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(Bacl(ground: Anti- and pro-apoptotic B cell lymphoma 2 (Bcl-2) proteins possess Bcl-2 homology 3 (BH3) domains gen-
Results: Features of anti-apoptotic BH3 domains were identified that limit their killing activity but are important for protein

Conclusion: Pro- and anti-apoptotic BH3 domains are distinct, which affects their function.
Significance: Differences in BH3 domains have significant consequences in apoptotic signaling.

J

Bcl-2 homology 3 (BH3) domains are short sequence motifs
that mediate nearly all protein-protein interactions between B
cell lymphoma 2 (Bcl-2) family proteins in the intrinsic apopto-
tic cell death pathway. These sequences are found on both pro-
survival and pro-apoptotic members, although their primary
function is believed to be associated with induction of cell death.
Here, we identify critical features of the BH3 domains of pro-
survival proteins that distinguish them functionally from their
pro-apoptotic counterparts. Biochemical and x-ray crystallo-
graphic studies demonstrate that these differences reduce the
capacity of most pro-survival proteins to form high affinity
“BH3-in-groove” complexes that are critical for cell death
induction. Switching these residues for the corresponding resi-
dues in Bcl-2 homologous antagonist/killer (Bak) increases the
binding affinity of isolated BH3 domains for pro-survival pro-
teins; however, their exchange in the context of the parental
protein causes rapid proteasomal degradation due to protein
destabilization. This is supported by further x-ray crystallo-
graphic studies that capture elements of this destabilization in
one pro-survival protein, Bcl-w. In pro-apoptotic Bak, we dem-
onstrate that the corresponding distinguishing residues are
important for its cell-killing capacity and antagonism by pro-
survival proteins.
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Apoptosisis a form of programmed cell death that is essential
for the development and survival of all multicellular organisms.
In mammals, cellular stresses activate the intrinsic (mitochon-
drial) apoptotic pathway that is regulated by the Bcl-2* family of
proteins. This family consists of ~15 different members with
opposing functions, either promoting or inhibiting cell death.
These proteins are all related to each other by up to four distinct
regions of sequence homology called “Bcl-2 homology domains”
(BH1-4).

The pro-survival proteins, which include Bcl-2, Bcl-x,
Bcl-w, Mcl-1, and Bfl-1, possess BH1-4 domains, and these
inhibit cell death by binding directly to the two classes of pro-
apoptotic proteins: the Bax/Bak proteins and the BH3-only
proteins. Bax and Bak, like the pro-survival proteins, possess
BH1-4 domains. These proteins are the essential mediators of
apoptosis (1, 2) and, following a death stimulus, adopt a confor-
mation that allows them to oligomerize on the outer mitochon-
drial membrane and assemble into structures that form pores
that enable components of the intermitochondrial membrane
space to be released into the cytoplasm. Released factors, such
as cytochrome ¢, can then interact with downstream compo-
nents of the pathway to activate the cellular demolitionists, the
caspases. The BH3-only proteins (of which there are eight in
humans: Bim, Puma, Bid, Noxa, Bad, and others) possess just a
single BH domain (BH3) (3) and initiate the apoptotic cascade
either by directly engaging Bax and Bak, resulting in their acti-
vation (4-9) and/or by engaging pro-survival proteins to
unleash Bax/Bak molecules that are already in an active confor-
mation (8, 10).

Interactions between pro-survival and pro-apoptotic pro-
teins are mediated by the BH3 domain on the pro-apoptotic

2 The abbreviations used are: Bcl-2, B cell lymphoma-2; BH, Bcl-2 homology
domain; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2-associated X
protein; Bcl-x,, B cell lymphoma extra large; Mcl-1, myeloid cell leukaemia
protein; MEF, mouse embryonic fibroblast; PDB, Protein Data Bank.
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protein (Bax/Bak or BH3-only) binding into a large hydropho-
bic groove on the pro-survival protein (11-17). The BH3
domains of Bax and Bak also mediate homodimerization (and
possibly heterodimerization) between Bax and Bak molecules
(18 -22). These dimers are then believed to assemble into
higher order oligomers required for mitochondrial pore forma-
tion (23, 24). The BH3 domain of all pro-apoptotic proteins
possess several conserved features, including four hydrophobic
residues, designated positions h1-h4 (of which h2 is always a
leucine), a completely conserved aspartic acid residue, and
smaller amino acids at certain positions (h1 + 1 and h3 + 1)
(Fig. 1A). Subtle differences in some of the conserved residues
(i.e. different hydrophobic residues at h1, h3, or h4) as well as in
the intervening residues contribute to the significant differ-
ences in selectivity in interactions between BH3 domains and
pro-survival proteins (15, 25-29). Indeed, some BH3 sequences
are promiscuous and engage all pro-survival proteins with high
(low nanomolar) affinity, whereas others are more selective,
only engaging subsets of pro-survival proteins avidly (30 -32).

The BH3 domain on Bax and Bak is located on the a2 helix
(33, 34). This packs against the core of the protein, burying all of
the key residues required for engaging the binding groove of
another Bax/Bak molecule or a pro-survival protein. As such,
activation or inhibition of Bax and Bak involves the BH3
domain somehow being displaced (19, 20, 35). Somewhat par-
adoxically, pro-survival proteins adopt an overall three-dimen-
sional structure almost identical to that of inactive Bax and Bak
(33, 34,36 -39). They also possess a BH3 domain, located on the
a2 helix. Interestingly, caspase cleavage has been shown to con-
vert some pro-survival proteins (such as Bcl-x; or Bcl-2) to a
pro-apoptotic form (40-42). In addition, the BCL-X and
MCL-1 genes can be alternatively spliced to give rise to shorter
forms (BCL-XS and MCL-1S) that either induce cell death or
sensitize cells to apoptosis (43—47). Mutagenesis studies have
shown that this pro-apoptotic activity is associated with the
BH3 domain (44, 48 —50). However, a number of studies using a
variety of approaches, including direct affinity measurements,
have also shown that the BH3 domains from certain pro-sur-
vival proteins (including those that are present in the pro-apo-
ptotic splice variants and caspase cleavage products) have only
weak capacity to bind the pro-survival molecule from which
they were derived or to bind other pro-survival proteins or have
little or no capacity to induce cell death or mitochondrial outer
membrane permeabilization in some contexts (8, 44, 48,
51-53).

Although the BH3 domains from pro-apoptotic proteins
have been extensively studied biochemically and structurally,
the corresponding sequences from pro-survival proteins have
received significantly less attention. Here, we examine the
structure-function relationships associated with pro-survival
protein BH3 domains, provide biochemical and functional data
on how they differ from their pro-apoptotic counterparts, and
report the first structural information on how they could exert
a pro-apoptotic effect. Our results show that key distinguishing
features of pro-survival protein BH3 domains reduce their
capacity to interact with themselves or other pro-apoptotic
molecules. In addition, we show that these key residues in the
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BH3 domain of pro-survival proteins have a critical role in sta-
bilizing these proteins in cells.

EXPERIMENTAL PROCEDURES

Recombinant Proteins and Peptides—All recombinant Bcl-2
pro-survival proteins with N- and/or C-terminal truncations
for binding studies (Bcl-2AC22, Bcl-x;AC24, Bcl-w C29S/
A128EAC29, Mcl-1AN170AC23, and Bfl-1AC19) and the loop-
deleted form of human Bcl-x; (A27-82AC24) used for crystal-
lization were expressed and purified exactly as described
previously (16, 25, 31). The Bcl-w BH3 mutant (H43G/M46L/
A49I) was expressed and purified exactly as for the non-mu-
tated form. Synthetic peptides were synthesized by Mimotopes
and purified by reverse-phase HPLC to >90% purity.

Surface Plasmon Resonance Solution Competition Assay—
Solution competition assays were performed using a Biacore
3000 instrument exactly as described previously (54).

Cell Lines—To generate cell lines expressing pro-survival
proteins or mutants, mouse embryonic fibroblasts (MEFs) defi-
cient in Bax and Bak (Bax ™'~ /Bak™'~) were transduced with
retroviruses in which expression of each protein was linked to
GEFP expression via an internal ribosome entry site sequence in
the pMIG-IRES vector. Following infection, GFP*"* cells were
sorted, and protein expression was monitored by Western blot-
ting. Cells were maintained in DME KELSO medium supple-
mented with 10% (v/v) fetal bovine serum, 250 um L-asparagine,
and 50 uM 2-mercaptoethanol.

Cytochrome ¢ Release Assay—The cytochrome c assay was
performed as described recently (54). Briefly, cells were per-
meabilized by resuspending in 20 mm HEPES, pH 7.2, 100 mm
KCl, 5 mm MgCl,, 1 mm EDTA, 1 mm EGTA, 250 mM sucrose,
0.05% (w/v) digitonin (Calbiochem) supplemented with prote-
ase inhibitors (Roche Applied Science), and then incubated
with peptides for 1 h at 30 °C before pelleting. The supernatant
was retained and analyzed for cytochrome c release by Western
blotting using an anti-cytochrome c antibody (clone 7H8.2C12;
BD Biosciences).

