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A critical hallmark of cancer cell survival is evasion of apo-
ptosis. This is commonly due to overexpression of anti-apo-
ptotic proteins such as Bcl-2, Bcl-X;, and Mcl-1, which bind to
the BH3 a-helical domain of pro-apoptotic proteins such as
Bax, Bak, Bad, and Bim, and inhibit their function. We de-
signed a BH3 a-helical mimetic BH3-M6 that binds to Bcl-X;
and Mcl-1 and prevents their binding to fluorescently labeled
Bak- or Bim-BH3 peptides in vitro. Using several approaches,
we demonstrate that BH3-M6 is a pan-Bcl-2 antagonist that
inhibits the binding of Bcl-X;, Bcl-2, and Mcl-1 to multi-do-
main Bax or Bak, or BH3-only Bim or Bad in cell-free systems
and in intact human cancer cells, freeing up pro-apoptotic
proteins to induce apoptosis. BH3-M6 disruption of these pro-
tein-protein interactions is associated with cytochrome c re-
lease from mitochondria, caspase-3 activation and PARP
cleavage. Using caspase inhibitors and Bax and Bak siRNAs,
we demonstrate that BH3-M6-induced apoptosis is caspase-
and Bax-, but not Bak-dependent. Furthermore, BH3-M6 dis-
rupts Bcl-X; /Bim, Bcl-2/Bim, and Mcl-1/Bim protein-protein
interactions and frees up Bim to induce apoptosis in human
cancer cells that depend for tumor survival on the neutraliza-
tion of Bim with Bcl-X;, Bcl-2, or Mcl-1. Finally, BH3-M6 sen-
sitizes cells to apoptosis induced by the proteasome inhibitor
CEP-1612.

Apoptosis, a form of programmed cell death, is a highly
conserved process in all multicellular organisms and is essen-
tial for embryonic development and adult tissue homeostasis.
Deregulation of apoptosis contributes to several diseases in-
cluding cancer (1). Apoptosis is primarily controlled by two
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major pathways, namely the death receptor (extrinsic) and the
mitochondrial (intrinsic) pathways (2). The former is medi-
ated by members of the tumor necrosis factor (TNF)® recep-
tor superfamily, while the latter largely depends on multiple
Bcl-2 family proteins, which affect the integrity of the mito-
chondrial outer membrane (MOM) (3). Both pathways con-
verge on common cysteine proteases of the caspase family,
which are responsible for the execution of apoptosis (4).

The Bcl-2 family consists of anti-apoptotic and pro-apo-
ptotic proteins. Anti-apoptotic proteins, such as Bcl-2, Bcl-
X,, Bcl-w, Mcl-1, and Bfl-1 (Bcl-2A1) contain four Bcl-2 ho-
mology (BH) domains, while the pro-apoptotic members are
divided into proteins with three BH domains BH1-BH3 (Bax,
Bak, and Bok), and proteins with only a BH3 domain (e.g. Bim,
Bad, Bik, Bmf, Bid, Noxa, and Puma) (5). Multi-domain pro-
apoptotic proteins Bax and Bak are absolutely required for
apoptosis (2). In response to cellular stress, they induce the
release from mitochondria of apoptogenic factors such as cy-
tochrome ¢, which then cooperate with APAF-1 to induce
caspase-9 activation, followed by caspase-mediated apoptosis
(6). BH3-only proteins act upstream of Bax and Bak and are
important for the initiation of apoptosis. Importantly, the
BH3 domain is essential for the killing function of pro-apo-
ptotic proteins (7).

An important feature of the Bcl-2 proteins is that they can
homo- and heterodimerize, giving rise to three competing,
but not necessarily exclusive models that could explain how
the balance between pro- and anti-apoptotic proteins regu-
lates apoptosis (7). For instance, upon receiving an apoptotic
signal, BH3-only proteins directly or indirectly induce Bax
and Bak activation and homo-oligomerization in the MOM,
which is thought to be responsible for MOM permeabiliza-
tion, resulting in the release of cytochrome c and the initia-
tion of intrinsic apoptosis. However, activated Bax and Bak
still can be kept in check by binding to anti-apoptotic Bcl-2
proteins (8 —10). X-ray diffraction and nuclear magnetic reso-
nance (NMR) studies have shown that the amphipathic a-hel-
ices of pro-apoptotic proteins such as Bak or Bad BH3 do-
mains fit into a hydrophobic pocket formed by the BH1, BH2,

°® The abbreviations used are: TNF, tumor necrosis factor; MOM, mitochon-
drial outer membrane; PARP, poly(ADP-ribose) polymerase; BH, Bcl-2
homology.
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and BH3 domains of Bcl-2, Bcl-X;, and Mcl-1 (11). When
BH3-only proteins bind to anti-apoptotic Bcl-2 proteins,
multi-domain proteins Bak or Bax become free to induce apo-
ptosis (12). BH3-only proteins Bim, Bid, and Puma can engage
all Bcl-2 anti-apoptotic proteins, and are thus the most effi-
cient killers (7). This mechanism is known as the indirect acti-
vation model (6, 13). Additionally, certain BH3-only proteins
(t-Bid, Bim and potentially Puma) can directly activate Bax,
and this is known as the direct activation model (14). Thus, it
was recently demonstrated that the Bim-derived BH3 a-helix
activates Bax through binding to a site that is distinct from
the hydrophobic pocket of the anti-apoptotic proteins (13). A
third model suggests that cells can be “poised for death” but
survive if their anti-apoptotic proteins sequester sufficient
amounts of pro-apoptotic BH3-only proteins (15).

