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Bcl-2 family proteins survival Bcl-2 family proteins act as cell guardians and protect cells against death. Selective binding and
Apoptosis

neutralization of BH3-only proteins with pro-survival Bcl-2 family proteins is critical for initiating apoptosis. In
this study, the binding assay shows that the BH3 peptide derived from the BH3-only protein Bmf has a high
affinity for the pro-survival proteins Bcl-2 and Bcl-xL, but a much lower affinity for Mcl-1. The complex struc-
tures of Bmf BH3 with Bcl-2, Bel-xL and Mcl-1 reveal that the a-helical Bmf BH3 accommodates into the ca-
nonical groove of these pro-survival proteins, but the conformational changes and some interactions are different
among the three complexes. Bmf BH3 forms conserved hydrophobic and salt bridge interactions with Bcl-2 and
Bcl-xL, and also establishes several hydrogen bonds to support their binding. However, the highly conserved Asp-
Arg salt bridge is not formed in the Mcl-1/Bmf BH3 complex, and few hydrogen bonds are observed. Further-
more, mutational analysis shows that substitutions of less-conserved residues in the a2-a3 region of these pro-
survival Bcl-2 family proteins, as well as the highly conserved Arg, lead to significant changes in their binding
affinity to Bmf BH3, while substitutions of less-conserved residues in Bmf BH3 have a more dramatic effect on its
affinity to Mcl-1. This study provides structural insight into the specificity and interaction mechanism of Bmf
BH3 binding to pro-survival Bcl-2 family proteins, and helps guide the design of BH3 mimics targeting pro-
survival Bcl-2 family proteins.

Pro-survival Bcl-2 family protein
BH3-only protein
Bmf

1. Introduction subdivided into "activators" (Bid, Bim, Puma) and "sensitizers" (Bik, Hrk,
Bmf and Noxa) [6]. Activators can isolate pro-survival Bcl-2 family
proteins and directly activate Bax/Bak, while sensitizers mainly target

pro-survival Bcl-2 family proteins. In either case, the binding of

Bcl-2 family proteins are central regulators of the endogenous
apoptotic pathway [1,2]. The delicate balance between pro-survival and

pro-apoptotic members determines cell fate. Activation and oligomeri-
zation of pro-apoptotic members Bax/Bak in response to cellular stress
stimulation leads to mitochondrial outer membrane permeability
(MOMP) and initiation of apoptosis [3,4]. Pro-survival proteins,
including Bcl-2, Bcl-xL, Bel-w, Mcl-1 and Bfl-1/A1, inhibit pro-apoptotic
proteins and MOMP [5]. Cancer cells frequently overexpress
pro-survival Bcl-2 proteins to inhibit apoptotic signaling [6]. BH3-only
proteins are a unique group of pro-apoptotic proteins that share only
the homologous BH3 domain with other members [5,7,8], and are

* Corresponding author.

BH3-only proteins to pro-survival Bcl-2 family proteins is required for
the activation of pro-apoptotic proteins and subsequent cell death
[9-11].

Structural studies have demonstrated a canonical interaction mech-
anism between BH3-only proteins and pro-survival Bcl-2 family pro-
teins. The BH3 domain of the BH3-only protein, which is characterized
by four hydrophobic residues (h1-h4) and an invariant aspartic acid (h3
+ 2) (Fig. S1), forms an amphipathic helix and binds to the hydrophobic
groove of pro-survival Bcl-2 family proteins. The properties of the BH3
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domain as well as the hydrophobic groove result in their binding spec-
ificity and selectivity. Given the interaction mechanism, an anti-cancer
therapy called "BH3-mimetic drugs" has been developed. These drugs
mimic the function of BH3-only proteins, which selectively bind to and
antagonize specific pro-survival Bcl-2 family proteins to activate
apoptosis in malignant cells [12,13].

Mouse Bmf was first isolated by yeast two-hybrid technique using
Mcl-1 as a bait [14]. Under physiological conditions, endogenous Bmf is
anchored to the Dynein Light Chain (DYNLL) of the cytoskeleton and
constantly senses intracellular changes [15,16]. Once the cell is stimu-
lated by stress, Bmf is transferred to the mitochondria and binds to
pro-survival Bcl-2 members to trigger apoptosis [15-17]. Several studies
have shown that Bmf and Bim act synergistically [18,19]. Bmf leads to
the release of Bim via displacement, while Bim is able to inhibit all
pro-survival Bcl-2 family proteins or activate Bak/Bax by binding with
high affinity to their canonical BH3 binding groove [20-23]. However,
Bmf has been shown to bind and directly activate Bak through an
alternative binding groove [24], and Bmf has a strict selectivity toward
pro-survival Bcl-2 family proteins [25].