Protein Half-life Assay—Cells (1.5 X 10°) expressing FLAG-
tagged pro-survival proteins or mutants were plated and grown
overnight. The following day, the medium was replaced with
fresh medium containing cycloheximide (50 pg/ml), MG132
(10 um), or both. Cells were then harvested at the indicated
times and lysed in Triton X-100-containing lysis buffer (20 mm
Tris, pH 7.4, 135 mMm NaCl, 1.5 mm MgCl,, 1 mm EDTA, 10%
(v/v) glycerol, 1% (v/v) Triton X-100, supplemented with pro-
tease inhibitors (Roche Applied Science)). The lysate was then
analyzed by Western blotting using an anti-FLAG antibody
(Sigma). Blots were reprobed with anti-B-actin antibody
(Sigma) to control for sample loading.

Co-immunoprecipitation Assays—Cells expressing FLAG-
tagged BimgBH3 chimeras were lysed in the Triton-X-100-con-
taining lysis buffer described above, and then the supernatant
was removed and incubated with anti-FLAG antibody coupled
to agarose (Sigma) for 2 h at 4 °C with constant mixing. The
resin was then washed three times with the lysis buffer before
resuspending in SDS-PAGE loading buffer and Western blot-
ting for associated endogenous Mcl-1 that was detected using
an anti-Mcl-1 antibody (Rockland).
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Cell Killing Assays—For long term clonogenic survival assays,
MEFs were transduced with the indicated constructs in which
expression of each protein was linked to GFP or mCherry
expression via an internal ribosome entry site sequence.
GFP ¢ or GFP " plus mCherry "¢ cells (in cases where the
effect of gene co-expression was examined) were then sorted
and plated at 150 cells/well in 6-well plates and incubated for 7
days. Colonies were then stained with Coomassie Blue and
counted.

Protein Crystallization—The structure of the Bcl-x; -Bcl-x;
BH3 peptide complex employed a “loop-deleted” form of
human Bcl-x; (A27-82 and without membrane anchor, resi-
dues 210-233), which forms an a1 domain-swapped dimer yet
retains BH3 domain binding activity (16, 54 —56). Crystals were
obtained by mixing Bcl-x; with the BH3 peptide at a molar ratio
of 1:1.3 and then concentrating the sample to 10 mg/ml. Crys-
tallization trials were performed at the Bio21 Collaborative
Crystallization Centre. Crystals were grown by the sitting drop
method at room temperature in 40% (v/v) polyethylene glycol
400, 0.2 M calcium acetate, 0.1 m HEPES, pH 7.5. For the Bcl-w
mutant BH3 structure, the protein was concentrated to 10
mg/ml, and crystals were grown by the sitting drop method at
room temperature in 1 M trisodium citrate, 0.1 M imidazole, pH
8.0. Prior to cryo-cooling in liquid N, crystals were equilibrated
into cryoprotectant consisting of reservoir solution containing
15% (v/v) ethylene glycol. Crystals were mounted directly from
the drop and plunge-cooled in liquid N,.

Crystal Diffraction Data Collection and Structure Deter-
mination—Diffraction data were collected at 100 K at the Aus-
tralian Synchrotron MX2 beamline (Victoria, Australia) (wave-
length for both structures was 0.954 A). The diffraction data
were integrated and scaled with either HKL2000 (57) for the
Bcl-x; structure or XDS (58) for the Bcl-w structure. The struc-
ture was obtained by molecular replacement with PHASER
(59 —61) using the previous crystal structures of Bcl-x; from the
BeclinBH3'Bcl-x; complex (56) (PDB entry 2P1L) with the
Beclin peptide removed for the Bcl-x; structure, or a recon-
structed Bcl-w monomer from PDB entry 2Y6W (62) for the
Bcl-w mutant BH3 structure, as search models. Multiple
rounds of building in COOT (63) and refinement in PHENIX
(64) led to the final model.

RESULTS

Pro-survival Proteins Do Not Bind Their Own BH3 Domain or
Those from Other Pro-survival Proteins Avidly—The BH3
sequences of pro-survival proteins have been implicated in cell
killing activity, although some studies have suggested they can
only engage pro-survival proteins weakly (8, 48, 50, 52). To
better characterize these interactions, we determined the rela-
tive affinity (IC,,) of synthetic peptides corresponding to pro-
survival BH3 domains for the protein from which they were
derived. In the case of Bfl-1, we tested two different BH3-like
sequences (see Fig. 14 and Table 1 for details of sequences of all
peptides used in this study). In one previous report, binding of a
Bfl-1 BH3 domain synthetic peptide for Mcl-1 was character-
ized (52). However, although the sequence used in that study
(referred to here as Bfl-1 BH3-2) possesses many of the features
of a BH3 sequence motif, it did not correspond to the actual
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Bfl-1 BH3 domain (referred to here as Bfl-1 BH3-1), which is
identifiable by comparison of the Bfl-1 x-ray crystal structures
(PDB entries 2VM6, 3MQP, and 311H) with other pro-survival
protein structures. Nevertheless, we tested both sequences in
our binding assay.

The tightest of these interactions were the Bcl-x; and Mcl-1
interactions with their cognate BH3 domains (IC,, values of
636 nM and ~5 uMm, respectively), consistent with previous
reports that these proteins can bind to their own BH3
sequences (Table 2). These interactions are significantly weaker
than those for pro-apoptotic BH3 domain sequences (e.g. from
Bim, Bak, and Bax (Table 2) and others (30-32) that are typi-
cally in the sub-100 nm range. Very weak (IC, > 10 um) or no
binding was observed for Bcl-2 and Bcl-w to their own BH3
sequences (Table 2). Similarly, Bfl-1 did not bind either of its
two BH3-like sequences (Table 2). Interactions with non-cog-
nate pro-survival BH3 domains were in a similar relative weak
affinity range, with only Bcl-x; binding to the Bcl-2 BH3
domain (IC,, ~1 um), Bcl-w to the Bcl-x; BH3 domain (IC,,
~3.5 um), and Bfl-1 to both the Bcl-2 and Bcl-x; BH3 domains
(IC4, of 257 nm and ~2.3 M, respectively) (Table 2). No non-
cognate interactions were observed with either Bfl-1 BH3
sequence. Hence, these data suggest that pro-survival proteins
in general have only weak capacity to interact with themselves
or other pro-survival proteins via their BH3 domains. By con-
trast, BH3 domains from pro-apoptotic proteins typically bind
significantly tighter and, in many cases, to a wider range of
pro-survival proteins.

The hl + 1 and h3 Residues of Pro-survival BH3 Domains
Account for Their Weak Affinity—To determine whether there
were critical features of pro-survival BH3 domains that distin-
guish them from their pro-apoptotic counterparts, we com-
pared sequence alignments of pro-survival and pro-apoptotic
(BH3-only and Bax/Bak) BH3 domains. Based on previous
mutagenesis studies (12, 14, 19, 25), we predicted that two
major differences at the hl + 1 and h3 positions (Fig. 14) in
most of the pro-survival versus pro-apoptotic sequences could
impact their binding affinity for pro-survival proteins. In pro-
survival proteins there is a large residue (histidine in Bcl-2 and
Bcl-w, lysine in Bcl-x;, leucine in Mcl-1) at the h1 + 1 position,
which is normally occupied by a small residue (typically glycine
or alanine) in pro-apoptotic BH3 sequences. At the h3 position,
the situation is reversed; in pro-survival proteins, there is
always a smaller residue (Bcl-x;, Bcl-2, and Bcl-w have an ala-
nine; Bfl-1 and Mcl-1 have a valine), whereas pro-apoptotic
BH3 sequences generally all have a larger hydrophobic residue
here (although Bid, a potent pro-apoptotic protein, also has a
valine at this position). There are also some sequence-specific
features that could be detrimental to binding for certain pro-
survival BH3 sequences. For example, unlike nearly all pro-apo-
ptotic BH3 domains, Mcl-1 has an alanine and Bfl-1 has a thre-
onine at h1; this residue is typically a large hydrophobic residue
in nearly every other BH3 sequence. In the structurally identi-
fied Bfl-1 BH3 domain (Bfl-1 BH3-1), the aspartic acid residue
conserved in every other BH3 sequence is a phenylalanine. This
residue has previously been shown in a number of studies to be
very important for Bcl-2 protein interactions (12, 14, 19, 25).
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Pro-apoptotic BH3-only h1 h2 h3 h4
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TABLE 1

Sequences of peptides used in this study
Mutated residues are indicated in red.

