Lys should not be incor-
porated into the corresponding polypeptide because there is no
lysine codon in the RNA. As expected, no photoadduct was
detected when these polypeptides were used (Fig. 4, A, lane 11,

0 12 18
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FIGURE 5. Photocross-linking of His¢-tagged Bcl-2ATM protein to [3°S]Met-Bax mutant proteins, each with a single ANB-labeled lysine residue. The
phosphorimaging data shown were from the Ni?" resin-bound fractions of the samples. The position of the ANB-lysine in each [**S]Met-Bax mutant is indicated
at the top of each image. The heterodimer-specific photoadduct and the [**S]Met-Bax mutant monomer are indicated by an arrow and circle, respectively.

and C, lane 9). Therefore, the photoadduct formed by [>**S]Met-
Bax K73 and His,-Bcl-2ATM or [**S]Met-Bcl-2ATM K107 and
His,-Bax was via the ANB probe attached to Lys’® of the
[**S]Met-Bax or Lys'® of the [**S]Met-Bcl-2ATM, respec-
tively. The formation of these photoadducts is due to the posi-
tion 73 in Bax and 107 in Bcl-2 being close to the interface of the
Bax/Bcl-2 heterodimer because of the following: (i) the ANB-
Lys in the [**S]Met-labeled Bax or Bcl-2 molecule was able to

react specifically with micromolar concentrations of the bind-
ing partner, His,-tagged Bcl-2ATM, or Bax molecule, respec-
tively, in reactions containing high concentrations of reticulo-
cyte lysate proteins, including ~150 mm globin; and (ii) the
cross-linking occurred via the ANB-derived reactive nitrene
that has a relatively short lifetime of nanoseconds.

To determine whether the site-specific photocross-linking
captured heterodimer is relevant to the heterodimer form in

FIGURE 4. Site-specific photocross-linking detected Bax/Bcl-2 heterodimer. A, photocross-linking of in vitro synthesized [>*S]Met-labeled Bax with a single
ANB probe attached to K73 to Hisg-tagged Bcl-2ATM (lanes 1-4) or Bcl-2ATM-G145A (lanes 5-8). The control reactions with in vitro synthesized Bax KO are
shown in lanes 9-11. The photoadduct between the [**S]Met-Bax K73 and Hiss-Bcl-2ATM is indicated by an arrow. The adduct was absent when either
Hisg-Bcl-2ATM-G145A (lane 8) or in vitro synthesized Bax KO (lane 11) was used. The filled circle adjacent to lane 11 indicates a nonphotoadduct because it was
also detected in the absence of UV irradiation (lane 10). The open circle indicates the [**S]Met-Bax K73 or KO monomer. B, photocross-linking of the ANB/
[**SIMet-labeled Bax K73-166E/D68R to Hiss-tagged Bcl-2ATM. The control reaction with ANB/[>*S]Met-labeled Bax K73 is shown in lane 5. C, photocross-linking
of His,-tagged Bax to in vitro synthesized [**S]Met-labeled Bcl-2ATM with a single ANB probe attached to K107 (lanes 5- 8). The heterodimer-specific photoad-
duct was detected in lane 8 and indicated by an arrow. The adduct was not detected when either Bcl-2ATM-G145A-K107 (lane 4) or Bcl-2ATM KO (lane 9) was
synthesized in vitro and used in the cross-linking reaction. The open circle indicates the [>*SIMet-Bcl-2ATM monomer. D, photocross-linking of Hiss-tagged
Bax-166E/D68R with in vitro synthesized ANB/[**S]Met-labeled Bcl-2ATM K107. The control reaction with Hiss-Bax is shown in lane 4. E, competitive photocross-
linking of Hiss-Bax and Hiss-Bcl-2ATM with the ANB/[>*S]Met-labeled Bcl-2ATM K107. The photoadduct was formed between the ANB/[>>S]Met-Bcl-2 K107 and
Hisg-Bax or Hisg-Bcl-2ATM and indicated by an arrow or arrowhead, respectively. In all panels, the phosphorimaging data shown were from the Ni>* resin-
bound fractions of the samples. The schematics on the side of each panel illustrate the proteins (Bax, gray; Bcl-2, black) in the corresponding cross-linking
reaction and their interaction (indicated by the double-headed arrow). The star indicates the ANB photocross-linker. The lollipop indicates a mutation that
abolished the interaction (indicated by the double-headed arrow with cross).
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FIGURE 6. Photocross-linking of His¢-tagged Bax protein to [>°S]Met-Bcl-2ATM mutant proteins, each with a single ANB-labeled lysine residue. The
phosphorimaging data shown were from the Ni>* resin-bound fractions of the samples. The position of the ANB-lysine in each [>**S]Met-Bcl-2ATM mutant is
indicated at the top of each image. The heterodimer-specific photoadduct and the [**S]Met-Bcl-2ATM mutant monomer are indicated by an arrow and circle,