In this study, we determined the binding affinities of Bmf BH3 for the
pro-survival proteins Bcl-2, Bcl-xL and Mcl-1, and then resolved the
complex structures of Bmf BH3 with Bcl-2, Bel-xL and Mcl-1. In addition,
we analyzed the binding specificity determinant in the sequences of the
pro-survival Bcl-2 family proteins and Bmf BH3. These structural and
functional analyses elucidate the interaction mechanism of Bmf BH3
selectively binding to pro-survival proteins, and also bring new insights
into the development of BH3-mimetic drugs.

2. Results
2.1. Ability of Bmf BH3 binding to Bcl-2, Bcl-xL and Mcl-1

The pro-apoptotic activity of BH3-only protein is mainly manifested
by binding ability to pro-survival Bcl-2 family proteins. Hence, we
measured the binding affinity of Bmf BH3 toward three pro-survival
proteins Bcl-2, Bcl-xL and Mcl-1 by fluorescence polarization assay
(FP). We obtained soluble recombinant proteins by removing the C-
terminal transmembrane domain of Bcl-2, Bcl-xL and Mcl-1 and the N-
terminal PEST region of Mcl-1 (namely Bcl-2AC32, Bcl-xLAC25 and Mcl-
1AN170AC23). A 25-residue fluorescent Bmf peptide (FITC-Bmf BH3)
derived from the BH3 domain of Bmf was used. The FITC-Bmf BH3
bound tightly to Bcl-2 and Bcel-xLwith dissociation constant (Kd) values
of 5.2 nM and 5.1 nM, respectively, while its binding affinity for Mcl-1
was decreased by 40-fold with a Kd of 185 nM (Table 1). The different
binding abilities of Bmf BH3 to Bcl-2, Bcl-xL and Mcl-1 may indicate
their functional distinction in the apoptotic process [26,27].

2.2. Conformational changes in the a2-a4 region of Bcl-2, Bcl-xL and
Mcl-1 upon binding to Bmf BH3

To further understand the binding specificity of Bmf to different pro-
survival Bcl-2 family proteins, we tried to determine their structures by
X-ray crystallography. For crystallization, we used Bcl-2 and Bcl-xL
constructs with large unstructured loops removed. We used a 25-mer

Table 1

Binding affinities of Bim BH3 and Bmf BH3 with Bcl-2, Bcl-xL and Mcl-1.
Proteins Bcl-2 Bel-xL Mcl-1
Peptide (Kd)
Bim BH3 6.1 £ 0.3 nM 4.4 £ 0.9 nM 5.8 £ 0.1 nM
Bmf BH3 5.2+ 0.3nM 5.1 £ 0.4 nM 185 £ 9.6 nM

Fluorescence polarization assay was performed to determine the dissociation
constants (Kd) of fluorescently labeled Bim BH3 or Bmf BH3 bound to Bcl-2, Bcl-
xL, and Mcl-1. All assays were independently performed three times, and Kd was
determined by nonlinear regression analysis.
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Bmf BH3 peptide and a 21-mer Bmf BH3 peptide to crystallize with
these proteins and obtained the structures of Bel-xL (Bcl-xLAC25ALoop)
with 25-mer Bmf BH3 peptide, Bcl-2 (Bcl-2AC32ALoop) with 21-mer
Bmf BH3 peptide and Mcl-1 (Mcl-1AN170AC23) with 21-mer Bmf
BH3 peptide with resolutions of 2.88, 2.96 and 1.96 A, respectively
(Table S1-2). Compared to the apo structures [28-30], Bmf BH3 induces
different conformational changes in these pro-survival proteins. In the
Bcl-2/Bmf BH3 complex, the a2 terminal and a3 helix of Bcl-2 shift away
to accommodate the Bmf BH3 peptide (Fig. 1A). Bcl-xL forms an opened
V-shaped structure with a4 close to the peptide and a3 becoming less
helical and away from the Bmf BH3 peptide (Fig. 1B). Moreover, the
orientation of Tyr-101 and Phe-105 at the a2-a3 junction shifted. This
conformational shift is also observed in the structures of Bcl-xL with Bim
BH3 (PDB: 4QVF) [31], Bid BH3 (PDB: 4QVE) [31], Bak BH3 (PDB:
1BXL) [32] and Puma BH3 (PDB: 2M04) [33], and the structure of Bcl-2
with Bax BH3 peptide (PDB: 2XA0) [34]. In contrast to the major
conformational changes at the a2, a3 and a4 regions of Bcl-2 and Bcl-xL,
Mcl-1 conformation in the Mcl-1/Bmf BH3 structure is slightly changed
from the apo structure upon binding to Bmf (Fig. 1C).