The fact that overexpression of anti-apoptotic Bcl-2 pro-
teins contributes to oncogenesis and drug resistance (5, 16,
17) prompted the search for antagonists of these proteins as
novel anti-cancer drugs. One possible approach is to identify
compounds that mimic the BH3 domain of pro-apoptotic
proteins and use them to disrupt the binding of BH3-contain-
ing proteins to anti-apoptotic Bcl-2 proteins, thus enabling
the free BH3-containing proteins to initiate intrinsic apopto-
sis. The first study supporting this concept used a constrained
BH3 peptide to induce apoptosis in cancer cells and to retard
the growth of transplanted leukemia (18). Since then, several
non-peptidic small molecule inhibitors have been identified
(11, 19, 20). To date, the most extensively studied and promis-
ing small molecule BH3 mimetic is ABT-737, which occupies
the BH3 binding groove of Bcl-2, Bcl-X; , and Bcl-w with high
affinity, but only binds weakly to Mcl-1 and Bfl-1 (21, 22).
Although much progress has been made over the last decade,
further investigation is required to generate inhibitors target-
ing a broad class of anti-apoptotic Bcl-2 proteins (23). This is
important as both anti-apoptotic family subclasses, Bcl-2/Bcl-
X, /Bcl-w and Mcl-1/Bfl-1, must be neutralized for apoptosis
to occur (5, 24, 25). In this manuscript, we report on “pan-
Bcl-2” inhibitor BH3-MB6, a synthetic terphenyl scaffold with
functional groups that mimic the nature and the spatial con-
figuration of the key amino acids in the BH3 a-helix. BH3-M6
disrupts Bcl-2, Bcl-X; , and Mcl-1 binding to Bax, Bak, Bad, or
Bim, freeing up pro-apoptotic proteins, which leads to the
release of cytochrome ¢, activation of caspases and induction
of apoptosis in a Bax- and Bim-dependent manner in human
cancer cells.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies to human proteins were from the
following sources: cytochrome ¢ (BD PharMingen, San Diego,
CA); Cox IV and poly(ADP-ribose) polymerase (PARP)
(Roche, Indianapolis, IN); GST, Bcl-X; , Bax (N20), Bcl-2,
Mcl-1 (Santa Cruz Biotechnology, Santa Cruz, CA); Bax
(6A7), HA, FLAG-M2 (Sigma); Bim (Epitomics, Burlingame,
CA); Bak (Millipore, Temecula, CA).

Molecular Modeling—Compound docking was carried out
using the GLIDE (Grid Based Ligand Docking from Energet-
ics) Program from Schrédinger, L.L.C (26, 27). The Jorgensen
OPLS-2001 force field was applied in the GLIDE program.
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The optimal binding geometry for each model was obtained
by utilization of Monte Carlo sampling techniques coupled
with energy minimization. GLIDE uses a scoring method
based on ChemScore but with additional terms added for
greater accuracy. GLIDE 4.5 SP (Standard Precision mode)
was used to dock each chemical structure of these compounds
followed by GLIDE 4.5 XP (Extra Precision mode) docking to
find probable conformational hits. An x-ray crystal structure
of mouse Bcl-X, in complex with mouse Bim BH3 at 1.65 A
resolution (1PQ1.pdb) (28) was used for Bcl-X; docking, and
an x-ray crystal structure of human Mcl-1 in complex with
human Bim BH3 at 1.55 A resolution (2NL9.pdb) (29) was
used for Mcl-1 docking. An NMR solution structure of the
human Bcl-2 in complex with an acyl-sulfonamide-based li-
gand (202F.pdb) (30) was used for Bcl-2 docking.

Cell Culture—Human and simian cells were obtained from
the American Type Culture Collection. All cell culture media
were supplemented with 10% fetal calf serum, 100 units/ml
penicillin, and 100 pg/ml streptomycin, and maintained at
37 °C and 5% CO,. In addition, H1299 cells were supple-
mented with 1% sodium pyruvate, 1% HEPES, and 1.1%
glucose.

Co-immunoprecipitation—HEK293T cells were co-trans-
fected with 5 ug of pcDNA3, pCMV2, pcDNA3-HA-Bcl-X;
or pCMV2-Flag-Bimg, expression vectors using TransFectin™™
reagent (Bio-Rad Laboratories) and, after 18 h, exposed to
DMSO, BH3-M6, or TPC (terphenyl control) for 2 h at 37 °C.
Cell lysates were prepared in Nonidet P-40 lysis buffer (10 mm
HEPES pH 7.5, 142.5 mm KCl, 5 mm MgCl,, 1 mm EGTA,
0.2% Nonidet P-40, 2 mm Na,;VO,, 2 mM phenylmethylsul-
phonyl fluoride (PMSF), 6.4 mg/ml p-nitrophenylphosphate,
and 1X Halt™ EDTA-free protease inhibitor mixture
(Pierce). Bim was immunoprecipitated from cell lysates con-
taining 100 g of protein with 2 ug of FLAG-M2 beads
(Sigma) in 500 ul of the same lysis buffer at 4 °C overnight.
Beads were washed four times with lysis buffer, boiled for 5
min in Laemmli sample buffer and analyzed by Western
blotting.

A549 cells were serum-starved for 20 h and treated with
TPC or different concentrations of BH3-M6 for 1 h at 37 °C.
Whole cell lysates were prepared as described above and sub-
jected to immunoprecipitation. In case of A549 cells, 230 ug
protein was incubated with 1.5 ug of Bcl-X; antibody in 250
wl of Nonidet P-40 lysis buffer overnight at 4 °C. Immunopre-
cipitates were collected by adding 25 ul of protein A/G-aga-
rose beads (Santa Cruz Biotechnology) for 2 h at 4 °C, fol-
lowed by centrifugation for 2 min at 3,000 X g. The beads
were processed as described above.