Pro-apoptotic BH3-only h1 h2 h3 h4
BimBH3 wild-type - DMRPEIWI AQELRRIGDEFNAYYARR
Bim4EBH3 h1, h2, h3, h4 mutations to E DMRPEIWEAQEERR GDEENAYYARR
Pro-apoptotic Bax/Bak
BakBH3 wild-type - PSSTMGQVGRQLAI I GDD I NRRYDSE
BakBH3mt1 G K h1+1 to K PSSTMGQVKRQLAI I GDD I NRRYDSE
BakBH3mt2 s A h3to A PSSTMGQVGRQLAI AGDD I NRRYDSE
BaxBH3 wild-type - QDASTKKLSECLKRIGDELDS SNMELAQ
Pro-survival Bcl-2-like
Bcl-2BH3 wild-type - LSPVPPVVHLTLRQAGDDTFSRRYRRD
Bcl-2BH3mt1 Kpis1A h1+1to A LSPVPPVVALTLRQAGDDTFS SRRYRRD
Bcl-2BH3mt2 Apsl h3tol LSPVPPVVHLTLRQI GDDFSRRYRRD
Bcl-2BH3mt3 K11 AlA ] h1+1to A; h3 to | LSPVPPVVALTLRQIGDDF SRRYRRD
Bcl-x,BH3 wild-type - EVI PMAAVKQALREAGDEFELRYRRA
Bcl-x, BH3mt1 Kpis1A h1+1to A EVI PMAAVAQALREAGDEFELRYRRA
Bcl-x, BH3mt2 Apsl h3tol EVI PMAAVKQALREI GDEFELRYRRA
Bcl-x, BH3mt3 K11 AIA ] h1+1to A; h3 to | EVI PMAAVAQALREIGDEFELRYRRA
Bcl-wBH3 wild-type - EGPAADPLHQAMRAAGDEFETRFRRT
Bcl-wBH3mt1 Hu1G h1+1to G EGPAADPLGQAMRAAGDEFETRFRRT
Bcl-wBH3mt2 Apsl h3 tol EGPAADPLHQAMRAIGDEFETRFRRT
Bcl-wBH3mt3 Hp11GIA 31 h1+1to G; h3 to | EGPAADPLGQAMRAI GDEFETRFRRT
Bcl-wBH3mt4 Hy1.1 GIM, LIA 51 h1+1to G; h2toL; h3 to | EGPAADPLGQALRAIGDEFETRFRRT
Mcl-1BH3 wild-type - SGATSRKALETLRRVGDGVQRNHETYV
Mcl-1BH3mt1 LpistA h1+1to A SGATSRKAAETLRRVGDGVQRNHETYV
Mcl-1BH3mt2 Vil h3tol SGATSRKALETLRRIGDGVQRNHETYV
Mcl-1BH3mt4 AL/l A h1toL; h1+1to A SGATSRKLAETLRRVGDGVQRNHETYV
Mcl-1BH3mt5 A L/IL, 1 AV 51 h1toL; h1+1to A; h3to | SGATSRKLAETLRRIGDGVQRNHETV
Bfl-1BH3-1 wild-type - PGSGPSKTSRVLQNVAFSVQKEVETKN
Bfl-1BH3-1mt3 S AVl h1+1to A; h3 to | PGSGPSKTARVLQNIAFSVQKEVETKN
Bfl-1BH3-1mt4 Sp1+1AlV 5l/Dmut h1+1 to A; h3 to I; conserved D PGSGPSKTARVLQNIADSVQKEVESKN
Bfl-1BH3-2 wild-type - AFSVQKEVEKNLKSCLDNVNVVSVDT

To test whether the h1 + 1 and h3 residues account for the own had little impact or were detrimental. However, when we
weak affinity of pro-survival BH3 domains for themselves or switched the unusual alanine at h1 and leucine at h1 + 1 (mt4,
other pro-survival proteins, we measured the binding of mutant ~ which on its own had little effect) together with exchanging the
peptides in which h1 + 1 was switched to an alanine, h3 was  h3 valine for isoleucine (mt5), a more significant improvement
switched to isoleucine (a residue commonly found at this posi-  in binding was observed for Mcl-1, although not for other pro-
tion in pro-apoptotic BH3 domains), or both residues were survival proteins (Table 2). These results are consistent with the
switched. (For clarity, in the figures we have referred to the crystal structure of Mcl-1 bound to its own (stapled) BH3 pep-
hl + 1 mutation as mtl, the h3 mutation as m¢2, and the h1 +  tide (52). The Bfl-1 BH3 was similar to the Mcl-1 BH3 in that no
1/h3 combination mutant as mt3; see Table 1 for further details improvements in binding for any pro-survival protein were
of sequences.) In the case of the Bcl-2, Bcl-x;, and Bcl-w BH3  observed following mutation of the hl + 1 plus h3 residues
domains, the binding affinities for most pro-survival proteins  (mt3). Additional mutation of the unusual phenylalanine (mt4)
increased with either mutation, although the hl + 1 (mtl) to the highly conserved aspartate generally found at this posi-
mutation usually had a greater impact, whereas combination tion also had no impact, even in the context of thehl + 1and h3
mutants (mt3) further increased binding, and in some cases, swaps (Table 2).
these affinities approached those determined for BH3 domains Hence, the physiochemical properties of the h1 + 1 and h3
from potent pro-apoptotic proteins (Table 2) (30-32). residues are critical for pro-survival protein-BH3 domain inter-

The Bfl-1 and Mcl-1 BH3 domains were different. In the case  actions and largely account for the low affinity of the Bcl-2,
of Mcl-1, the h1 + 1 (mtl) or h3 (mt2) substitutions on their =~ Bcl-x;, and Bcl-w BH3 sequences. However, the unusual nature

FIGURE 1. Pro-survival BH3 domains bind pro-survival proteins poorly. A, alignment of BH3 domains from pro-apoptotic and pro-survival Bcl-2 family
members. The four conserved hydrophobic residues h1-h4 are indicated (blue). Residues that distinguish pro-survival versus pro-apoptotic BH3 domains, h1 +
1 and h3, are shaded gray. Shown is killing activity of Bimg chimeras with the Bcl-x, (B), Bcl-2 (C), or Bcl-w BH3 (D) domains and their h1 + 1/h3 (mt3) mutants
in MEFs. E, Western blot showing relative expression of FLAG-tagged Bimg and Bimg chimeras expressed in Bax™/~/Bak~’~ MEFs. F, killing activity of the Bcl-2
BH3 domain, Bimg (positive control), or Bim¢4E (negative control) in MEFs co-expressing Noxa (to neutralize Mcl-1) or Bims4E as controls. Colonies were scored,
and numbers were expressed as a percentage of the number observed in cells transduced with Bim¢4E alone. G, co-immunoprecipitation of endogenous Mcl-1
from Bax~’~/Bak '~ MEFs expressing FLAG-tagged Bimg pro-survival BH3 chimeras. Western blots of immunoprecipitates (IP) and whole cell lysates (WCL)
were probed with anti-Mcl-1 and anti-FLAG antibodies. H, Bimg chimeras with mutant Bak BH3 domains fail to kill wild-type MEFs, unlike wild-type Bimg or a
chimera with the wild-type Bak BH3 sequence. Error bars, S.D. of n = 2-3 separate assays. In B-D, F, and H, colonies were scored 7 days after transduction, and
numbers are expressed as a percentage of the number observed in cells transduced with an inert Bimg mutant (Bim¢4E).
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TABLE 2

Relative binding affinities of native and mutant pro-survival and pro-apoptotic protein BH3 domains for pro-survival proteins measured by

solution competition assays

Boldface entries highlight interactions of pro-survival proteins with their own BH3 domain. Shown are are IC,, values in nmol = S.D. from n = 2—4 separate assays

measured by solution competition. ND, not determined; in the case of Bcl-2 mt1, this was due to the peptide being only poorly soluble.

Bel-x; Bcl-2 Bcl-w Mcl-1 Bfl-1
nmol nmol nmol nmol nmol
Pro-survival BH3 domain
Bel-x;,
Wild type 636 = 63 >10,000 3480 = 102 >10,000 2370 = 138
mtl (K, , ,A) 48 £ 26 816 * 168 146 = 39 363 £1 29 10
mt2 (A, ;I) 7110 = 448 >10,000 8000 = 185 647 * 100 3250 + 213
mt3 (K, ; ;A/AD 48 £1 406 = 97 45 * 4 24+3 76 *3
Bcl-2
Wild type 1130 + 137 >10,000 >10,000 >10,000 257 =3
mtl (Hy, , ;A) ND ND ND ND ND
mt2 (A,;]) 1700 * 67 6500 = 500 >10,000 142 =2 93*4
mt3 (H,, , ,A/Al 186 + 16 1680 * 76 2140 + 31 70+ 9 162
Bel-w
Wild type >10,000 >10,000 >10,000 >10,000 >10,000
mtl (H,, . ,G) 152 + 13 94+ 3 128 * 10 >10,000 182+ 3
mt2 (A, ;) 5900 = 16 4350 = 30 1970 = 182 1150 = 32 679 * 130
mt3 (Hy, , ,G/A5D 125 = 10 50+ 8 46 £ 6 509 + 18 30 + 14
Mcl-1
Wild type >10,000 >10,000 >10,000 5300 * 1210 >10,000
mtl (L, , ,A) >10,000 >10,000 >10,000 >10,000 ND
mt2 (V,;) >10,000 >10,000 >10,000 3250 + 116 ND
mt4 (A, L/L,, . ,A) >10,000 >10,000 >10,000 3780 *= 222 303 £9
mt5 (A, L/Ly, . A/V,5D) >10,000 >10,000 >10,000 664 * 49 150 = 19
Bfl-1
Wild type >10,000 >10,000 >10,000 >10,000 >10,000
BH3-1
mt3 (S, 1 A/V5D) >10,000 >10,000 >10,000 >10,000 >10,000
mt4 (S, +,A/V,;I/Dmut) >10,000 >10,000 >10,000 >10,000 >10,000
Bfl-1 BH3-2
Wild type >10,000 >10,000 >10,000 >10,000 >10,000
Pro-apoptotic
Bim
Wild type 16 =7 77 *1 182 15*3 74*1
Bak
Wild type 53+ 4 2960 = 604 929 * 80 20+1 52*1
mtl (G, . ,K) >10,000 ND ND 800 =73 ND
mt2 (I, , ,A) >10,000 ND ND >10,000 ND
Bax
Wild type 124+ 8 922 +1 332 76 £5 22+1

of these residues in the Mcl-1 and Bfl-1 BH3 domains does not
completely account for their weak affinity; hence, other resi-
dues that impair binding must also be involved.