Although the overall structures of Bmf BH3 in complex with Bcl-2,
Bcl-xL and Mcl-1 have high similarity, each structure displays unique
features. To better understand specificity determinants of pro-survival
Bcl-2 family proteins and BH3, we then made a detailed comparison
of hydrophobic and hydrophilic interactions in these complexes.

2.3. Bcl-2, Bcl-xL and Mcl-1 bind Bmf BH3 through a hydrophobic
groove

Bcl-2, Bel-xL and Mcl-1 interact with the Bmf BH3 peptide in a ca-
nonical mode. The Bmf BH3 peptide folds into an a-helix and inserts into
the hydrophobic groove of Bcl-2, Bel-xL or Mcl-1. Four hydrophobic
residues of Bmf BH3, Ile-133, Leu-137, Ile-140 and Phe-144, occupy the
four hydrophobic pockets of Bcl-2, Bcl-xL. and Mcl-1, while the
conserved Asp-142 and other polar residues of Bmf BH3 form hydro-
philic interaction on either side of the grooves (Fig. 2A-C). The shapes of
the small hydrophobic pockets and surface electrostatic potential of Bcl-
2, Bel-xL and Mcl-1 are different.

Bcl-2 and Bel-xL are highly conserved pro-survival Bel-2 family
proteins, with 45 % sequence identity (Fig. S1). They both bind potently
to Bmf BH3. The complex structures of Bcl-2/Bmf BH3 and Bcl-xL/Bmf
BH3 provide a molecular mechanism for the high binding affinity. In the
Bcl-2/Bmf structure, Tle-133%™ at h1 position interacts with Val-1335¢2
and Leu-119%%"2 in the P1 pocket (Fig. 2D). Phe-153%2 and Phe-112B¢"
2 constitute the bottom of P2 and P3 pockets, and are surrounded by
residues Met-115""2, Leu-137%%2, Ala-1495"2, Phe-104%<2 and Tyr-
1082 to ensure hydrophobic interactions with h2 and h3 residues Leu-
137%™ and Tle-140®™, The h4 residue Phe-144%™ is stretched to the
distal P4 pocket and interacts with Ala-10052, Gly-1455%2 and Val-
1482, These hydrophobic residues involved in interactions with Bmf
BH3 are mostly conserved between Bcl-2 and Bel-xL (Fig. 2E). However,
the orientation flip of Tyr-1015*" and Phe-105%*" at the a2-a3 corner
of Bcl-xL results in some obvious differences in the P3 pocket and the
edges. Tyr-1015*L (corresponding to Tyr-10852) constitutes the edge
of P2 pocket and the base of P3 pocket of Bcl-xL, whereas Phe-1055¢%0
(corresponding to Phe-11282) is exposed to solvent.

In the Mcl-1/Bmf BH3 complex, Bmf BH3 is also accommodated in
the hydrophobic groove of Mcl-1. Mcl-1 residues are conserved with
those of Bcl-2 and Bcel-xL, such as P1 pocket, Phe-270M! and Phe-
228Mel1 in the bottom of P2 and P3 pockets (Fig. 2F). However, this
conserved Phe-270M%! grientates a3 helix of Mcl-1, while the homol-
ogous Phe-15352 (or Phe-1465*) orientates a4 helix. Distinct from
Bcl-2 and Bcl-xL, the P4 pocket of Mcl-1 is much flatter and has shal-
lower interaction with the h4 residue Phe-44"™ (Fig. 2C, F). Thr-266M"
! His-224M"1 val-220M and val-216M%! in the periphery of P3
pocket and P4 pocket are non-conserved with the corresponding resi-
dues in Bcl-2 and Bcl-xL (Fig. 2G). Overall, Bcl-2 and Bcl-xL have similar
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Fig. 1. The overall structures of Bmf BH3 in complex with Bcl-2, Bcl-xL and Mcl-1. A, Cartoon representation of the structural comparison of Bcl-2/Bmf BH3 with
Apo Bcl-2 (PDB ID 1G5M). B, Cartoon representation of the structural comparison of Bel-xL/Bmf BH3 with Apo Bel-xL (PDB ID 1MAZ). The orientation of Tyr-101 and
Phe-105 are shown as sticks. C, Cartoon representation of the structural comparison of Mcl-1/Bmf BH3 with Apo Mcl-1 (PDB ID 6QB3).
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Fig. 2. Comparison of hydrophobic pockets of Bcl-2, Bel-xL, and Mcl-1. A-C, Electrostatic potential surface view of Bcl-2, Bel-xL and Mcl-1. The Bmf BH3 peptide is
shown as cartoon. Four hydrophobic residues (h1, h2, h3, h4) and the Asp-142 are shown as sticks. D-F, Surface representation of the BH3 binding groove of Bcl-2,
Bcl-xL and Mcl-1. The four hydrophobic pockets (P1-P4) and residues are highlighted and labelled. G, Hot-spots residues in P1-P4 pockets of Bcl-2, Bcl-xL and Mcl-1.