respectively.

biological systems, we first tested the mutant Bax and Bcl-2 that
do not form heterodimer in cells. The results show that G145A
mutation in His,- or [**S]Met-Bcl-2ATM abolished the pho-
toadduct formation with [**S]Met- or His,-Bax (Fig. 4, A, lane

28756 JOURNAL OF BIOLOGICAL CHEMISTRY

8, or C, lane 4), whereas 1I66E/D68R mutation in His,- or
[**S]Met-Bax abolished the photoadduct formation with
[3*S]Met- or Hise-Bcl-2ATM (Fig. 4, D, lane 2, or B, lane 4),
respectively. Next we tested whether His,-tagged Bax and Bcl-
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TABLE 1
Photoreactive probe locations in Bax structure that result in heterodimer-specific adducts with Bcl-2
Residue 21 24 37 47 58 65 69 73 82 87 94 101 112 123 128 189, 190
Location al al Loop 1 a2 a2 a2 Loop 2 Loop 3 2 Loop 4 ab ab Loop 5 Near COOH
TABLE 2

Photoreactive probe locations in Bcl-2 structure that result in heterodimer-specific adducts with Bax

Residue 12 17 22 106 107 114 118 127 129

132 139 146 164 183 184 187 191 200

Location al al al a2 a2 a3 a3 ol ol

ol Loop 4 a5 Loop 5 ab ab o7 o7 a8

2ATM can compete for cross-linking to [**S]Met/ANB-Lys'*”-
Bcl-2ATM that can cross-link with each Hisc-tagged protein
when they were presented individually (Fig. 4E, lanes 2 and 4,
indicated by arrow and arrowhead, respectively). The
amount of the [**S]Met-Bcl-2ATM/His,-Bax photoadduct
formed in the reaction was reduced in the presence of His,-
Bcl-2ATM (Fig. 4E, compare the arrow-indicated band in
lanes 2 and 5). The presence of His,-Bax also reduced the
amount of Bcl-2 homo-photoadduct (Fig. 4E, compare the
arrowhead-indicated band in lanes 4 and 5). As predicted,
this competition disappeared when the competitor was the
mutant protein, His,-tagged Bcl-2ATM-G145A or Bax-
I66E/D68R, that does not interact with the wild type
[**S]Met-labeled Bax or Bcl-2ATM, respectively (Fig. 4F,
compare the arrow-indicated bands in lanes 2 and 10 or the
arrowhead-indicated bands in lanes 4 and 7). Taken
together, these data suggest that the Bax/Bcl-2 heterodimer
formed in the detergent system and detected by the site-
specific photocross-linking is biologically relevant.