Mutation of hl + 1 and h3 Residues in Pro-survival BH3
Domains Increases Their Cell Killing Activity—To gain further
insights into the specificity of pro-survival protein BH3
domains as well as their cell-killing potential, we next examined
their behavior in MEFs of different genotypes (wild type, Bcl-
x~ /7, Mcl-17'", and Bax™'~/Bak~'"). Here, we replaced the
BH3 domain of the BH3-only protein Bimg with different pro-
survival BH3 domain sequences or the mutant in which both
hl + 1 and h3 residues (mt3) were replaced with residues found
in pro-apoptotic BH3 sequences. Previous studies have shown
that similar Bimg chimeras adopt the binding profile of the
replacement BH3 sequence (31). We focused on the Bcl-x;,
Bcl-2, and Bcl-w sequences because specificity studies have pre-
viously been reported for the Mcl-1 BH3 domain (44, 52). In
long term (7-day) assays, the wild-type Bimg sequence was able
to potently suppress colony formation of all MEF cell lines
examined except for the Bax '~ /Bak ™'~ cells, consistent with
its ability to engage all pro-survival proteins with high affinity
and the fact that it also requires Bax and/or Bak for its cell
killing activity. By contrast, none of the Bimg chimeras with the
wild-type pro-survival BH3 sequences had any activity on any
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cell line except for the Bcl-2 BH3 chimera that killed Mcl-1~"~
MEFs (Fig. 1, B-D). Because neutralization of both Bcl-x; and
Mcl-1 is required for MEF cell killing (10), this result agrees
with the binding data showing that the Bcl-2 BH3 domain only
targets Bcl-x; (Table 2). In further agreement with the require-
ment for neutralization of multiple pro-survival family mem-
bers for MEF cell killing, the Bimg Bcl-x;  Bcl-2, and Bcl-w BH3
chimeras with the mutated BH3 domain were significantly
more active across the range of cell lines, consistent with their
increased affinity for multiple pro-survival protein targets
(Table 2). Notably, all Bimg BH3 chimeras expressed at levels
equivalent to wild-type Bimg except for the Bcl-x; BH3 chi-
mera, which expressed very poorly (Fig. 1E); hence, we cannot
draw any conclusion about the pro-death activity of this BH3
domain from these experiments. This weak expression, how-
ever, explains why it failed to impact Mcl-1~/~ MEF survival
despite its possessing a binding affinity for Bcl-x; similar to that
of the Bcl-2 BH3 domain, which displayed potent activity on the
same cells.

To further examine the requirement for Bak and/or Bax in
the activity of the wild-type Bcl-2 BH3 sequence, we generated
wild-type, Bax~'~, Bak™'~, or Bax~'~/Bak~'~ MEF cell lines
that overexpress Noxa to neutralize Mcl-1 or an inert Bim
mutant (Bimg4E) as a control and then co-expressed the Bimg
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Bcl-2 BH3 chimera. Consistent with the data above showing
that this chimera could only kill Mcl-1~/~ MEFs, wild-type cells
only died when Noxa was present (Fig. 1F). Moreover, this
activity is essentially entirely associated with Bak rather than
Bax because the Bax ™'~ cells died to a much greater extent than
those deficient in Bak. Because the Bcl-2 BH3 domain did not
show any appreciable binding to Bcl-2 itself, these data agree
with published data showing that neutralization of Bcl-2 is
required for Bax-mediated cell death, whereas Bak only
requires inhibition of Mcl-1 and Bcl-x; (10, 65).

The relatively weaker activity of the Bcl-w mutant chimera
on wild-type and Bcl-x '~ cells (but not Mcl-1~"" cells) is con-
sistent with the somewhat weaker binding affinity of this
mutant BH3 domain to Mcl-1 compared with the correspond-
ing Bcl-x; and Bcl-2 BH3 mutants (Table 2). This binding selec-
tivity was confirmed in co-immunoprecipitation experiments
where the Mcl-1 binding capability of the Bimg chimeras
reflected the relative affinities of the BH3 peptides (i.e. wild-
type Bim BH3 > Bcl-x; BH3 mutant > Bcl-2 BH3 mutant) (Fig.
1G), but the Bcl-w BH3 mutant chimera was not found to be
associated with any detectable Mcl-1, as also seen with the wild-
type Bcl-2, Bcl-x;, and Bcl-w BH3 domain chimeras.

These functional data strongly support the binding data for
the pro-survival protein BH3 domains showing that they gen-
erally bind weakly or highly selectively to pro-survival proteins,
and this is probably due to the unusual features of their h1 + 1
and h3 residues.

To further support this notion, we next examined pro-apo-
ptotic BH3 sequences. Our data would predict that the opposite
mutations at h1 + 1 and h3 in this context should reduce pro-
survival protein binding and impair cell killing activity. Indeed,
switching the small h1 + 1 residue (Gly”®) of the pro-apoptotic
Bak BH3 domain to a larger residue (lysine, mt1), as found in
Bcl-x,, or switching h3 (Ile®') to alanine (mt2) had a detrimen-
tal effect on binding of Bak BH3 synthetic peptides to both
Mcl-1 and Bcl-x;, the two key regulators of Bak (Table 2) (10).
Similarly, a Bimg chimera with its BH3 domain switched for the
wild-type Bak BH3 sequence was a potent killer of MEFs; how-
ever, BimgBak chimeras with the same hl + 1 (G75K) and h3
(I81A) mutations were inert (Fig. 1H). Combined, these data
confirm our hypothesis that the h1 + 1 and h3 residues of BH3
domains are critical for interactions with pro-survival proteins
and, hence, cell killing activity.

Cytochrome c Release Induction by the Bcl-x; BH3 Domain Is
Enhanced by hl + 1/h3 Mutations—The failure of the Bimg
Bcl-x; BH3 chimera to express well prevented us gaining fur-
ther insights into the binding specificity of that BH3 sequence
in a cellular environment. Because most of the published work
on the cell killing activity of pro-survival proteins has been on
Bcl-x with both the Bcl-xS splice variant and the caspase-
cleaved form of Bcl-x;, we examined the capacity of synthetic
peptides corresponding to this sequence to elicit cytochrome ¢
release from permeabilized MEFs of different genotypes. This
approach allows the ligand to be precisely titrated; hence, the
relative potencies of different sequences can be more accurately
established than when using transduction/overexpression
methods. Here, the Bcl-x; BH3 domain peptide demonstrated
no capacity to elicit cytochrome c release when tested at a high
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Bel-x BH3 (uM) BimBH3 (uM)

wt-MTS mt3-MTS wt o wt-MTS wt O
1%} 1%}

MEF: g 2

wild-type : ’

Bcl-x"

Mcl-1+

Bax”-/Bak™

WB: cytochrome ¢

FIGURE 2. Cytochrome c release assay with Bcl-x, BH3 peptides. Perme-
abilized MEFs were treated with the indicated concentrations of synthetic
peptides corresponding to the wild-type Bcl-x, BH3 domain (wt), the wild-
type Bcl-x, BH3 domain fused to a mitochondrial targeting sequence (wt-
MTS), or the Bcl-x, h1 + 1/h3 mutant BH3 domain fused to a mitochondrial
targeting sequence (mt3-MTS) (left) or the wild-type Bim BH3 domain (wt) or
the wild-type Bim BH3 domain fused to a mitochondrial targeting sequence
(wt-MTS) (right). The presence of cytochrome c released into the soluble frac-
tion following peptide treatment was determined by Western blotting (WB)
with an anti-cytochrome c antibody.

concentration (10 um) in any cell line (Fig. 2). In contrast, Bim
BH3 was effective at the same concentration in all cell lines
except for Bax~'~/Bak~'~ MEFs, consistent with its ability to
directly activate Bax and Bak and to bind all pro-survival pro-
teins as well as the essential role of Bax/Bak in mitochondrial
outer membrane permeabilization. Because the transmem-
brane domain of Bcl-xS is required for its pro-apoptotic activity
(49, 50), we tested the Bcl-x; BH3 peptide fused to a short mito-
chondrial targeting sequence (66) and now observed cyto-
chrome c release at 10 um in Mcl-1~'~ MEFs but not wild-type
or Bcl-x~'~ cells. Due to the requirement for neutralization of
Bcl-x; and Mcl-1 to induce MEF cell apoptosis, these data sup-
port the binding affinity data showing that the Bcl-x; BH3
domain targets Bcl-x; but not Mcl-1 and that membrane local-
ization increases pro-apoptotic activity, probably by increasing
the local concentration at the mitochondria, as previously
observed with other BH3 sequences (67). A similarly mitochon-
drially targeted Bim BH3 peptide was significantly more potent
(>100-fold) on all cell lines (Fig. 2), consistent with the higher
affinity of Bim BH3 for all pro-survival proteins. Finally, the
Bcl-x; BH3 h1 + 1/h3 mutant (mt3) sequence fused to the
mitochondrial targeting domain elicited cytochrome c release
from Mcl-1~'~, Bcl-x~'~, and wild-type MEFs at 1 um, but not
Bax~'~/Bak~'~ MEFs, consistent with the increased affinity of
the mutant sequence for all pro-survival proteins. Combined,
these data further support the binding data showing that the
unusual hl + 1 and h3 residues of the Bcl-x; BH3 domain
impair its binding affinity and reduce its selectivity for pro-
survival protein binding partners.