interactions with Bmf BH3, with only some differences in conforma- also play critical roles in the interaction of Bcl-2, Bel-xL and Mcl-1 with
tional changes, whereas Mcl-1 has distinct interactions with Bmf BH3. Bmf BH3. At the a4-a5 region, a highly conserved salt bridge interaction
is canonically observed between the conserved Asp of BH3 domain and

. . . the conserved Arg of Bcl-2, Bel-xL and Mcl-1. The Asp-142Bmf ath3 +2

2.4. Comparison of the interface of Bmf BH3 with Bcl-2, Bel-x1 and Mcl- position also formed a conserved salt bridge interaction with Arg-146B°1'
1 2 (Fig. 3A) or Arg-139Bd'XL (Fig. 3C). Other hydrophilic contacts are

. i . mainly contributed by non-conserved residues of Bmf BH3. For Bcl-2,
In addition to the hydrophobic P1-P4 pockets, hydrophilic contacts
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Fig. 3. Detailed contacts in the Bcl-2/Bmf BH3, Bcl-xL/Bmf BH3 and Mcl-1/Bmf BH3 complex. A-C, Detailed interactions of Bmf BH3 with the a4-a5 helix of Bcl-2,
Bcl-xL and Mcl-1. D-F, Detailed interactions of Bmf BH3 with the a2-a3 helix of Bcl-2, Bcl-xL and Mcl-1. The involved residues are shown as sticks. The black lines

represent hydrogen bonds. The red spheres represent water molecules.

Gln-138%™ at h2 + 1 position establishes hydrogen bond interactions
with Leu-136%%2 as well as hydrogen bond interactions with the
backbone of a4 (Fig. 3A). For Bcl-xL, Gln-138%™ at h2 + 1 position es-
tablishes hydrogen bond interactions with Arg-139%<™*! (Fig. 3C). His-
1455 at h4 + 1 position interacts with Tyr-202Bd'2 at the C-terminal
a8 helix. At the a2-a3 region, side chain of GIn-143%™ at h3 + 3 position
forms a direct hydrogen bond with Tyr-lOSBd’Z(Fig. 3B), while a
hydrogen bond is formed between Gln-1435™ backbone and Arg-1005¢"
*L (Fig. 3D). In addition, although the density of the basic group of Lys-
136%™ at h1 + 3 position is weak, the positively charged Lys-136"™ is
likely to be attracted by the negatively charged a3 of Bel-2 (Asp-1118-2
Glu11482) (Fig. S2A). Notably, h1-3 position of Glu-130%™ interacts
with the N-terminal o4 helix of Ser-1225¢"*L, and this hydrogen bond is
also observed in the structure of Bel-xL with Bim BH3 [31] (Fig. S3B-C),
which may explain the N-terminal extension of the Bmf BH3 peptide
contributing to crystallization with Bcl-xL.

Compared to Bcl-2 and Bcl-xL, Mcl-1 has little hydrophilic interac-
tion to help stabilize Bmf BH3. First of all, the conserved Asp—142Bmf did
not form a salt bridge with Arg-263M°1'1, but instead formed a water-

FITC-Bmf BH3 ~ Kd

FITC-Bmf BH3  Kd

mediated hydrogen bond (Fig. 3E). GIn-1385™ at h2 + 1 position only
contributes a hydrogen bond with backbone of a4 (Fig. 3E). Electrostatic
and hydrogen bond interactions were not observed in the C-terminal o8
helix and o2-a3 region (Fig. 3F). Overall, deficiency of electrostatic and
hydrogen-bond interactions in Mcl-1/Bmf BH3 complex may be a major
reason for their lower binding affinity.