MDA-MB-468 cells expressing Bcl-X, -IRES-Bim, Bcl-2-
IRES-Bim, Mcl-1-IRES-Bim, and H1299 cells were treated
with TPC or different concentrations of BH3-M6 for 24 h at
37 °C. Whole cell lysates were prepared as described above
and subjected to immunoprecipitation by incubating 500 ug
of protein with 1.5 ug of Bcl-X;, Bcl-2, Mcl-1, or 4 ug of Bak
antibodies in 250 ul of Nonidet P-40 lysis buffer overnight at
4 °C. The remainder of the procedure was the same as above.

To detect conformationally changed Bax, 20 h serum-
starved A549 cells were treated with TPC or different concen-
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trations of BH3-M6 for 1 h, whole cell lysates were prepared
in CHAPS lysis buffer containing protease inhibitors, and 200
ug of protein was incubated with 2 ug Bax 6A7 antibody for
2 hat4°C. Then 20 pl of protein G-agarose (Millipore) was
added into the reactions and incubated at 4 °C for an addi-
tional 2 h, followed by washing with the same lysis buffer, and
the immunoprecipitates were immunoblotted with Bax N20
polyclonal antibody.

In Vitro Protein-protein Interactions (GST Pull-down Assay)—
Whole cell lysates of HEK293T and A549 cells were prepared
using Nonidet P-40 lysis buffer (see above). For in vitro bind-
ing assay, 1 ug of GST, GST-Bcl-X;, or GST-Mcl-1 fusion
proteins were coupled to 40 ul of prewashed glutathione-Sep-
harose™ 4B beads (GE Healthcare, Piscataway, NJ) in 250 ul
of Nonidet P-40 lysis buffer with continuous rocking for 1 h at
room temperature. The beads were centrifuged and washed
four times with cold PBS and once with Nonidet P-40 lysis
buffer. DMSO, TPC, or different concentrations of BH3-M6
in 100 ul Nonidet P-40 lysis buffer were added and incubated
at 4 °C for 1 h with continuous rocking. Whole cell lysates
from HEK293T or A549 cells containing 500 g of protein
were added to beads and again incubated at 4 °C for 3 h with
continuous rocking. The beads were then processed for West-
ern blotting as described above.

Fluorescence Microscopy Analysis—CQOS-7 cells were
seeded onto glass cover slips in 24-well plates and transfected
with 1 pg of pEGFP-Bad expression vector alone or co-trans-
fected with 0.5 ug of pEGFP-Bad and 0.5 ug of
pcDNA3-HA-Bcl-X; using TransFectin™™ reagent. After
18 h, cells were treated with DMSO, 100 um BH3-M6, or TPC
for 4 h in the presence of a caspase inhibitor (50 um z-VAD-
fmk) to prevent apoptosis. After three washes with 500 ul of
cold PBS, cells were fixed with 3.7% paraformaldehyde for 5
min at room temperature. Cells were washed again three
times with 500 ul of cold PBS, then permeabilized with 0.5%
Triton X-100 in PBS for 3 min at room temperature. Follow-
ing another wash with cold PBS, the coverslips were mounted
with DAPI-containing mount media (Vector Laboratories,
Burlingame, CA) and analyzed by fluorescence microscopy.

Previously Published Procedures—BH3-MS6, the terphenyl
BH3 a-helical mimetic, and the unsubstituted terphenyl com-
pound TPC were prepared as previously described (31).

To determine the ability of BH3-M6 to interfere with the
binding of Bak to Bcl-X; or Bim to Mcl-1 by fluorescence po-
larization we used FITC-labeled peptides derived from the
Bak BH3 domain (GQVGRQLAIIGDDINR) (32) or the Bim
BH3 domain (Ahx-DMRPEIWIAQELRRIG DEFNAYYAR)
(21, 22).

Release of cytochrome ¢ from isolated mitochondria was
measured as described by Takahashi et al. (33). Cell-free
caspase-3/-7 activity and the extent of PARP cleavage was
determined as described previously (34). MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and
TUNEL assays were performed according to Kazi et al. (35).
Bax and Bak expression levels were silenced by siRNA using a
transfection protocol previously described by us (36).
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RESULTS

Docking of BH3-M6 to Bcl-X,, Bcl-2, and Mcl-1—The BH3
a-helical mimic BH3-M6 and the corresponding unsubsti-
tuted terphenyl TPC (31) (Fig. 1A) were docked to Mcl-1, Bcl-
X, and Bcl-2 (Fig. 1, B-D). The computational docking stud-
ies suggest that the BH3-M6 head carboxylate group is near
the Asp-67 position of human Bim BH3 «-helix and forms
hydrogen bonds with Arg-263, the same human Mcl-1 resi-
due that binds Bim Asp-67. However, BH3-M6 does not in-
teract with the hydrophobic pockets on Mcl-1 that bind Ile-65
and Phe-69 of the Bim BH3 a-helix. The computational dock-
ing studies suggest that one of the isobutyl groups of BH3-M6
is in the position of Leu-62 of Bim and interacts with the hy-
drophobic pocket formed by Mcl-1 residues Met-231 (X231
in the figure, as modified Met in the crystal structure obtained
from the PDB file), Val-253, Leu-267, and Phe-270. Although
Bim Leu-62 binds to the same hydrophobic pocket, the
Leu-62 side chain reaches into this pocket deeper than the
BH3-M6 isobutyl side chain. The benzyl substituent of
BH3-M6 mimics the side chain of Ile-58 of Bim interacting
with Leu-235, and Val-249 of Mcl-1. The additional isobutyl
lies in close proximity to Leu-235 and Val-249. Finally, the tail
terminal carboxylate group forms hydrogen bonds with Ser-
245 and Arg-248 that further stabilize the complex. The rela-
tive binding energy of BH3-M6 to Mcl-1 was —11.3 kcal/mol.
In contrast, docking of the control TPC, which lacks hydro-
phobic side chains, is significantly less favorable (by 4.3 kcal/
mol) than that of BH3-M6, consistent with experimental data
(see below).