Interface of Bax/Bcl-2 Heterodimer Revealed by Site-specific
Photocross-linking—To map the heterodimer interface, we per-
formed the photocross-linking reaction with 23 and 26 addi-
tional single ANB-Lys-labeled Bax and Bcl-2ATM mutants to
His-tagged Bcl-2ATM and Bax protein, respectively. The
results shown in Figs. 5 and 6 indicate that the following resi-
dues in Bax are close to the interface with Bcl-2ATM: 21 and 24
in «1; 37 and 47 in the loop between a1 and «2 (termed loop
1 hereafter; loops between other a-helices are termed simi-
larly); 58, 65 (data not shown), and 69 (data not shown) in a2;
73 in loop 2; 82 and 87 (data not shown) in loop 3; 94 in a4;
101 inloop 4 (data not shown); 112 and 123 in 5; 128 in loop
5; 189 and/or 190 near the C terminus (Table 1); and the
following residues in Bcl-2ATM are close to the interface
with Bax: 12, 17, and perhaps 22 (data shown in Fig. 2C) in
al;106 and 107 in a2; 114 and 118 in «3; 127,129, and 132 in
a4; 146 in a5; 164 in loop 5; 183 and 184 in a6; 187 and 191
in a7; and 200 in a8 (Table 2).

A model for the surfaces of Bax and Bcl-2 that are involved in
hetero-interaction was built based on the photocross-linking
data (Fig. 7). Not surprisingly, residues 58, 65, 68, 69, and 73 in
the BH3 region of Bax and residues in the hydrophobic groove
of Bcl-2, including residues 106, 107, 132, 146, 191, and 200 in
BH1-3 regions as well as residues 114, 118, and 129 in a3-a4
regions, are located in the hetero-complex interface, consistent
with the previous data that the BH3 region of Bax is critical for
binding with the hydrophobic groove of Bcl-2 (26, 27, 47, 48).
However, residues outside this canonical interface are also indi-
cated by our photocross-linking data. For example, Bax resi-
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dues 21 and 24 in BH4/a1; 37 and 47 inloop 1; 128 in loop 5; and
Bcl-2 residues 12, 17, and perhaps 22 in BH4/«a1; 164 in loop 5;
and 183 and 184 in a6 are in the hetero-complex interface.
Therefore, we proposed a two-interface model to account for
most of the cross-linking data, in which the front-front inter-
face is formed by the BH1-3 regions of Bax and Bcl-2, and the
rear-rear interface by the BH4/al, loop 1 and a6 regions
located on the opposite side from the BH1-3 regions of the
proteins (Fig. 1, A and C).

Two-interface Heterocomplex Model Is Supported by Cross-
linking of Site-specific Photoreactive Probe-labeled Bcl-2 Pro-
teins with a Surface-specific Bax Peptide—The front-front
interface has been well supported by structural studies using
peptides homologous to the BH3 region of Bax and proteins
homologous to Bcl-2. For example, the BH3 peptide of Bak
forms an amphipathic a-helix that binds to the BH1-3 hydro-
phobic groove of Bcl-x; (28). In addition, mutations in the BH3
region of Bax and the BH1-3 groove of Bcl-2 inhibit the Bax/
Bcl-2 interaction in cell-free systems and cells (e.g. Fig. 2) (24,
26, 49, 50). On the other hand, the rear surface of Bax has been
shown to bind a stabilized helical peptide from the BH3 region
of Bim (34), and the rear/rear interaction is involved for Bax as
well as Bak to form homo-oligomer (40, 51). Thus, the predi-
cated rear-rear interface in Bax-Bcl-2 complex is logical but
nevertheless needs further evidence.