Mechanism of Cell Killing by the Caspase-cleaved, N-termi-
nally Deleted Form of Bcl-2—Previous studies have shown that
caspase cleavage of Bcl-2 converts it to a pro-apoptotic form
(AN34) that is dependent on its BH3 domain for cell killing (42).
Our binding (Table 2) and functional data (Fig. 1C) would pre-
dict that this is probably due to its ability to inhibit Bcl-x; . We
therefore tested Bcl-2AN34 in similar assays to those used for
the BimgBcl-2 BH3 chimeras (Fig. 1C), and consistent with
those data, we only observed an effect on Mcl-1~'~ MEF sur-
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FIGURE 3.Killing activity of Bcl-2AN34 in MEFs. Bcl-2AN34 only kills MEFs in
the absence of Mcl-1. Colonies were scored 7 days after transduction, and
numbers were expressed as a percentage of the number observed in cells
transduced with the vector alone. Error bars, S.D. of n = 2-3 separate assays.

vival but no other MEFs tested (Fig. 3). These data confirm that
both the BH3 peptide binding and Bim¢BH3 chimera data
reflect the activity of this pro-survival BH3 domain in its native
context.

Structural Basis for the Weak Affinity of Pro-survival BH3
Domains for Pro-survival Proteins—To gain structural insights
into why pro-survival BH3 domains bind pro-survival proteins
weakly compared with pro-apoptotic BH3 sequences, we
obtained x-ray crystallographic data for the complex of Bcl-x;.
with its own BH3 domain. This interaction is the tightest of the
pro-survival BH3 complexes (IC;, of 636 nm; Table 2) and
hence represented the most stable complex for structural stud-
ies. Itis also a biologically relevant interaction because the bcl-x
splice variant and caspase-cleaved forms of Bcl-x; are pro-apo-
ptotic, and this activity is associated with the Bcl-x; BH3
domain (48, 49). Moreover, because the h1 + 1 residue of pro-
apoptotic BH3 ligands projects into a tightly constrained region
of the canonical binding groove, it was of particular interest to
determine how large side chains (such as the lysine in the Bcl-x;.
BH3 domain) could be accommodated or whether the pro-apo-
ptotic activity of this sequence was associated with it binding at
an alternative, distal site.

We were able to obtain crystals of this complex and solved
the structure at 2.7 A resolution (Table 3, PDB entry 4CIN). To
aid crystallization we used a “loop deletion” construct of Bcl-x,
which has the large unstructured loop between the al and a2
helices removed and which has been used in several previous
structural studies on Bcl-x; BH3 ligand binding (16, 54, 56).
This construct forms a domain swap dimer involving the al
helix but has no impact on the canonical ligand binding groove.

The crystallographic asymmetric unit contains a whole
dimer, offering two independent views of how the ligand
engages its target. In this present structure, the general features
of both views of how the Bcl-x; BH3 domain engages Bcl-x, are
similar, and it occurs via the canonical binding groove, like the
binding of pro-apoptotic BH3 domains, such as Bim BH3 (Fig.
4A). In one of the molecules (molecule B), however, there are
some regions (e.g. @3 helix residues 105-113 of Bcl-x; and the N
terminus of the Bcl-x; BH3 ligand) where the electron density
was very poor, so we have restricted our analysis to molecule A,
where the entire structure is more clearly resolved, including
easily discernable density for the h1 + 1 residue of the ligand
(Fig. 4B). In this molecule, this unusual lysine residue extends
from the buried face of the BH3 helix toward the helix a4 and
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TABLE 3
Data collection and refinement statistics

Values in parentheses represent statistics for the highest resolution shell. Ram-
achandran statistics are as follows: Bel-x; *Bcl-x; BH3 structure (PDB code 4CIN),
94.77% in preferred regions, 4.9% in allowed regions, 0.33% in outlier regions; Bcl-w
BH3 mutant structure (PDB code 4CIM), 97.35% in preferred regions, 1.99% in

allowed regions, 0.66% in outlier regions.

Bcl-x; ‘Bcl-x; BH3

Bcl-w BH3 mutant

(PDB code 4CIN) (PDB code 4CIM)
Data collection
Space group P3,21 P2,
Cell dimensions
a, b, c(A) 73.26,73.26, 136.86 41.92, 60.73, 100.4:

a B, y (degrees)
Resolution (A)

90.0, 90.0, 120.0
50.00-2.70 (2.80-2.70)

90, 105.85, 90.0
50.00-1.50 (1.59-1.50)

Ry OF Riperge 0.093 (0.939) 0.072 (0.849)

ol 10.90 (1.03) 9.93 (1.57)

Completeness (%) 98.0 (97.7) 99.4 (96.5)

Redundancy 2.90 (3.00) 3.78 (3.64)
Refinement

Resolution (A)

46.525-2.69 (2.964-2.69)

44.229-1.50 (1.53-1.50)

No. of reflections 12,063 (1177) 51,625 (4996)
Roud Revee 0.193/0.271 (26.7/37.0)  0.186/0.210 (31.2/34.9)
No. of atoms 2619 2938

Protein 2214 2345

Ligand/ion 329 314

Water 76 279
B-Factors 474 26.5
Protein 47.4 24.6
Ligand/ion 54.8 48.3
Water 42.1 39.6
Root mean square

deviations
Bond lengths (A) 0.008 0.007
Bond angles (degrees) 1.15 1.01

out of the groove (Fig. 4, A and C). The N-terminal end of the
BH3 helix up to the h1 + 1 lysine residue of the ligand is also
forced out of the groove (Fig. 4C), probably as a consequence of
having to accommodate the large lysine residue in a tightly
restricted region of the binding site. This movement of the
ligand out of the groove, in turn, leads to the h1 hydrophobic
residue (a valine) preceding the lysine residue no longer being
buried, as occurs in most other BH3 complexes (Fig. 4D).
Hence, although the large lysine residue at hl + 1 can be
accommodated, this appears to significantly disrupt interac-
tions between the BH3 domain and the canonical binding
groove, probably accounting for the reduced binding affinity of
the interaction compared with pro-apoptotic BH3 domains.

Mutations in the BH3 Domain Influence Cellular Pro-sur-
vival Protein Stability—Our data on the unusual residues found
in the BH3 domains of pro-survival proteins could account for
their inability to readily form homodimers (21) and, therefore,
why they are unable to act like Bax and Bak to permeabilize the
outer mitochondrial membrane. Our data also suggest that pro-
survival proteins could be converted to Bax/Bak-like molecules
if their BH3 domains were mutated at the h1 + 1 and h3 posi-
tions to enhance potential homodimerization. We therefore
tested the ability of h1 + 1, h3, or h1 + 1/h3 mutants of Bcl-x;,
Bcl-2, and Bcl-w to kill MEFs deficient in both Bax and Bak. No
activity was observed for any mutant expressed on its own or in
combination with Bimg (to neutralize endogenous pro-survival
protein activity), unlike Bak when tested similarly (Fig. 5A).
Hence, mutations that make the BH3 and groove compatible
for association were not sufficient to convert pro-survival pro-
teins to pro-apoptotic proteins.

Among the possible explanations for these results are the
following: (i) the mutant pro-survival proteins are unable to
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A OBcl-x, OBcl-x BH3
[ Bcl-x, @BimBH3

C [ Bcl-x_ [Bcl-x BH3
[ Bcl-x, @BimBH3

D OBcl-x,_[Bcl-x BH3
EBimBH3

FIGURE 4. Crystal structure of Bcl-x, bound to its own BH3 domain. A,
overlay of the crystal structures of Bcl-x, bound to its own BH3 domain (Bcl-x,
molecule A (mauve) and Bcl-x, BH3 (green)) and bound to Bim BH3 (Bcl-x_
(light blue) and Bim BH3 (orange)). B, region of the electron density map show-
ingthelysineath1 + 1in the Bcl-x, BH3 peptide ligand. C, the N-terminal end
of the Bcl-x, BH3 peptide ligand (green) is displaced out of the binding groove
relative to the Bim BH3 domain (orange). D, the h1 hydrophobic residue in the
Bcl-x, BH3 domain (green) is not buried in the binding groove, unlike the
corresponding residue in Bim (orange). Similarly, hydrophobic contacts
between Bcl-x, and the h3 residue of the Bcl-x, BH3 ligand are greatly
reduced due to the small alanine residue here compared with the larger
hydrophobic residue found in all pro-apoptotic BH3 domains (such as the
isoleucine in Bim).

unlatch (21, 22); (ii) the affinities of the mutant pro-survival
proteins for their own (mutated) BH3 sequences are too low;
and (iii) expression levels of the mutant proteins are too low to
display a killing effect. Interestingly, when we examined the
expression of each of the pro-survival protein mutants, their
steady-state levels were significantly reduced compared with
the wild-type protein, with the hl + 1 substitution generally
having a greater effect than the h3 mutant and the combination
of hl + 1 plus h3 mutations showing a further reduction in
expression, especially for Bcl-x; and Bcl-w (Fig. 5B). Because
none of the constructs could Kkill cells, we could exclude the
possibility that there was selective pressure for low expression
in the cells to prevent them from dying. We therefore examined
whether the lower protein levels observed for the mutants was
due to a general expression defect or to the proteins being
destabilized/degraded by monitoring their half-lives following
treatment of the cells with cycloheximide to inhibit protein
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synthesis (Fig. 5C). In all cases, mutation of either h1 + 1 or h3
significantly reduced cellular half-life for each pro-survival pro-
tein, with the h1 + 1 mutation again having the greater impact,
although less than the combination of both substitutions. This
rapid degradation of the protein was mediated by the protea-
some because cellular levels were significantly higher in the
presence of the proteasome inhibitor MG132 (Fig. 5C). Hence,
not only do pro-survival protein BH3 domains influence their
capacity to engage themselves, but the stability of their struc-
tures is also dependent on the physicochemical properties of
the residues that distinguish them from pro-apoptotic BH3
sequences.