2.5. Role of Bcl-2, Bcl-xL, and Mcl-1 mutations on Bmf BH3 interactions

To better characterize the determinants for different pro-survival
Bcl-2 family proteins to Bmf BH3, we mutated the conserved Arg and
the involved a2-a3 residues of Bcl-2, Bel-xL and Mcl-1, and then
measured the binding affinity of these mutants to Bmf BH3 by FP assay.
The Kd values of R146AP2 R139AP™ and R263AMY"! to FITC-Bmf
were 622.6 nM, 1.24 pM and 49 pM (Fig. 4A-C), respectively. Consis-
tently, mutations of the conserved Arg reduced the binding affinity of
Bcl-2 and Bcl-xL to Bmf BH3 by 120 and 240 folds, respectively. Unex-
pectedly, although Arg-263Md'l did not form salt bridge interactions
with Bmf, the mutant R263AMM also caused a 260-fold reduction in

FITC-Bmf BH3 ~ Kd

A - WT 5+0.3nM c
R146A | 622:61nM - WT 5:0.4nM - WT [ 185:9nM
Y108A | >100uM R139A | 1248:41nM R263A | 49:6uM
—4— A227D | 49+4nM
— DI11A | >100pM 100 = RI100A | >1004M 100
o
100 e 7y
& & 50+ & 50
50
0_
T T T 1 0 | yefind T 1 0 T T T
10-10 108 10 10+ 10-10 106 106 10+ 106 106 10+
Bcl-2, M Bel-xL, M Mcl-1, M

Fig. 4. Binding affinity of Bcl-2, Bcl-xL and Mcl-1 mutants to Bmf BH3. A-C, Fluorescence polarization assay was performed to determine the Kd values of fluo-
rescently labeled Bmf BH3 bound to WT or mutant Bcl-2, Bel-xL and Mcl-1. Kd was determined by nonlinear regression analysis. Data are represented as the mean
=+ SD of 3-4 independent experiments. WT, wild-type.
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Fig. 5. Comparison of the interactions of Bim BH3 and Bmf BH3 with Mcl-1. A, Overlay structures of Mcl-1/Bim BH3 and Mcl-1/Bmf BH3 complexes. B, Mcl-1 in
complex with Bmf BH3. C, Mcl-1 in complex with Bim BH3 (PDB ID 2PQK). The amino acids involved in the interactions are shown as sticks. Hydrogen bonds are
shown as black dashed lines. D, Sequence alignment of the BH3 domain of Bim, Bmf and mutant Bmf, and their inhibition constant (Ki) for Bcl-2, Bcl-xL and Mcl-1.
Fluorescence polarization competition assay was used to detect the Ki of unlabeled Bim BH3 or Bmf BH3 peptides in competition with fluorescently labeled Bim BH3
for Bcl-2, Bel-xL, and Mcl-1. All assays were independently repeated three times and Ki was determined by one-site competition analysis.

binding affinity (Fig. 4C). This indicates that the water-mediated inter-
action of Arg-263M! with Asp-1425™ is still essential for maintaining
Mcl-1/Bmf binding.

Notably, mutations of a2-a3 residues in Bcl-2 and Bcl-xL had a sig-
nificant effect on their affinity for Bmf BH3. The mutants Y108A52,
D111A%2 and R100AP"™" all showed an affinity greater than 100 pM
(Fig. 4A-B). In contrast, substitution of Ala-227M"! with Asp at the
corresponding site of Bel-2 (D1113%2) increased the affinity of Mcl-1 for
Bmf BH3 to 49 nM, approximately 4-fold higher than that of wild-type
(Fig. 4C). These results suggest that these less conserved residues
located in the a2-a3 region of Bcl-2, Bel-xL and Mcl-1 contribute to their
binding specificity to Bmf BH3.

2.6. Comparison of the interactions of Bim BH3 and Bmf BH3 with Bcl-2,
Bcl-xL and Mcl-1

Several studies have reported that Bim and Bmf have similar locali-
zations and functions [15,35-37]. Structurally, Bmf and Bim share
highly similar BH3 domain, and the four hydrophobic residues (h1-h4)
are identical. However, different from Bmf, Bim BH3 peptide (FITC-Bim
BH3) could bind tightly to Bcl-2, Bel-xL and Mcl-1 with Kd values of
6.1 nM, 4.4 nM and 5.8 nM, respectively (Table 1). When we used the
unlabeled Bmf BH3 peptide to compete with FITC-Bim BH3 for these
three pro-survival proteins, Bmf BH3 could easily interfere with Bim
BH3/Bcl-2 complex and Bim BH3/Bcl-xL complex with Ki of 18 nM and
23 nM, respectively, whereas Bmf could hardly release Bim from the
Bim/Mcl-1 complex with a Ki of 12 uM (Fig. 5D). Overall, Bmf and Bim
have different selectivities for Mcl-1.