To test this interface more directly, we used a peptide con-
taining the a6 region of Bax with a His, tag at the N terminus in
the photocross-linking experiments with [**S]Met-Bcl-2ATM
with an ANB probe attached to K12 (in «1) on the rear or K107
(in o2) on the front surface. As shown in Fig. 8, photocross-
linking of [**S]Met-Bcl-2ATM-K12 protein/His,-Bax a6 pep-
tide was detected (lane 4, indicated by arrow) in the presence of
the peptide, photoreactive probe, and UV irradiation but not
in the absence of any of these components (lanes 1-3). The
photoadduct is radioactive and bound to Ni**-chelating resin,
further demonstrating the specificity. Moreover, a loss-of-
function mutation in al of Bcl-2 (V15E) abolished the pho-
tocross-linking (Fig. 8, lane 9) (52). The photocross-linking
data support a rear-rear binding model because a6 of Bax and
K12/al of Bcl-2 are part of the rear interface of the hetero-
complex. As expected, when the photoreactive probe was
attached to K107 in the front surface of Bcl-2ATM, no photoad-
duct was detected with the Bax a6 peptide (Fig. 8, lane 18),
suggesting that the rear surface of Bax does not interact with
the front surface of Bcl-2. Consistent with this result, the
G145A mutation located in the front surface of Bcl-2 did not
prevent the Bax a6 peptide cross-linking to Bcl-2 via the
photoreactive probe attached to K12 in the rear surface
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FIGURE 7. Predicted interfaces of Bax-Bcl-2 hetero-complexes. A, based on the site-specific photocross-linking data shown above, the surfaces of Bax and Bcl-2
that may form the interface in the hetero-complex were modeled on the previously determined Bax and Bcl-2 structures (4, 5). The residues that, when replaced by
ANB-Lys, generated a heterodimer-specific photoadduct and hence close to or within the interface are shown in red, and the residues that did not generate the
photoadduct and hence likely far from the interface are shown in blue. The radii of these residues are increased to 6 A to reflect the uncertainty of the photocross-
linking-based mapping technique (36). The position of these residues in the sequence of corresponding protein is indicated by the number. The mutations, I66E/D68R
in Bax and G145A and V15E in Bcl-2, are shown in green. B, surfaces of Bax and Bcl-2 that may form the interface in hetero-complex are overlaid with the surfaces that
may form the interface in homo-complexaccording to our previous studies (36, 40). The red residues are involved in both homo- and hetero-interfaces, yellow residues
in homo-interface only, and cyan residues in hetero-interface only. In all panels, the view on the left or right shows the front or rear surface, respectively. The residues
assigned to each surface are those appeared in the corresponding surface in a space-filled structure that is oriented as the skeleton structure shown.
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FIGURE 8. Photocross-linking of Hiss-tagged Bax peptide to [**S]Met/ANB-Lys-labeled Bcl-2ATM protein. The phosphorimaging data shown were from

the Ni** resin-bound samples from cross-linking of [>>SIMet-Bcl-2ATM protein with or without the indicated mutation via the ANB probe attached to K12 or

K107 in the rear or front surface, respectively, with Hisg—tagged Bax helix 6 peptide (6H-a6) that is part of the rear surface of Bax. The position of the single lysine
[

is indicated at the top. The photoadduct containing

>SIMet-Bcl-2ATM K12 and 6H-a6 is indicated by arrow. [**S]Met-Bcl-2ATM monomer is indicated by an

open circle. The schematic on the right illustrates the cross-linking of the Bax peptide with corresponding Bcl-2 proteins that is dependent on the location of

photoreactive probe and sensitive to one but not the other mutation.

TABLE 3

Effect of mutations on site-specific photocross-linking of [3*S]Met-Bax with His4-Bcl-2ATM

[**S]Met-Bax

Photocross-linking

ANB-K73-Front

ANB-K24-Rear

WwWT 166E/D68R-Front WwWT 166E/D68R-Front
His,-Bel-2ATM WwWT + - + —
G145A-Front — —
V15E-Rear -

TABLE 4

Effect of mutations on site-specific photocross-linking of [**S]Met-Bcl-2ATM with Hisg-Bax

[®*S]Met-Bcl-2ATM

Photocross-linking

ANB-K107-Front

ANB-K12-Rear

WwWT G145A-Front

V15E-Rear wWT G145A-Front V15E-Rear

Hisg-Bax WT + -
166E/D68R-Front -

— + — —

(Fig. 8, compare lane 10 with 11). Therefore, the cross-link-
ing results and previous structural and mutagenesis data
provide strong support to the two-interface model for the
Bax-Bcl-2 hetero-complex.