Multiple Interactions between ol and o2 Stabilize the Bcl-x;
Structure—Our data showing low cellular levels of the h1 + 1
mutants of pro-survival proteins suggested that contacts
between this residue and residues on the al helix might be
important for protein stability. In fact, in all pro-survival pro-
teins, there are similar hydrogen bonds or hydrophobic con-
tacts involving this residue (Fig. 6). We therefore further exam-
ined the importance of this and other interactions between the
al and a2 helices on pro-survival protein stability. Here, we
focused on Bcl-x; because removal of the N-terminal domain
following caspase cleavage (40) disengages all contacts between
the a1 and a2 helices; hence, the importance of these interac-
tions has a physiologically relevant context.

The crystal structure of Bcl-x; reveals a network of several
interactions between al and 2 helices (Fig. 7A4). The h1 + 1
residue, Lys®’, hydrogen-bonds to Glu” on al. Accordingly, an
E7A mutation also leads to lower steady state levels of Bcl-x;
(Fig. 7B) and reduced Bcl-x; half-life (Fig. 7C), although the
effect is significantly less pronounced compared with the K87A
mutation (mt1) (Fig. 5, Band C). Inspection of the crystal struc-
ture of Bcl-x; suggested that Lys®” could also potentially inter-
act with Asp'! if the interaction with Glu” was lost (e.g. through
the E7A mutation). Indeed, a D11A mutation had an impact
similar to that of the E7A mutation on Bcl-x; steady state levels
(Fig. 7B) and half-life (Fig. 7C), although this could also reflect
the loss of an additional interaction with the a2 (BH3) helix,
the Asp''-Arg®" salt bridge (Fig. 7A). Perhaps not surpris-
ingly, the R91A mutation had an effect similar to that of the
D11A mutation, but an E7ZA/D11A combination mutation
was more disruptive than the K87A mutation alone (Fig. 7B),
consistent with the importance of multiple interactions in
this region maintaining protein stability. In addition, Tyr'®
makes similarly important contacts; it hydrogen-bonds to
Asp®?, although the effect of a Y15A mutation was less dra-
matic compared with D95A (Fig. 7B), where steady state lev-
els were even lower than observed with the K87A mutant.
Interestingly, the Asp”® mutation did not have such a severe
effect on protein half-life; hence, the low steady state levels
perhaps reflect some alternative mechanism involved in con-
trolling Bcl-x; levels.

Combined, the above mutagenesis data suggest that the
caspase-cleaved (AN61) form of Bcl-x; must be very unstable
and poorly expressed due to the loss of multiple interactions
between the al and a2 helices. Indeed, we observed dramati-
cally reduced levels of this protein compared with wild-type
Bcl-x; when expressed in Bax/Bak-deficient MEFs (Fig. 7D).
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FIGURE 5. BH3 domain mutations destabilize pro-survival proteins. A, pro-survival proteins with “pro-apoptotic” BH3 domains do not kill Bax ™~ /Bak ™'~
MEFs, even when co-expressed with Bims. Colonies were scored, and numbers were expressed as a percentage of the number observed in cells transduced
with the pMIG vector only. Error bars, S.D. of n = 3 assays. B, mutation of the h1 + 1, h3 or both residues in pro-survival proteins significantly impacts
steady-state levels of FLAG-tagged pro-survival proteins in Bax™’~/Bak~’~MEFs. C, the reduced levels of pro-survival BH3 mutants are due to their shorter
half-life as a result of them being more rapidly degraded by the proteasome following cycloheximide (CHX) treatment. In B and C, Western blots (WB) of
equivalent cell lysates were probed with anti-FLAG antibody and then reprobed with anti-B-actin antibody to control for sample loading. The asterisk in C
indicates a nonspecific band that becomes apparent due to the longer exposure of this blot.

This suggests that caspase cleavage could also serve to reduce
Bcl-x; levels in cells and thereby reduce its pro-survival effect
rather than converting it into a pro-apoptotic molecule.
Crystal Structure of a Destabilized Bcl-w BH3 Mutant—As
demonstrated above, the h1l + 1 residue is important for pro-
survival protein stability through interactions with the a1 helix
(Figs. 5-7). The h3 residue is also important for pro-survival
protein stability (Fig. 5) probably because the methyl group(s)
of the h3 alanine (in the case of Bcl-x;, Bcl-2, and Bcl-2) or
valine (in the case of Mcl-1) project toward the core of the
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protein. We therefore attempted to obtain further structural
data on how the hl1 + 1 and h3 residues contribute to pro-
survival protein stability and why switching them to a pro-apo-
ptotic-type sequence leads to protein destabilization and deg-
radation. Although other pro-survival proteins were screened,
we were only able to obtain crystals of Bcl-w with its BH3
domain mutated: His to Glyathl + 1 and Ala to Ile at h3. Bcl-w
is also unusual in that it has a methionine at h2 in its BH3
domain; this was therefore switched to the canonical leucine
typically found at this position (Bcl-w mt4; Table 1).
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FIGURE 6. Structures showing interactions between the h1 + 1 residue of
the BH3 domain on pro-survival proteins and the a1 helix. In Bcl-x, (PDB
code 1PQO) (A), Bcl-2 (PDB code 2XA0) (B), and Bcl-w (PDB code 100L) (C), the
h1 + 1 residue makes hydrogen bond/salt bridges with residues on the a1
helix, whereas in Mcl-1 (PDB code TWSX) (D), the h1 + 1 leucine makes hydro-
phobic contacts.

Following purification of the Bcl-w mt 4 protein by gel filtra-
tion chromatography, we observed an elution profile different
from that for the wild-type protein (62). In the Bcl-w mt4 pro-
file, there was no monomeric protein apparent; instead, all of
the protein eluted at retention times consistent with a tetramer
and dimer. Despite the relatively poor resolution of these peaks,
we attempted to crystallize both forms and were able to obtain
crystals for the dimer and solved the structure at 1.5 A resolu-
tion (Table 3; PDB entry 4CIM).

Unexpectedly, the structure shows a dimer of two mutant
Bcl-w molecules, each bound to an extended peptide corre-
sponding to the a2 helix containing the mutated Bcl-w BH3
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domain (residues 38-58) plus part of the al-a2 connecting
loop (Fig. 8, A and B). This demonstrates that in a subpopula-
tion of Bcl-w mt4 molecules, the N terminus of the protein has
undergone extensive proteolysis, which was apparent in SDS-
PAGE analysis of the sample (Fig. 8C). This is unlike wild-type
Bcl-w, which migrates predominantly as a single band following
identical expression and purification protocols (Fig. 8C). The
dimer interface is unusual in that it is formed by the excised mt4
BH3 peptides facing each other in an anti-parallel arrangement
with reciprocal salt bridges forming between Arg*” on one pep-
tide and Asp®' on the other (Fig. 84). We suspect that this
dimer is a crystallographic artifact because it could not be reca-
pitulated by mixing purified monomeric wild-type Bcl-w with a
synthetic peptide corresponding to the ligand seen in the struc-
ture (data not shown). Nevertheless, the structure is very
informative because it shows that, consistent with the mamma-
lian cell expression data, the Bcl-w protein is destabilized when
its BH3 domain is switched with one that looks more like a
pro-apoptotic BH3 sequence. This destabilization allows the
BH3 domain to be excised away from the core of the protein.
We suspect that binding of an excised a2 helix to an intact/
uncleaved mutant Bcl-w then stabilizes that protein against
proteolysis. Otherwise, the overall structure of the uncleaved
Bcl-w mt4 in the crystal structure is similar to the native Bcl-w
(37, 68), although with some differences. Most notably, the a3
helix is very disordered in the mutant protein (although with
clearly visible electron density) (Fig. 8D), and the a2 helix is also
extended by one turn in the mutant (Fig. 8D). Because this
structure is the first complex of Bcl-w with a bound ligand,
there are no comparator structures to establish whether any of
the other differences observed are due to the mutated BH3
domain, although the general features of the interaction with
the BH3 peptide are very similar to those seen, for example, in
Bcl-x; or Mcl-1 complexes with BH3 peptides (11-14, 36).

DISCUSSION

The BH3 domains of the pro-apoptotic BH3 have been
extensively characterized. All bind to at least several pro-sur-
vival proteins with high affinity to either trigger the cell death
cascade (in the case of the BH3-only proteins) or to inhibit cell
death progression (in the case of Bax/Bak). By contrast, little
was known about the BH3 domain of pro-survival protein prior
to this report. Our studies of the isolated BH3 sequences show
that they significantly differ biochemically and functionally
from their pro-apoptotic counterparts, providing key insights
into their capacity to elicit a cell death response. Our data on
their role in their native context also reveal an important struc-
tural role, being critical for pro-survival protein stability.