The BH3-M6 head carboxylate group is in the same posi-
tion as Asp-99 of the mouse Bim helix and forms hydrogen
bonds with Asn-136 and Arg-139 of mouse Bcl-X; (Fig.
1C). However, the docking results suggest that BH3-M6
does not interact significantly with the hydrophobic pocket
on Bcl-X; that binds Phe-101 of the Bim BH3 «a-helix. The
first BH3-M6 isobutyl group is near Bcl-X; residues Phe-97
and Tyr-101. The BH3-M6 benzyl group of BH3-M6 mim-
ics the Ile-97 of Bim and interacts with the hydrophobic
pocket of Bcl-X, that is formed by Phe-97, Tyr-101, and
Ala-104, the same residues that bind Bim Ile-97. The other
isobutyl group is in the position of Leu-94 of Bim and in-
teracts with the hydrophobic pocket of Bcl-X; that is
formed by Phe-105, Val-126, and Phe-146. The hydropho-
bic part of the propionic acid substituent is in the position
of Ile-90 of Bim and rests near hydrophobic residues Leu-
108 and Leu-112. The relative binding energy of BH3-M6
to Bcl-X; was —10.4 kcal/mol. As in the previous example,
docking of the control compound TPC is significantly less
favorable (by 4.1 kcal/mol) than that of BH3-M6, consis-
tent with experimental data (see below).

The BH3-M6 head carboxylate group lies near human Bcl-2
residue Arg-104 but too far to interact through hydrogen
bonding (Fig. 1D). The first BH3-M6 isobutyl side chain is
inserted into the binding pocket formed by Bcl-2 residues
Ala-97, Trp-141, and Tyr-199. The BH3-M6 benzyl side
group is located near residues Asn-140 and Trp-141. The last
BH3-M6 isobutyl side chain is in the hydrophobic pocket of
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FIGURE 1. Molecular docking studies of the interactions between BH3-M6 and Mcl-1, Bcl-X,, and Bcl-2. A, chemical structures of BH3-M6 and TPC.

B-D, BH3-M6 docked to Mcl-1, Bcl-X and Bcl-2. B, crystal structure of human Bim BH3 helix bound to human Mcl-1 with the side chains of Bim Glu-
55, lle-58, Leu-62, lle-65, Asp-67, and Phe-69, relative to the BH3-M6 position. The protein Mcl-1 is shown by its molecular surface. Area with positive
electrostatic potential is colored blue and that with negative electrostatic potential colored red (the same presentation is used for proteins Bcl-X,
and Bcl2). B, lower panel, residues of Mcl-1 interacting with BH3-M6. Yellow dotted lines indicate hydrogen bonds. C, crystal structure of mouse Bim
BH3 helix bound to mouse Bcl-X, with the side chains of Bim lle-90, Leu-94, lle-97, and Asp-99, relative to the BH3-M6 position. C, lower panel, resi-
dues of Bcl-X, interacting with BH3-M6. Yellow dotted lines indicate hydrogen bonds. D, BH3-M6 docked to the original NMR structure of Bcl-2.

D, lower panel, residues of Bcl-2 that interact with BH3-M6. The alignment between human and mouse Bim BH3 a-helix is as follows: Human (58-1 A Q

ELRRIGDEFNAY-72) Mouse (90-lAQELRRIGDEFNET-104).

Phe-109, Val-130, Leu-134, and Phe-150. Finally, the BH3-M6
carboxylate tail is projected near residues Met-112 and
Glu-133. The relative binding energy of BH3-M6 to Bcl-2
was —6.3 kcal/mol. As in the previous examples, TPC
docking is significantly less favorable (by 3.6 kcal/mol)
than that of BH3-M6, consistent with experimental data
(see below).

BH3-M6 Inhibits the Binding of FITC-Bak-BH3 Peptide to
Bcl-X; and FITC-Bim-BH3 Peptide to Mcl-1 in Vitro and the
Binding of Bcl-X, and Mcl-1 to Bax and Bim in Cell-free GST
Pull-down Assays—The docking studies described above sug-
gest that BH3-M6 binds to anti-apoptotic proteins in a similar
manner to that of the a-helix of the Bim BH3 domain. We
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reasoned that if BH3-M6 binds anti-apoptotic proteins in this
manner, then it should disrupt their binding to pro-apoptotic
proteins. To evaluate this possibility, we first determined
whether BH3-M6 disrupts the binding of Bcl-X; and Mcl-1 to
Bak or Bim in vitro. Using fluorescence polarization assays as
described by us (32), we showed that BH3-M6 inhibited the
interaction between a FITC-labeled Bak-BH3 peptide and
GST-Bcl-X; or a FITC-labeled Bim-BH3 peptide and GST-
Mcl-1 in a dose-dependent manner with IC,, values of 1.5 or
4.9 um, respectively, whereas control TPC showed lack of dis-
placement (Fig. 24). We next determined whether in lysates
from HEK293T or A549 cells, BH3-M6 was able to disrupt
the interaction between full-length Bax and Bim to full-length
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FIGURE 2. BH3-M6, but not TPC, inhibits the binding of anti-apoptotic proteins to pro-apoptotic proteins in vitro. A, BH3-M6 blocks the binding of
Bak BH3 a-helix to Bcl-X, (left) or Bim BH3 a-helix to Mcl-1 (right) as measured by fluorescence polarization assay, black circles: BH3-M6, open triangles: TPC.
B, BH3-M6 inhibits the interaction of Bcl-X, or Mcl-1 with Bax and Bim as measured by GST pull-down assay. Purified GST, GST-Bcl-X, and GST-Mcl-1 fusion
proteins immobilized on glutathione-Sepharose beads were incubated for 1 h with 0, 50, and 100 um BH3-M6 or 100 um TPC, followed by addition of cell
extracts from HEK293T or A549 cells for 1 h. Proteins associated with beads were eluted and analyzed by Western blotting with Bax and Bim antibodies. We
used GST antibodies either for negative controls (in lysates incubated with GST beads) or to demonstrate equal input (in lysates incubated with GST-Bcl-X,