To understand the basis of this difference, we compared the Mcl-1/
Bmf BH3 structure with the Mcl-1/Bim BH3 structure (PDB: 2PQK)
[38]. The Mcl-1 structures have little discrepancy in the two complexes,
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but the position of the BH3 domain is slightly different (Fig. 5A). The
C-terminus of Bmf BH3 is shifted by about 3.4 A. Consistent with this,
Bim BH3 has a canonical salt bridge interaction with the a4-a5 region,
whereas Bmf BH3 does not (Fig. 5B-C). In addition, three charged Bim
BH3 residues, Glu at h1-3 position, Arg at h2 + 1 position and Glu at
h3 + 3 position, are involved in polar interactions with Mcl-1 (Fig. 5C).
Replacing the h2 + 1 and h3 + 3 positions of Bim BH3 with the opposite
charged residues reduced its affinity to Mcl-1 [38,39]. However, these
positions in Bmf are not conserved with Bim, and are not involved in
direct interactions with Mcl-1. A crossed Bmf-m2 peptide replaced Ala at
the h3 + 1 position with Gly, had an approximately 9-fold increase in
the ability to compete for Mcl-1 from Mcl-1/FITC-Bim BH3 complex
(Fig. 5D). Another Bmf-m4 peptide with h2 + 1 and h3 + 3 positions
substituted with side chains of Bim, had an approximately 7-fold in-
crease in this ability (Fig. 5D). Notably, when the h2 + 1, h3 + 3 and
h3 + 1 positions of the Bmf BH3 peptide were all replaced by the Bim
side chain, the resulting Bmf-m5 peptide had a Ki of 61 nM for Mcl-1 in
the competitive binding assay, and the affinity was approximately
200-fold higher than that of wild-type Bmf BH3. Therefore, these
non-conserved residues between Bim and Bmf contribute to their
different affinities for Mcl-1.

3. Discussion

The regulation of the mitochondrial apoptotic pathway depends on
the interaction of pro-survival Bcl-2 family proteins with BH3-only
proteins. The BH3 domain of certain BH3-only proteins (Bim, Bid,
Puma) binds all pro-survival Bcl-2 family proteins with approximate
high affinity [40,41], whereas Bmf BH3 has definite specificity and
binds only some of the pro-survival Bcl-2 family proteins with high af-
finity. These specificities may be related to the regulation of
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mitochondria-dependent apoptosis by the Bcl-2 family in response to
different stress stimuli [27]. Here we report structural information on
Bmf BH3, a peptide derived from the BH3 domain of Bmf, in complex
with Bcl-2, Bel-xL, and Mcl-1 to help unravel the molecular basis of
specific binding.

Bcl-2 and Bcl-xL share high sequence similarity, and the residues
defining the hydrophobic groove are highly conserved (Fig. S1). Thus,
they have a more similar spectrum for binding pro-apoptotic proteins
[25,34]. In general, for all pro-survival Bcl-2 family proteins, the P2
pocket is the most important which binds an invariant Leu at h2 position
of BH3. The interactions of Bcl-xL and Bcl-2 with BH3 also depend on the
deep hydrophobic pocket P4 [42,43]. Consistently, most small molecule
drugs, such as ABT-737 [43], ABT-263 [44,45], and ABT-199 [46]
(Fig. S3), use hydrophobic groups to occupy the P2 and P4 pockets of
Bcl-xL and Bcl-2 to obtain tight binding. In the Bcl-2/Bmf BH3 and
Bcl-xL/Bmf BH3 complexes, the highly conserved Leu (h2) and Phe (h4)
penetrate deeply into the P2 and P4 pockets. Furthermore, numerous
hydrogen bond interactions help stabilize their interactions, and muta-
tions of these hydrophilic residues in Bcl-2 and Bcl-xL greatly reduced
their affinity for Bmf BH3 (Fig. 4A-B). Similar interaction patterns were
also present in Bcl-xL/Bim BH3 complex (Fig. S3C) [31]. However, Bmf
BH3 and Bim BH3 have different sequence at these non-conserved po-
sitions, such as hl + 3, h2 + 1, and h3 + 3. Substitution of these
non-conserved hydrophilic residues in Bmf BH3 with Bim BH3 had small
effects on the affinity for Bcl-2 and Bcl-xL (Fig. 5D). Thus, hydrophilic
contacts with these non-conserved residues of Bmf BH3 provide assis-
tance for the high-affinity binding, but Bcl-2 and Bcl-xL have a low
selectivity for these residues.