Two Interfaces in the Heterocomplex Are Interdependent—To
test whether the two interfaces in the Bax-Bcl-2 hetero-com-
plex can form independently, we used proteins with mutations
in either the front or rear surface in cross-linking experiments
with the photoreactive probe at the same or the opposite sur-
face. As expected, no heterodimer-specific cross-linking was
observed in control experiments in which the mutation and the
photoreactive probe were in the same interface. Thus, the
mutations in the front surface, I66E/D68R in Bax and G145A in
Bcl-2ATM, inhibited the cross-linking from the ANB probe
attached to the front surface, K73 in Bax, and K107 in Bcl-
2ATM (Fig. 4, A-D, and Tables 3 and 4), whereas the V15E

SEPTEMBER 10, 2010+VOLUME 285<NUMBER 37

mutation in the rear surface of Bcl-2ATM inhibited the cross-
linking from the ANB probe attached to the rear surface, K24 in
Bax and K12 in Bcl-2ATM (Fig. 94, compare lane 2 with 8, and
C, compare lane 15 with 14; refer to the corresponding sche-
matic in Fig. 9D and Tables 3 and 4). Surprisingly, the mutation
in the front or rear surface also inhibited the heterodimer-spe-
cific cross-linking from the photoreactive probe attached to the
opposite surface. Thus, the mutations in the front interface,
I66E/D68R in Bax and G145A in Bcl-2ATM, inhibited the
cross-linking from the ANB probe attached to the rear surface,
K24 in Baxand K12 in Bcl-2ATM (Fig. 9, A, compare lane 2 with
4 and 6, and C, compare lane 1 with 2, and 10 with 9; refer to the
corresponding schematic in Fig. 9D and Tables 3 and 4),
whereas the V15E mutation in the rear surface of Bcl-2ATM
inhibited the cross-linking from the ANB probe attached to the
front surface, K73 in Bax and K107 in Bcl-2ATM (Fig. 9, 4,

JOURNAL OF BIOLOGICAL CHEMISTRY 28759

2102 ‘6T 1snbny uo “1sanb Aq 610 ogl-mmm woly papeojumod


http://www.jbc.org/

Bcl-2 Functions as a Defective Protomer in Bax Oligomers
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plecd e M12846678010H12
two interfaces is either all or none. o7 '8 97
We used the gel filtration assay to 69 69
assess the effect of the mutations ReAE = d 2(5; +
that inhibited the hetero-cross-link-
ing on Bcl-2-mediated inhibition of i
Bax oligomerization in detergent, 5
which was observed before (40). A== w0 m s
Bax-I66E/D68R  oligomerized in i .s\\
Triton X-100 micelles similarly to =, e
WT Bax as detected by gel filtration
chromatography (Fig. 10, compare C ! Bel2 .
A with B), suggesting that homo- Bel-2 K12 o v 0=
oligomerization is not abolished by 6H-BaX-IGGEI|:JZSR :: g = 6H-Bax = & & & + ——
the mutations. The oligomerization oo ANB + + = + + -t
. ANB 3 < & & hv & = & + + -
of the His,-Bax-I66E/D68R was not hv 4 % = + MeT "
o ; i 878910 112131416 M,
inhibited by Bcl-2ATM (Fig. 10, o7
compare B with C), consistent with 7 gg : . 97
our observation that this mutant 69mm a6 = e P B :Z
Bax did not interact with Bcl-2 in promp / A aAY-s
the cross-linking experiments (Figs. 30
2, 4, and 9 and Tables 3 and 4). Ini- J

tially, we were surprised that the
I66E/D68R mutation did not inhibit
Bax homo-oligomerization because
in our previous study a G67R muta-
tion inhibited Bax homo-cross-link-
ing (40) and homo-oligomerization
in the same gel filtration assay (data
not shown). However, in the soluble
Bax structure, these three residues
are in helix 2 and hence the side
chains are pointed in different
directions (separated by ~100°).
Furthermore, unlike the G67R
mutant, the I66E/D68R mutant
retained partial pro-apoptotic activ-
ity when assayed in bax/bak double
knock-out cells (data not shown), a
result consistent with the oligomer-
ization seen here.