or GST-Mcl-1 beads).

GFP-Bad +
Bcl-X_ + BH3-M6

vector

Bel-X,

Bcl-X_ + TPC

% of total

Control Bel-X_ Bel-X + Bel-X +

BH3-M6 TPC
FIGURE 3. BH3-M6 inhibits the Bcl-X, interaction with Bad in intact cells.
BH3-M6 inhibits Bcl-X, -induced GFP-Bad mitochondrial localization. COS-7 cells
were grown in DMEM supplemented with 10% FBS and antibiotics, transfected
with the indicated constructs, treated and analyzed as described under “Experi-
mental Procedures.” The upper panel shows cells expressing pEGFP-Bad and
pcDNA3-HA-Bcl-X, . The lower panel represents the quantification of the fluores-
cence data (black: diffuse, gray: punctate cells). At least 85 transfected cells per
sample were counted in three different fields of view.

Bcl-X, and Mcl-1, respectively, in GST pull-down assays. Fig.

2B (left panels) shows that pre-incubation of the GST-Bcl-X,
beads with BH3-M6 resulted in a dose-dependent inhibition
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of the binding of Bcl-X; to Bax and Bim in both HEK293T
and A549 cell lysates. In contrast, pre-incubation of the beads
with the unsubstituted control TPC did not inhibit binding of
Bcl-X; to Bax or Bim (Fig. 2B, left panels). Similar results were
observed with Mcl-1, where BH3-M6, but not TPC, disrupted
the binding of Mcl-1 to Bax and Bim from HEK293T and
A549 cells (Fig. 2B, middle panels). As expected the GST-only
beads did not bind Bax or Bim from HEK293T or A549 cell
lysates (Fig. 2B, right panel).

BH3-M6 Disrupts Complex Formation between Pro- and
Anti-apoptotic Proteins in Intact Cells—To determine
whether BH3-M6 is active in intact cells, we used two meth-
ods: fluorescence microscopy for cells exogenously express-
ing Bcl-X; and GFP-Bad, as well as co-immunoprecipita-
tion of endogenous proteins. First, as shown in Fig. 3,
exogenous expression of GFP-Bad alone in COS-7 cells
resulted in a diffuse pattern of fluorescence. In contrast,
co-expression of GFP-Bad with HA-Bcl-X; resulted, as ex-
pected (37), in a punctate pattern of Bad suggesting that
Bcl-X; bound Bad and localized it to the mitochondria.
BH3-M6 treatment of COS-7 cells co-expressing GFP-Bad
and Bcl-X; induced a diffuse pattern suggesting that
BH3-M6 was able to penetrate intact cells and inhibit Bcl-
X;/Bad interaction, preventing Bad from localizing into the
mitochondria (Fig. 3, upper panel). Quantification of cells
with diffuse versus punctate patterns indicated that BH3-
M6, but not TPC, inhibited Bcl-X, -induced Bad mitochon-
drial localization by 50% (Fig. 3, lower panel).
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FIGURE 4. BH3-M6 inhibits the interaction between Bcl-X,, Bcl-2, and Mcl-1 with Bim, Bak, or Bax in intact cells. A, co-immunoprecipitation from

HEK293T cells. HEK293T cells were co-transfected with HA-Bcl-X, and Flag-Bimg, for 18 h. Cells were exposed to 0, 25, 50, and 100 um of BH3-M6 or 100 um
of TPC for 2 h at 37 °C, lysed, and subjected to immunoprecipitation with anti-FLAG-M2 beads. The resulting immune complexes, as well as total lysates,
were analyzed by Western blotting with the indicated antibodies. B, co-immunoprecipitation from MDA-MB-468 cells expressing Bcl-X, -IRES-Bimg,, Bcl-2-
IRES-Bimg,, and Mcl-1-IRES-Bimg, . Cells were grown in 100-mm plates and treated with 0, 25, 50, and 100 um BH3-M6 or 100 um TPC for 24 h at 37 °C, lysed,
and subjected to immunoprecipitation with Bcl-X, Bcl-2, and Mcl-1 antibodies. The resulting immune complexes were analyzed by Western blotting with
Bim, Bcl-X,, Bcl-2, and Mcl-1 antibodies. C, co-immunoprecipitation from H1299 cells. H1299 non-small lung cancer cells were grown in RPMI 1640 medium
plus 10% FBS, antibiotics and 1% sodium pyruvate, 1% HEPES, and 1.1% glucose. They were seeded in 100-mm plates and treated with 0, 25, 50, and 100
M BH3-M6 or 100 um TPC for 24 h at 37 °C, lysed and subjected to immunoprecipitation with Bak antibody. The resulting immune complexes were ana-
lyzed by Western blotting with the indicated antibodies. D, co-immunoprecipitation from A549 cells. A549 cells were grown in F-12K medium plus 10% FBS
and antibiotics and then serum-starved for 20 h, followed by treatment with 0, 25, and 50 um of BH3-M6 or 50 um of TPC for 1 h at 37 °C. Cells were then
lysed and subjected to immunoprecipitation with Bcl-X, antibody (upper panel) and Bax 6A7 antibody (lower panel). The resulting immune complexes were

analyzed by Western blotting with the antibodies indicated on the right.