Mcl-1 shares only 29 % sequence identities with Bcl-2 and Bcl-xL in
the Bcl-2 core domains (Fig. S1). The hydrophobic groove of Mcl-1
differs from that of Bcl-xL and Bcl-2. The P2 pocket of Mcl-1 is most
important for binding, as it flexibly adapts to shape and can open to
merge with P3 [47]. Except for h2 and h3, Mcl-1 is tolerant to mutations
in h1 and h4 [25,38,43]. Especially, substitution of h4 in Bim does not
affect its binding to Mcl-1 [43]. On the other hand, it seems that Mcl-1 is
more dependent on some non-conserved residues in the BH3 domain. In
the Mcl-1/Bim BH3 complex, in addition to the conserved Arg-Asp,
charged residues at the h2 + 1 and h3 + 3 positions of Bim BH3 are
involved in the hydrogen bonds interaction with Mcl-1 [38] (Fig. 5B). In
particular, Arg at h2 + 1 forms a hydrogen bond with His-252M¢l1,
which is also observed in the Mcl-1/Puma BH3 and Mcl-1/Noxa BH3
complexes [45,48] (Fig. S4). However, these hydrophilic interactions
are absent in the Mcl-1/Bmf complex. Substitution of the h2 + 1 and
h3 + 3 positions of Bmf BH3 with residues of Bim enhances the affinity
for Mcl-1.

In addition, Mcl-1 prefers a smaller amino acid at h3 + 1 position.
The position in Bim BH3 is a Gly, while Bmf BH3 is an Ala. The h3 + 1
position in the BH3 sequence is usually occupied by small amino acids,
particularly in Mcl-1/Bim BH3 interaction, which does not accommo-
date substitutions of residues larger than Gly [42,49]. For Bmf BH3, the
side chain of Ala-141 is close to Mcl-1 residues Gly-262, Thr-266 and the
conserved Arg-146 (Fig. 5B-C), which may increase the spatial distance
to the interaction of Asp-142°™ at h3 + 2 with the conserved
Arg146Me In agreement with this, a crossed Bmf BH3 peptide with
h3 + 1 position substituted with Gly, resulted in an approximately
9-fold increase in the ability to compete for Mcl-1 from Mcl-1/FITC-Bim
BH3 complex (Fig. 5D). The h3 + 1 position of Bad BH3 is a larger amino
acid Ser, and Bad BH3 has been shown to have low binding affinity for
Mcl-1 (>1 pM) [50]. Our data indicate that the h2 + 1, h3 + 3, and
h3 + 1 positions of Bmf BH3 with Bim residues increased its affinity for
Mcl-1 by about 200-fold (Fig. 5D). Overall, these non-conserved residues
in BH3 domain of Bmf have an important role for its affinity to
pro-survival Bcl-2 family proteins.

Although the structure of the full-length BH3-only protein has not
been determined, it has been shown that short peptides from the BH3
domain of BH3-only proteins could bind to pro-survival Bcl-2 proteins
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and promote apoptosis [51,52]. However, it is noted that in our exper-
iments, truncated proteins and short peptides were used to facilitate
protein purification and crystallization. They may not fully represent
intact proteins and may differ to some extent in conformation from
full-length proteins in the cellular context. A substantial challenge for
the future is to express full-length BH3-only proteins and observe their
interaction with intact pro-survival Bel-2 family proteins.

In summary, the interaction affinity between the Bmf BH3 domain
and the pro-survival Bcl-2 proteins varies more than 35-fold. Our
structural determination of the Bmf BH3 in complex with truncated Bcl-
2, Bel-xL, and Mcl-1 elucidates the molecular basis for this specific
binding. The overall topology of the complex shows that the Bmf BH3
peptide occupies the hydrophobic pocket of Bcl-2, Bel-xL, and Mcl-1
with four hydrophobic residues. Nevertheless, the differences in the
BH3 sequence and the groove of pro-survival Bcl-2 family proteins result
in different specificities and selectivities. Our detailed structural and
mutation analyses provide new insights into the development of selec-
tive BH3 mimetic drugs targeting pro-survival Bcl-2 family proteins.

4. Materials and methods
4.1. Plasmids

Recombinant human Bcl-2AC32 and Bcl-xLAC25 was cloned into
vector pET28a (Novagen, 69864-3). Recombinant human Mcl-1
(AN170AC23) was cloned into a modified pET28a vector with a N-ter-
minal His-SUMO tag. The human Bcl-2 construct used for crystallization
(Bcl-2AC32ALoop) replaces the unstructured loop between residues
35-92 with residues 29-44 of Bcl-xL. The human Bcl-xL construct for
crystallization (Bcl-xLAC25ALoop) removes the unstructured loop be-
tween residues 46-82. All plasmids were performed according to the
manufacturer’s instructions for the ClonExpress II One Step Cloning Kit
(Vazyme, C112). All mutants were constructed by PCR mutagenesis
using the KOD Plus mutagenesis kit (TOYOBO, SMK-101) using the wild-
type plasmid as the template.