Similarly, Bcl-2ATM-G145A and
V15E mutants that did not cross-
link to Bax (Figs. 2, 4, and 9 and
Tables 3 and 4) did not inhibit Bax
oligomerization (Fig. 10, compare A
with D) (40). Therefore, mutation in
one of the two interfaces in the het-
ero-complex was sufficient to dis-
rupt interactions at both interfaces
and abolished the inhibitory activity
of Bcl-2 on Bax oligomerization.
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FIGURE 10. Effect of the interface mutations on Bcl-2 inhibition of Bax oligomerization in Triton X-100.
Oligomerization of Triton X-100-treated Hisg-Bax or the I66E/D68R mutant in the absence or presence of
His¢-tagged Bcl-2ATM or the V15E mutant examined by gel filtration chromatography. The chromatographic
fractions 21-32 were analyzed by SDS-PAGE and immunoblotting with a Bax- or Bcl-2-specific antibody to
detect Hiss-tagged Bax (left panels) or Bcl-2 (right panels). The molar ratio of Bax versus Bcl-2 in the Bcl-2
containing sample is 1:6. The elution positions for protein standards are indicated at the top with the molecular
weight. The predicted molecular weight for Bax or Bcl-2ATM monomer in a CHAPS micelle is 27 or 31, respec-
tively. Thus, the WT and mutant Bax proteins are mainly in dimeric and oligomeric forms under all of the
conditions, whereas the WT and mutant Bcl-2ATM proteins are in monomeric and dimeric forms.

DISCUSSION

We have used site-specific photocross-linking to system-
atically map the interface of Bax/Bcl-2 hetero-oligomers. By
comparing this interface map with those of Bcl-2 and Bax
homo-oligomers revealed in our previous studies (36, 40), it
is possible to picture how Bcl-2 can inhibit Bax activation
and oligomerization.

Accumulating data suggest that Bcl-2 can bind to the BH3-
only protein such as tBid and Bim to prevent their interaction
with soluble/peripheral Bax thereby inhibiting the initial acti-
vation of Bax (14, 34, 35, 53). The cross-linking data from our
current study demonstrate a physical interaction between the
hydrophobic BH1-3 groove of Bcl-2 and the BH3 region of Bax
that resulted in the formation of front-front interface. We spec-
ulate that this interaction may occur when Bax is still in the
activation complex with a BH3-only protein, because previous
studies suggest that BH3-only activators engage Bax from the
rear surface, which alters the conformation of Bax expelling the
C-terminal a9 helix from the BH1-3 groove on the front and
exposing the BH3 motif (33, 34, 54). The BH1-3 groove of Bcl-2
monomers may bind the exposed BH3 motif of Bax. The Bcl-2
homodimer formed by interactions between the rear-rear
interface may also be able to bind the Bax BH3 motif because
this Bcl-2 homodimer has the BH1-3 groove available (Fig. 1B,

step 2). The consequence of this Bcl-
2/Bax interaction would be 2-fold as
follows: preventing the active Bax
from using the exposed BH3 motif
to activate another soluble/peri-
pheral Bax (15) and inhibiting the
homo-interaction between two
active Bax proteins via their front
surfaces (40).