The second approach involved co-immunoprecipitation of
exogenously as well as endogenously expressed proteins. First,
in HEK293T cells co-transfected with HA-Bcl-X; and Flag-
Bim, BH3-M6, but not TPC, inhibited the association of Flag-
Bim with HA-Bcl-X; in a dose-dependent manner (Fig. 4A4).
Similarly, in human breast cancer MDA-MB-468 cells stably
co-expressing either Bcl-X; and Bim, Bcl-2 and Bim or Mcl-1
and Bim, BH3-M6, but not TPC, disrupted the interaction of
Bim with Bcl-X, Bcl-2, and Mcl-1 in a dose-dependent man-
ner (Fig. 4B). Taken together, the results obtained by two dif-
ferent approaches (Figs. 3 and 4) suggest that BH3-M6 dis-
rupts the interactions of exogenously expressed pro- with
anti-apoptotic proteins in intact cells. Next we determined
whether BH3-M6 could disrupt these interactions of the cor-
responding endogenous proteins. Treatment of H1299 cells
with BH3-M6, but not TPC, resulted in a dose-dependent
inhibition of the interaction of endogenous Bak with endoge-
nous Mcl-1 (Fig. 4C). Likewise, in A549 cells BH3-M6 was
able to disrupt the interaction of Bcl-X; /Bax and Bcl-X, /Bim
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(Fig. 4D, upper panel). Finally, a mechanism by which freed
Bax is believed to induce apoptosis is through a conforma-
tional change, which can be detected by a specific antibody.
Treatment of A549 cells with BH3-M6, but not TPC, in-
creased the levels of Bax in its pro-apoptotic conformation
(Fig. 4D, lower panel).

BH3-M6 Induces Cytochrome c Release, Caspase-3/-7 Acti-
vation, Cell Death, and Apoptosis—Figs. 1—4 strongly suggest
that BH3-M6 disrupts the binding of pro-apoptotic to anti-
apoptotic proteins in cell-free systems and in intact cells. We
next determined if this disruption results in triggering apo-
ptosis. Because cytochrome c release from mitochondria to
the cytosol and subsequent activation of caspases represent
key steps during intrinsic apoptosis, we first determined
whether BH3-M6 affected this process in A549 cells. Fig. 54
shows that BH3-M6, but not TPC, triggered the release of
cytochrome ¢ from isolated mitochondria. In addition,
BH3-M6 induced apoptosis as measured by DAPI staining
(Fig. 5B) and the appearance of an 85-kDa PARP fragment in
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a concentration-dependent manner (Fig. 5C). Furthermore, controls (data not shown) and it inhibited cell viability as
treatment of A549 cells with BH3-M6 induced activation of measured by MTT assay in a dose-dependent manner (Fig.
caspase-3 and -7 by 2.7 = 0.1-fold (n = 3) compared with 5D). Taken together, these data suggest that BH3-M6-medi-
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FIGURE 6. BH3-M6 induces apoptosis in a Bim-, Bcl-2-, Bcl-X, -, and Mcl-1-dependent manner. BH3-M6 induces caspase-3/-7 activities and apoptosis in
Bcl-X,/Bim-, Bcl-2/Bim-, and Mcl-1/Bim-overexpressing cells. MDA-MB-468 cells transfected with Bcl-X -IRES-Bimg,, Bcl-2-IRES-Bimg,, and Mcl-1-IRES-Bimg,
were grown in 100-mm plates and treated with 0, 25, 50, or 100 um BH3-M6 or 100 um of TPC for 24 h at 37 °C. Cells were then harvested and lysed using
0.2% Nonidet P-40 lysis buffer (without protease and phosphatase inhibitors for cell-free caspase assay and with protease and phosphatase inhibitors for
Western blot analysis). A, caspase-3/-7 activity was determined by incubating whole-cell extracts with caspase-3/-7 substrate and measuring free AMCs (left
panel), apoptosis was quantified by TUNEL assay (middle panel), gray: TPC, black: BH3-M6. Bimg,, Bcl-X, Bcl-2, and Mcl-1 expression levels were determined
by Western blotting (right panel). B, PARP cleavage by Western blotting. C, expression levels of different anti- and pro-apoptotic proteins in DU-145 and
LNCaP cells as determined by Western blotting. D, BH3-M6 induces apoptosis in LNCaP human prostate cancer cells expressing Bax, but not in DU-145 hu-
man prostate cancer cells lacking detectable Bax expression. LNCaP and DU-145 cells were treated with 0, 25, and 50 um of BH3-M6 or 50 um of TPC for 24 h.
Cells were lysed and subjected to Western blot analysis. £, depletion of Bax, but not Bak by siRNA renders LNCaP cells resistant to apoptosis. LNCaP cells
were transfected with 10 nm Bax or Bak siRNA or control siRNA for 48 h, followed by 24 h of treatment with or without 25 or 50 um BH3-M6. Cells were lysed
and subjected to Western blot analysis with the indicated antibodies.