Physiological Significance of the Low Affinity and Restricted
Specificity of Pro-survival BH3 Domains—Our binding analysis
of all pro-survival BH3 sequences with each pro-survival target
(i.e. 25 different combinations in total) revealed that they are all
significantly less capable of engaging either the pro-survival
protein from which they were derived or other pro-survival
molecules, compared with their pro-apoptotic counterparts.
Indeed, the few pro-survival BH3 interactions that were
measurable were typically in the hundreds nanomolar to low
micromolar range, whereas high affinity pro-apoptotic BH3
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FIGURE 7. Interactions between a1 and «2 helices stabilize Bcl-x, . A, close-up view of the Bcl-x, crystal structure (PDB code 1PQO) highlighting the network
of interactions between residues on the a1 and a2 helices. B, mutation of residues on a1 or a2 helices impacts steady-state levels of Bcl-x, in MEFs. A long (dark)
exposure is provided so that expression of the E7ZA/D11A mutant can be seen. C, the reduced levels of the mutants are due to their shorter half-life as they are
more rapidly degraded by the proteasome following cycloheximide (CHX) treatment. In Band C, Western blots (WB) of equivalent cell lysates were probed with
anti-FLAG antibody and then reprobed with anti-B-actin antibody to control for sample loading. The asterisk in C indicates a nonspecific band that becomes
apparent due to the longer exposure of this blot. D, Western blot of lysates of cells expressing full-length FLAG-tagged Bcl-x, and FLAG-tagged Bcl-x, AN61.The

asterisk indicates a nonspecific band.

sequences generally bind with IC,, values that are <100 nm
(30-32) (Table 2). These data are very consistent with the lim-
ited published binding data on pro-survival protein BH3
domains (although only affinities for Mcl-1 BH3-Mcl-1 and Bcl-
x; BH3-Bcl-x; have been reported previously) as well as other
studies showing that interactions with pro-apoptotic splice
variants such as Bcl-xS can be difficult to detect using
approaches such as co-immunoprecipitation (51, 52). It also
partly explains why chimeric pro-apoptotic proteins with pro-
survival protein BH3 domains fail to elicit cell death in certain
cell types (8).

The low affinity of these interactions and their specificity
profiles that we revealed have several implications for the bio-
logical functioning of pro-survival proteins and their variants,
such as splice variants or enzymatically cleaved forms. First, the
low affinity necessarily means that apoptosis is likely to only
ensue if intracellular concentrations of the BH3-exposed form
are high, particularly when the competing antagonizing inter-
actions (i.e. Bak/Bax-pro-survival protein) are typically of much
higher affinity. Indeed, even after we targeted the Bcl-x; BH3
domain to the mitochondrial membrane, it required >100-fold
more peptide to induce comparable levels of cytochrome c
release into the cytosol (a hallmark of apoptosis) than the BH3
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domain derived from the pro-apoptotic protein Bim (Fig. 2).
Nevertheless, it could be envisaged that high levels of pro-sur-
vival BH3 domain exposure might occur where expression of a
splice variant is significantly up-regulated, when a large pool of
pro-survival proteins undergo caspase cleavage during an apo-
ptotic response, or following enforced overexpression from
vectors with strong promoters, such as would be used in in vitro
studies. As such, our binding data highlight that apparently
weak BH3 domain interactions (i.e. in the 100 nm to 1 uMm range)
that have often previously been disregarded as being biologi-
cally relevant can have an impact on determining cell fate.

The pro-apoptotic potential of pro-survival proteins is fur-
ther reduced by the high specificity seen in the interactions of
their BH3 domains with pro-survival proteins (i.e. Mcl-1 BH3
only binds Mcl-1, Bcl-2 BH3 only binds Bcl-x; , and Bcl-x; BH3
only binds Bcl-x; and Bcl-w). Hence, in cells where multiple
pro-survival proteins are expressed, the pro-apoptotic forms of
these proteins might be completely ineffective at inducing cell
death on their own. We saw this in our studies with the Bimg
chimeras containing the Bcl-2 and Bcl-x; BH3 domains (Figs. 1
and 2) as well as with the physiologically important truncated
(caspase-cleaved) form on Bcl-2 (Fig. 3), which only impacted
MEF cell survival or mitochondrial integrity when Mcl-1 was

SASBMB

VOLUME 289-NUMBER 52-DECEMBER 26, 2014
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14

FIGURE 8. Crystal structure of Bcl-w with a “pro-apoptotic” BH3 domain.
A, crystal structure of the Bcl-w dimer formed by reciprocal salt bridges
between Arg-47 and Asp-51 on the excised Bcl-w BH3 domains (teal). The
position of the excised Bcl-w BH3 domain (residues 38 -58) within the intact
Bcl-w protein is shown in blue. B, view of the excised BH3 domain (teal) within
the canonical binding groove formed by helices a3-a4. C, Coomassie-stained
SDS-polyacrylamide gel showing that Bcl-w with a mutant BH3 domain is
extensively degraded following expression and purification from E. coli,
unlike the wild-type protein. D, the overall structure of the Bcl-w BH3 mutant
(mauve) is similar to native Bcl-w (yellow; PDB entry 100L without the C-ter-
minal “tail” region removed) (37), although the a3 helix is highly disordered
and the a2 helix is extended by one extra turn.

genetically deleted or neutralized. Our affinity and specificity
data on the Bcl-x; BH3 sequence also provide an explanation
for why several studies on Bcl-xS showed it could only sensitize
cells to apoptotic stimuli rather than kill on its own (48, 51)
Similarly, a synthetic cell-penetrating “stapled” form of the
Mcl-1 BH3 domain (Mcl-1 SAHB) was only able to induce
mitochondrial outer membrane permeabilization or kill cells
following co-treatment with other pro-apoptotic proteins, such
as tBid (the caspase-8 cleavage product of Bid) or TRAIL (52),
consistent with its restricted pro-survival protein binding pro-
file and relatively weak affinity (Table 2).

A more general insight that our affinity data provide is that
the weak capacity of pro-survival proteins to engage other pro-
survival proteins is potentially an important safety mechanism
to prevent unwanted apoptosis following events such as protein
unfolding or proteolysis that would expose the BH3 sequence in
the pro-survival molecules.

Distinguishing Features of Pro-survival Versus Pro-apoptotic
BH3 Domains Account for Differences in Binding Affinities—
Our structure-function studies show that the low affinity of the
pro-survival protein BH3 domains is largely due to their pos-
sessing several distinguishing features compared with pro-apo-
ptotic BH3 sequences, namely a large residue at the h1 + 1
position and a small residue at h3, especially in the case of the
Bcl-2, Bcl-x;, Bcl-w, and, to a lesser degree, Mcl-1 BH3
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sequences. The Bfl-1 BH3 domain probably possesses other
unusual features that reduce its capacity to bind Bcl-2 proteins,
although these were not explored in the current study. Interest-
ingly, in an early review, Kelekar and Thompson postulated that
these residues might be of functional importance in distin-
guishing pro-survival and pro-apoptotic Bcl-2 family members
(69), although no experiments were performed to explore this
possibility. In our studies, the importance of these residues was
demonstrated when they were mutated to the corresponding
residues in pro-apoptotic BH3 domains (i.e. h1 + 1 substituted
for a small residue and h3 substituted for a larger hydrophobic
residue). Moreover, these substitutions enabled most pro-sur-
vival BH3 domains to now bind to the parental protein from
which they were derived with high affinity as well as to most
other pro-survival proteins, and in many cases, the affinities
were close to that seen for pro-apoptotic BH3 sequences (Table
2). Moreover, these mutations also converted some isolated
pro-survival BH3 sequences from being mostly inert in cell kill-
ing assays to potent inducers of apoptosis across a range of MEF
cell lines, consistent with a gain in capacity to engage pro-sur-
vival proteins in the cell (Figs. 1 and 2).

Consistent with this finding, the corresponding residues in
Bak were also shown to be critical for its cell killing function, in
part because they have reciprocal biophysical properties; h1 + 1
is a small residue (glycine), whereas h3 is larger hydrophobic
residue (isoleucine instead of an alanine present in most pro-
survival BH3 sequences) (Fig. 14). In this context, switching
hl + 1 for larger residues and h3 for small residues was detri-
mental to Bak BH3 killing activity (Fig. 1H). Both hl + 1 and h3
residues in the BH3 domain of Bak are also important for its
antagonism by pro-survival proteins because the same muta-
tions lead to a dramatic loss in affinity for its key regulators,
Mcl-1 and Bcl-x; (Table 2).

Structural Basis for the Weak Affinity of Pro-survival Protein
BH3 Domains—Published structures of BH3 domains bound to
pro-survival proteins predict that the large hl + 1 residue in
pro-survival protein BH3 domains could be incompatible with
a canonical BH3-groove interaction due to the necessity to
accommodate this residue in a highly sterically restricted loca-
tion. This suggests that alternative interaction sites (e.g. such as
seen in interactions between activator pro-apoptotic BH3
domains and Bax (70)) might account for the cell killing activity
reported to be associated with the Bcl-x; and Bcl-2 BH3
domains.