Additional physical contacts
between Bax and Bcl-2 were re-
vealed by our cross-linking study.
These contacts occur at the rear

67 43  25(M)

vy

o
surface of the proteins, opposite to
the BH1-3 front surface. Because
BH3-only activator proteins have
— been shown to bind to the rear sur-
face of Bax (33-35), binding of Bcl-2
aoBcl-2

to this surface may occur after the
BH3-only protein dissociates. The
dissociation of BH3-only protein
from the rear surface may be facili-
tated by binding of Bcl-2 with the
front surface of Bax. Accordingly,
Bcl-2 may only bind to the rear sur-
face of a Bax protein that already has
a Bcl-2 bound to its front surface.
Consistent with this possibility, mutations in the front surface
that disrupted the binding of Bcl-2 to the front surface of Bax
also ablated the binding to the rear surface. However, a muta-
tion in the rear surface that disrupted the binding of Bcl-2 to the
rear surface of Bax also abolished the binding to the front sur-
face. Therefore, the minimal stable form of the hetero-complex
seems to be one Bax sandwiched by two Bcl-2. Alternatively, the
surface-specific mutations we have tested change the structure
of protein globally to disrupt both surfaces, and therefore, the
wild type Bcl-2/Bax heterodimer may be stable in either front-
front or rear-rear or both forms. However, this alternative
explanation is less consistent with other experimental evidence.
All of the mutant His,-tagged proteins were soluble after puri-
fication, similar to the wild type proteins (data not shown), and
both Bcl-2-G145A and -V15E as well as Bax-166E/D68R pro-
teins could be stably expressed in cells (data not shown) (14, 24,
49, 50, 52), suggesting that the mutant proteins are properly
folded. Bcl-2ATM-G145A forms homodimers as we reported
previously (36), and Bax-I66E/D68R forms homo-oligomers as
shown in Fig. 10B.

In addition to inhibiting Bax activation at the early stages as
described above, Bcl-2 may inhibit Bax at a later stage. For
example, Bcl-2 may bind Bax homodimers to inhibit further

FIGURE 9. Effect of mutation in the front or rear surface of Bax or Bcl-2ATM on heterodimer-specific cross-linking via photoreactive probe attached to
the front or rear surface. Phosphorimaging data shown are from the Ni?* resin-bound samples from cross-linking of [3>S]Met-Bax with ANB attached to the
indicated Lys to Hisg-Bcl-2ATM (A) or from cross-linking of [3°SIMet-Bcl-2ATM with ANB attached to the indicated Lys to Hiss-Bax (B and C). In these panels,
the arrow indicates the corresponding photoadduct, and the open circle indicates the monomer of 3°S-labeled Bax or Bcl-2ATM protein. Mutant Bax and Bcl-2
were used if indicated. The arrowhead-indicated band in lane 14 of Cis not a photoadduct with His,-Bax because it was also detected in the absence of Hiss-Bax
(lane 11). D, schematicillustration of the corresponding proteins used in the cross-linking reactions here and in Fig. 4 with the locations of photoreactive probe
and mutation, and the effect of mutation is indicated. The information is also summarized in Tables 3 and 4.
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oligomerization. We recently demonstrated that the Bax
homodimer is an intermediate from which tetramer and large
oligomers can form (40). Furthermore, the Bax homodimer is
formed through the front-front interface and would have two
conformation-altered rear surfaces that could engage Bcl-2.
Binding of Bcl-2 molecules to the two rear surfaces of the Bax
homodimer may result in a hetero-tetramer with a Bax dimer
sandwiched by two Bcl-2 molecules. Alternatively, binding of
Bcl-2 to the Bax homodimer via one of the two rear surfaces
may dissociate the Bax homodimer allowing another Bcl-2 to
bind the front surface thereby forming a heterotrimer with one
Bax sandwiched by two Bcl-2 molecules. It is also possible that
the Bcl-2/Bax heterodimer may engage an active Bax protein
via the front surface of Bcl-2 in the heterodimer to form a het-
erotrimer with one Bcl-2 sandwiched by two Bax. In any of
these scenarios, conformational changes induced by binding of
Bcl-2 to Bax homodimers would inhibit Bax oligomerization.
Because large Bax and Bcl-2-containing oligomers were not
detected when Bax was co-expressed with Bcl-2 in cells, it is
likely that the Bax/Bcl-2 heterotrimer cannot stably engage
other Bax and Bcl-2 proteins to form larger hetero-oligomers
(14). Therefore, the interacting surfaces of Bcl-2 share common
residues with the interacting surfaces of Bax (Fig. 7B), but it is
presumably the differences in the binding interfaces in the het-
ero-complex formed by Bcl-2 and Bax that makes the complex
not competent for further oligomerization.