4.2. Protein expression and purification

Plasmids were transfected into in Escherichia coli Rosetta BL21
(DE3) cells. The cells were cultured at 37 °C in LB culture medium and
then induced by 0.5 mM isopropyl p-D-1-thiogalactoside (IPTG) at 18 °C
for 12 h. The fused His-SUMO-Mcl-1, His-Bcl-2 and His-Bcl-xL proteins
were purified by nickel affinity chromatography. The N-terminal His-
SUMO tag or His tag were removed by ULP1 protease or PreScission
protease at 4 °C. Untagged protein was purified by size exclusion
chromatography (Superdex 200 10/300 GL, GE Healthcare,
17-5175-01) with 20 mM Tris, pH 8.0, 150 mM NaCl, and 0.5 mM
TCEP. Peak fractions were collected and concentrated to 10 mg/ml, and
stored at —80 °C until use.

4.3. Peptides

All peptides were synthesized and purchased from GenScript. Fluo-
rescent peptide sequences were as follows: FITC-Bim, RPEIWIA-
QELRRIGD(K-FITC)FNAYYA; FITC-Bmf, FITC-HQAEVQIARKLQCIAD
QFHRLHVQQ. Peptide sequences were as follows: 25-mer Bmf,
HQAEVQIARKLQCIADQFHRLHVQQ, for crystallization with Bcl-xL; 21-
mer Bmf, EVQIARKLQCIADQFHRLHVQ, for crystallization with Mcl-1
and Bcl-2.

4.4. Crystallization and structure determination

For crystallization, Bcl-2, Bel-xL and Mcl-1 were mixed with excess
BH3 domain peptide in a 1:1.5 molar ratio. Crystals were grown at 18 °C
by hanging drop vapor diffusion from drops containing 1 pl protein and
1 pl reservoir solution. Crystals of Bmf BH3 complexed with Bcl-2 were
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grown in a reservoir buffer containing 0.1 M potassium thiocyanate and
25 % polyethylene glycol monomethyl ether % 2000. Crystals of Bmf
BH3 complexed with Bcl-xL were grown in a reservoir buffer containing
0.2 M sodium chloride, 0.1 M sodium acetate: acetic acid, pH 4.5 and
1.26 M ammonium sulfate. Crystals of Bmf BH3 complexed with Mcl-1
were grown in a reservoir buffer containing 0.1 M potassium thiocya-
nate and 20 % polyethylene glycol monomethyl ether 2000.

For data collection, a single crystal was equilibrated in cryo-
protectant consisting of reservoir solution supplemented with 20 %
(v/v) ethylene glycol and then flash-frozen in liquid nitrogen. Data were
collected at beamline BLO2U of the Shanghai Synchrotron Radiation
Facility (SSRF). HKL3000 was used to processes the data [53]. Structures
were determined by molecular replacement using Phenix.phaser [54].
The structure, Mcl-1 (PDB: 606F) Bcl-2 (PDB: 2XA0) and Bcl-xL (PDB:
4QVF) were used as search templates. The initial model was manually
built by the program Coot and refinement was performed with Phenix.
refine [55,56]. Translational-liberation-screw (TLS) refinement was
used during the last stages of refinement. Graphical representations of
the structure were generated using PyMOL [57].

4.5. Fluorescence polarization assay (FP)

Binding assays were performed as previously described [58]. Pro-
teins were serially diluted in buffer (20 mM Tris pH 8.0, 50 mM NacCl)
and subsequently injected into 384-well black Corning plates (Corning
#4815) along with FITC BH3 (10 nM). Multiwell plates were mixed on a
shaker for 1 min and then incubated for another 10 min at room tem-
perature in the dark. Polarization in milli-polarization units (mP) was
measured with a microplate reader (PerkinElmer Envision). At least
three replicates of each experiment were performed. All experimental
data were analyzed for dissociation constants (Kd) by sigmoidal
dose-response nonlinear regression model of GraphPad Prism software
[58,59].

4.6. Fluorescence polarization competition assay (FPA)

Binding assays were performed as previously described [58]. For the
peptide inhibition studies, serial dilutions of BH3 peptide were mixed
with FITC BH3 (10 nM) and then proteins diluted in binding buffer was
added. 384 plates were mixed on a shaker for 1 min and then incubated
in the dark at room temperature until equilibrium is reached. At least
three replicates of each experiment were performed. Polarization in
milli-polarization units (mP) was measured with a microplate reader
(PerkinElmer Envision). All experimental data were analyzed for inhi-
bition constant (Ki) by one-site competition model of GraphPad Prism
software [58,60].

4.7. Accession numbers

The atomic coordinate and structure factor for Bcl-2/Bmf, Bel-xL/
Bmf, Mcl-1/Bmf complexes have been deposited with the Protein Data
bank under accession code 8IQL, 8IQK and 8IQM.
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