Our crystal structure of the Bcl-x; ‘Bcl-x; BH3 peptide com-
plex, however, reveals that the canonical binding groove is the
most likely interaction site and therefore that pro-survival pro-
tein BH3 domains induce cell death signaling by mechanisms
similar to their pro-apoptotic counterparts. However, due to
the necessity to accommodate the large residue at the h1 + 1
position, the interaction is relatively poorly fitting, with this
lysine side chain extending out of the groove and preventing the
N-terminal end of the BH3 ligand from fully engaging the bind-
ing site. This unusual binding mode prevents formation of a
number of contacts with the protein that are otherwise seen in
pro-apoptotic BH3-pro-survival protein interactions (e.g. bur-
ial of the h1 hydrophobic residue), which probably contributes
to the relatively weak affinity of the interaction. The more
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extensive burial of a larger hydrophobic h3 residue in pro-apo-
ptotic BH3 domains compared with the smaller alanine residue
found in the majority of pro-survival BH3 sequences also prob-
ably accounts for the higher affinity of pro-apoptotic sequences
for pro-survival proteins. Interestingly, in the one other struc-
tural example of a pro-survival protein bound to its own BH3
sequence, that for Mcl-1 bound to a stapled Mcl-1 BH3 peptide,
a different manner of accommodating the large h1 + 1 residue
was observed (52). In that structure, the BH3 ligand is non-
helical at its N terminus, allowing the bulky leucine residue at
position hl + 1 to engage the pocket on Mcl-1 that is employed
for binding by the h1 residue of pro-apoptotic BH3 sequences
(11).

Most Pro-survival Proteins Are Unlikely to Form BH3-in-
groove Homodimers Like Bax/Bak—A conundrum in apoptotic
signaling regulated by the Bcl-2 pathway is why the multido-
main pro-survival and pro-apoptotic proteins have opposing
functions yet possess similar three-dimensional structures (34).
One possible explanation based on the results in this study is
that the distinguishing features of the pro-survival BH3
domains prevent most of them from efficiently assembling into
dimers (both homo- and heterodimers). Because dimerization
via a “BH3-in-groove” interaction is a critical first step toward
higher order oligomerization of Bax and Bak (19, 20), the inabil-
ity of most pro-survival proteins to readily form similar dimers
would thereby preclude them from forming pores in the mito-
chondria in the same manner as Bax and Bak. Interestingly, the
replacement of the hl + 1 and h3 residues within the BH3
domains of pro-survival proteins is not sufficient to convert
them to pro-apoptotic Bax/Bak-like molecules, despite their
increased capacity to engage themselves via their BH3 domain,
suggesting that additional sequence differences in other regions
that are important for pore formation (e.g. the a5 helix) may
also contribute to the inherent lack of mitochondrial pore
forming capacity. Indeed, it has been reported that replacement
of the Bcl-x; a5 with the corresponding sequence in Bax con-
verts it to a pro-apoptotic form (71). By contrast, another study
showed that caspase-mediated N-terminal cleavage of Bcl-x;.
was sufficient to cause it to induce cell death in Bax/Bak-doubly
deficient MEFs, indicating that it had been converted to a Bax/
Bak-like molecule (41), although we have been unable to pro-
duce similar results.? Interestingly, of the pro-survival proteins,
only Bcl-x; can bind its own native BH3 domain with submi-
cromolar affinity. Although this affinity is significantly lower
(10-100-fold weaker) than for typical pro-apoptotic BH3
domain-pro-survival protein interactions (30-32), it is in the
same affinity range as recently reported for the interaction of
Bax with its own BH3 domain (affinity information of the Bak-
Bak BH3 domain interaction is not yet available) (21), suggest-
ing that Bcl-x; could potentially form similar BH3-in-groove
homodimers, which is also supported by our structural data
(Fig. 4). In addition, other structural studies have shown that
stimuli such as heating or high pH can induce Bcl-x; to undergo
the types of conformational changes (i.e. dissociation of core
and latch domains) recently shown to occur when Bax and Bak

3E.F.Lee and W. D. Fairlie, unpublished data.
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are activated (21, 22, 72). Hence, if cellular stresses downstream
of caspase activation could produce the same conformational
changes, then this might explain how the N-terminally trun-
cated Bcl-x; could be converted to a Bax/Bak-like molecule,
notwithstanding the aforementioned report (71) indicating the
requirement for the a5 replacement.

Very early studies on the caspase-cleaved form of Bcl-2 also
suggested that its pro-apoptotic activity was associated with its
conversion to a Bax-like death effector protein (42), although at
that time, Bax/Bak-doubly deficient cells were not available to
dissect the mechanism for this cell killing. Indeed, our results
show that this N-terminally deleted form of Bcl-2 has no activ-
ity in Bax~'~/Bak~'~ cells (Fig. 3) and more likely functions
like a BH3-only protein that specifically antagonizes Bcl-x; and
becomes activated when the BH3 domain is exposed following
caspase-3 cleavage, analogous to tBid activation by caspase-8.
This is consistent with our binding data showing that Bcl-2 is
unlikely to readily form BH3-in-groove homodimers and func-
tion like Bax and Bak, due to its weak affinity for its own BH3
domain.

BH3 Domains Are Critical for Pro-survival Protein Stability—
A further explanation for why the BH3 h1 + 1 and h3 mutations
were not sufficient to convert pro-survival proteins to Bax/Bak-
like proteins is that those mutations appear to be destabilizing
to the protein, leading to its proteasomal degradation and low
cellular levels (Fig. 5). This instability is reflected in aspects of
our crystal structure of a Bcl-w mutant with a “pro-apoptotic”
BH3 sequence (Fig. 8). Unlike native Bcl-w, the mutant protein
was sensitive to bacterial proteases during expression and puri-
fication from Escherichia coli. Hence, it appears that the pres-
ence of a pro-apoptotic BH3 sequence led to some degree of
protein unfolding, where cleavage sites within the a1-a2 inter-
connecting loop as well as at the end of the BH3-containing a2
helix became exposed. These proteolytic cleavages resulted in
the excision of a Bcl-w (mutant) BH3 domain, which then
bound into the groove of another intact mutant Bcl-w mole-
cule, as well as removal of the N-terminal fragment containing
the BH4 domain. A similar phenomenon is observed in Bak,
where, upon its activation via different apoptotic stimuli, cal-
pain cleavage sites are exposed at positions analogous to the
cleavage sites we observed in the Bcl-w mutant, leading to frag-
mentation into similar BH3 and BH4 domain cleavage products
(8). Hence, these data demonstrate that the overall stability of
pro-survival protein structure is not compatible with posses-
sion of a “pro-apoptotic” type BH3 domain that would enable it
to form a stable BH3-in-groove dimer.

One reason for this destabilization following the h1 + 1 sub-
stitution, at least in the case of Bcl-x;, is that this residue is one
of a number that participate in interactions between the al
helix and the core of the structure (Figs. 5-7). It appears from
our data that the “release” of the a1 exposes epitopes (perhaps
on either al or «2) that facilitate proteasomal targeting of the
protein. Indeed, this could be a mechanism to prevent
unwanted cell death induction by Bcl-x; via its BH3 domain
following events such as protein unfolding or proteolysis. Pre-
viously, Mason et al. (73) reported that a point mutation of a
tyrosine residue (Y15C mutation) on «l that engages a2 on
Bcl-x; resulted in decreased Bcl-x; half-life, which concurs
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with our data on the Y15A substitution (Fig. 7). Critically, this
mutation had significant biological consequences because it
resulted in the premature death of platelets in vivo (73). Because
platelets are predominantly dependent on Bcl-x; for their sur-
vival, its rapid elimination caused their accelerated demise.
Hence, the apparent pro-apoptotic effect of N-terminally
truncated Bcl-x; could also be partly a result of Bcl-x; destabi-
lization and degradation, providing less effective “buffering”
against pro-apoptotic proteins within the cell, rather than
direct activation of the apoptotic cascade. Consistent with this
idea, we show that this form of Bcl-x; is expressed at signifi-
cantly lower levels than the full-length form (Fig. 7D). Similar
low level expression of N-terminally deleted Bcl-2 has also been
reported previously (42).

A Distinct Class of BH3 Domains—Currently, BH3 domains
can be viewed as falling into two categories. First, there are
those that act purely as ligands. These include the BH3 domains
of BH3-only proteins but also those on proteins such as Mule
(74) and Beclin-1 (75), which have roles in mediating protein-
protein interactions that are not directly involved in the apo-
ptotic cascade. Those in the second category have dual roles as
ligand and receptor. These include the BH3 domains of Bax and
Bak. These BH3 domains are critical for mediating interactions
with pro-survival proteins as well as in Bax/Bak homodimeriza-
tion, the critical first step in apoptotic mitochondrial pore for-
mation. The BH3 domain in Bax/Bak also has a critical struc-
tural role whereby it is an integral part of the structure of the
inactive protein, the receptor for transient engagement with
activator BH3-only proteins. The data in this paper demon-
strate that BH3 domains from pro-survival proteins form a
third distinct category. Although they have a weak capacity to
act as ligands, their primary function is structural. They main-
tain the integrity of the receptor site on the pro-survival protein
through critical contacts with the a1 helix that prevent expo-
sure of epitopes that signal their proteosomal degradation.

Note Added in Proof—Grace J. Gold’s contributions to this article
fulfill the JBC authorship criteria, but her authorship was inadver-
tently omitted from the version of the article that was published on
November 3, 2014 as a Paper in Press.
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