ated disruption of complexes between anti- and pro-apoptotic  fold) were abrogated by a pan-caspase inhibitor (Fig. 5E).

proteins releases pro-apoptotic factors to induce intrinsic These results suggest that BH3-M6-mediated induction of
apoptosis. Next, we determined whether BH3-M6 requires apoptosis requires caspase activation.

caspase activity to induce apoptosis. In DoHH2 cells, which BH3-M6 Induces Apoptosis in a Bcl-X,/Bim-, Bcl-2/Bim-,
express high levels of Bcl-2, the BH3-M6-induced caspase- and Mcl-1/Bim-dependent Manner—To investigate whether
3/-7 activity (~5-fold), PARP cleavage and apoptosis (~7.5- BH3-M6-induced apoptosis depends on disrupting the inter-

FIGURE 5. BH3-M6 induces apoptosis in a caspase-dependent manner. A, BH3-M6 releases cytochrome ¢ from mitochondria. Mitochondria from A549
cells were incubated at 37 °C with 0, 50 um BH3-M6, or TPC for 60 min. Cytochrome c release was determined as described under “Experimental Proce-
dures.” B-D, A549 cells were treated with the indicated BH3-M6 concentrations for up to 72 h and then processed for various assays as described under “Ex-
perimental Procedures.” B, BH3-M6 induces apoptosis after 48 h of exposure to BH3-M6, as shown by phase images of cells (left panel) or DAPI nuclear stain-
ing (right panel). The arrows point toward cells in the process of rounding. The images from phase and DAPI are from different experiments. The graph
below the images shows the percent of apoptotic cells and is the quantification of DAPI nuclear staining. Error bars indicate standard deviations of tripli-
cates. C, BH3-M6 induces PARP cleavage after 48 h of drug treatment. D, BH3-M6 decreases the viability of A549 cells in a dose-dependent manner as mea-
sured by MTT assay after 72 h of treatment. Error bars indicate standard deviations of triplicates. E, upper panel, activation of caspase-3/-7 by BH3-M6 is
blocked by a pan-caspase inhibitor. DoHH2 cells were pretreated with 50 um Boc-p-FMK, a pan-caspase inhibitor, followed by a co-treatment with 50 um
BH3-M6 for 24 h. Caspase-3/-7 activity was determined as described under “Experimental Procedures.” Results shown represent one of two independent
experiments in triplicate. Error bars indicate standard deviations of triplicates. £, middle panel, PARP cleavage was measured by Western blotting, lower
panel, extent of apoptosis was measured by TUNEL assay.
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FIGURE 7. BH3-M6 sensitizes A549 cells to the proteasome inhibitor
CEP-1612 to induce apoptosis. A549 cells were treated with the indicated
concentrations of either drug alone or in combination and then processed
for various assays as described under “Experimental Procedures.” A, cell via-
bility as measured by MTT assay after 72 h of treatment, error bars indicate
standard deviations of triplicates. B, apoptosis as determined by TUNEL as-
say after 48 h of treatment. C, PARP cleavage after 24 h of drug treatment.

action between pro- and anti-apoptotic proteins, we used
three MDA-MB-468 cell lines that depend for survival on the
interaction between Bcl-X; and Bim, Bcl-2 and Bim or Mcl-1
and Bim (in these cells, Bim induces apoptosis when it is freed
from Bcl-X, Bcl-2, or Mcl-1, respectively (38)). In MDA-MB-
468 control cells, BH3-M6 induced little apoptosis as mea-
sured by caspase-3/-7 activation and TUNEL assays (Fig. 64).
However, in MDA-MB-468 cells expressing Bcl-X; /Bim, Bcl-
2/Bim, Mcl-1/Bim proteins, BH3-M6 induced apoptosis by
8-10-fold by caspase-3/-7 activation assay (Fig. 64, left
panel), and 7-12-fold by TUNEL assay (Fig. 6A, middle
panel). Furthermore, BH3-M6, but not TPC, induced PARP
cleavage in these three cell lines (Fig. 6B). Coupled with the
fact that BH3-M6 disrupted the interaction of Bcl-X, /Bim,
Bcl-2/Bim, Mcl-1/Bim in these three cell lines (see Fig. 4B),
the results suggest that BH3-M6 disrupts the binding of anti-
apoptotic proteins to Bim, which once free can induce
apoptosis.

BH3-M6-induced Apoptosis Requires Bax but Not Bak—To
determine whether BH3-M6 requires Bax or Bak to induce
apoptosis, we treated LNCaP cells containing high levels of
Bax and DU-145 cells with undetectable Bax levels with BH3-
M6; both cell lines express similar amounts of Bak (Fig. 6C).
BH3-MS6, but not TPC, induced PARP cleavage in LNCaP
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cells, but not in DU-145 cells (Fig. 6D). In addition,
siRNA-mediated silencing of Bax or Bak expression in LNCaP
cells showed that the absence of Bax, but not Bak, prevented
BH3-M6-induced PARP cleavage (Fig. 6E). These data suggest
that BH3-M6-induced apoptosis requires Bax, but not Bak, in
LNCaP cells.