The residues in a5-a6 regions of Bax and Bcl-2 that are
involved in hetero- and homo-interactions are mostly different
(Fig. 7B). The difference is intriguing because these a-helices of
both multiple BH proteins are inserted into the MOM after
activation by binding to BH3-only proteins (13, 14, 53, 55). Fol-
lowing the insertion into the membrane, Bax forms large olig-
omers that permeabilize the membrane releasing cytochrome c
and other mitochondrial intermembrane space proteins. In
contrast, the membrane-embedded Bcl-2 only forms small olig-
omers that release small molecules but do not release mito-
chondrial proteins (53, 56). Moreover, it is the membrane-em-
bedded form of Bcl-2 that binds to the similarly embedded Bax
thereby preventing it from forming the large oligomers that
permeabilize membranes (14). Our homo- and heterodimer
models suggest that the membrane-embedded regions in Bax
and Bcl-2 may interface differently in homo- and hetero-com-
plexes resulting in different structures in the membrane. In
other words, Bcl-2 may function as a defective protomer to
compete with the perfect Bax protomer thereby inhibiting Bax
oligomerization. Interestingly, Bcl-x; was found to compete
with Bax for activation of soluble monomeric Bax through
interaction with membranes, tBid or tBid-activated Bax,
thereby inhibiting Bax binding to membranes, oligomerization,
and membrane permeabilization (11).

The effect of detergent on Bcl-2 conformation is unknown,
but a large conformational change is expected. An NMR study
of Bcl-x; lacking both C-terminal TM sequence and the loop
between al and a2 in dodecylphosphocholine micelles sug-
gests that Bcl-x; has a loosely packed, dynamic structure in
micelles, with a1 and a6 and possibly a5 partially buried in the
hydrophobic interior of the micelle. Other parts of the protein
are located near the surface or on the outside of the micelle (57).
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Interestingly, in our hetero-oligomer model a1 and a6 of Bcl-2
are located in the rear surface that binds to the rear surface of
Bax, which also includes al and a6, suggesting that the rear
interface may form within the hydrophobic interior of the Tri-
ton X-100 micelle. Previously, we found that a5 of Bcl-2 moves
into the interior of membrane bilayers in cultured cells after
apoptotic stimuli, in isolated mitochondria, and liposomes after
interaction with tBid or tBid-activated Bax, and this conforma-
tional alteration is required for Bcl-2 to inhibit active Bax (14,
53, 55).

In summary, our previous and current site-specific pho-
tocross-linking studies have provided the first set of compre-
hensive interface maps for Bax and Bcl-2 homo- and hetero-
oligomers. All of the interfaces not only contain the canonical
BH3 motif/BH1-3 groove interface but also a novel interface
located on the opposite side of the molecules. In the past dec-
ade, effort has been focused on development of small chemical
ligands (e.g ABT-737) that bind to the BH1-3 groove of Bcl-2
to disrupt the binding with BH3-only proteins thereby inhibit-
ing the anti-apoptotic activity of Bcl-2 in cancer cells (58). The
novel interface we revealed in the Bcl-2/Bax hetero-oligomer
may be the next target for developing a different kind of inhib-
itor that can block Bcl-2 binding with Bax through a different
interface that is equally important for the anti-apoptotic activ-
ity that correlates with the cancer resistance to chemo- and
radiation therapies (59 -61).
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