BH3-M6 Sensitizes A549 Cells to the Proteasome Inhibitor
CEP-1612—To determine whether BH3-M6 sensitizes cells to
apoptosis induced by other stimuli, we treated A549 cells with
BH3-M6 and CEP-1612 (39), either alone or in combination.
BH3-M6 and CEP-1612 alone had little effect on cell viability
(20 and 28%, respectively) (Fig. 7A) and apoptosis (5 and 8%,
respectively) (Fig. 7B). However, the combination treatment
showed dramatic inhibition of cell viability (77%) and induc-
tion of apoptosis (44%) (Fig. 7, A and B). In addition, immu-
noblot analysis indicated that combination treatment, but not
either drug alone induced PARP cleavage (Fig. 7C). The re-
sults from Fig. 7C were obtained after 24 h of drug treatment,
whereas those from Fig. 5C were obtained after 48 h of drug
treatment.

DISCUSSION

One of the major determinants of cell survival is the bal-
ance between the anti-apoptotic and pro-apoptotic members
of the Bcl-2 family, and overexpression of anti-apoptotic pro-
teins such as Bcl-2, Bcl-X;, and Mcl-1 contributes to cancer
progression and confers resistance to chemotherapy and radi-
ation therapy (5, 16, 17). For example, Bcl-2 overexpression is
a key molecular feature of drug resistance of non-Hodgkin’s
lymphoma patients to chemotherapy (19, 40, 41), and high
Mcl-1 levels in chronic lymphocytic leukemia patients corre-
late with a decreased complete response to chemotherapy (42,
43). Therefore, an important goal of cancer drug discovery is
to target the anti-apoptotic pathways regulated by Bcl-2 fam-
ily proteins.

The ability of anti-apoptotic proteins to preserve cancer
cell survival depends on protein-protein interactions involv-
ing the binding of the amphipathic a-helical BH3 domain of
pro-apoptotic proteins such as Bax, Bak, Bad, and Bim to a
hydrophobic pocket formed by the BH1, BH2, and BH3 do-
mains at the surface of anti-apoptotic proteins (44, 45). This
prompted a search for BH3 domain mimics as potential novel
anti-cancer drugs (23, 46). Determination of the structure of
several anti-apoptotic proteins and the development of high-
throughput screening assays led to the identification of many
antagonists of anti-apoptotic proteins. However, except for a
few such as ABT-737 and ABT-263, a thorough characteriza-
tion of their specificity has not been carried out, and with
some of these antagonists, off-target effects may contribute to
their activity (47). Furthermore, some Bcl-2 antagonists such
as ABT-737 are highly specific for one subclass of anti-apo-
ptotic proteins (i.e. Bcl-2, Bcl-X,, and Bcl-w) but not the other
subclass (i.e. Mcl-1 and Bfl-1) (47). However, apoptosis induc-
tion requires antagonizing both subclasses of anti-apoptotic
proteins (5, 24, 25). In this report, we describe the develop-
ment of a-helix mimetic BH3-M6 that disrupts the interac-
tions between Bcl-2, Bcl-X , and Mcl-1 with Bax, Bak, Bim, or
Bad and leads to cytochrome c release, caspase activation,
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PARP cleavage, and apoptosis in human cancer cells. It in-
duced Bax conformational change and required Bax expres-
sion and caspase activation to induce apoptosis.

While several antagonists of anti-apoptotic proteins such as
Gossypol, Apogossypolone, TW-37, Obatoclax, ABT-737,
ABT-263, HA1-41, Chelerythrine, Antimycin, BHI-1, and
others have been identified, only a few have been thoroughly
characterized for their specificity to disrupt protein-protein
interactions between various class of pro- and anti-apoptotic
proteins (23, 46). Furthermore, unlike other antagonists of
anti-apoptotic proteins, BH3-M6 was designed based on our
a-helix mimicry strategy that uses a terphenyl scaffold to spa-
tially project functionality in a manner similar to that of two
turns of the BH3 domain a-helix (32). Our computational
docking studies suggest that BH3-M6 binds at the BH3 bind-
ing cleft of anti-apoptotic proteins and engages amino acid
residues that are involved in binding to the BH3 a-helices of
pro-apoptotic proteins. The unsubstituted control compound
TPC makes few favorable contacts, confirming that the side
chains attached to the terphenyl scaffold are required for in-
teraction with Bcl-2, Bcl-X; , and Mcl-1. Consistent with our
docking results, fluorescence polarization assays showed that
BH3-M6 displaced the Bcl-X; - and Mcl-1-bound Bak or Bim
peptides, suggesting that BH3-M6 disrupts Bcl-X; /Bak and
Mcl-1/Bim interactions by binding the BH3 binding site on
Bcl-X; and Mcl-1. Furthermore, using several approaches, we
show that BH3-M6 disrupted Bcl-X, Bcl-2 and Mcl-1 inter-
actions with Bax, Bak, Bad, or Bim, suggesting that BH3-M6 is
a broad pan-Bcl-2antagonist capable of antagonizing the two
distinct subclasses of anti-apoptotic proteins, which is critical
for full induction of apoptosis (5, 24, 25). Other published
antagonists including ABT-737 and ABT-263 are not pan-
Bcl-2 inhibitors and on their own may not be able to induce
apoptosis in tumors where both Bcl-X; and Mcl-1 are overex-
pressed (23, 46). This is consistent with studies that showed
that Mcl-1 confers resistance to Bcl-2-, Bcl-X; -, and Bcl-w-
selective antagonists such as ABT-737, and that Obatoclax,
which antagonizes both subclasses, overcomes this resistance
(48). Because BH3-M6 disrupted the interaction of anti-apo-
ptotic proteins with both multi-domain and BH3-only pro-
apoptotic proteins, this compound represents an important
advantage, since several mechanisms have been proposed for
Bcl-2 family-mediated cancer cell survival including direct
and indirect ones that involve neutralization by anti-apoptotic
proteins of either multi-domain or BH3-only pro-apoptotic
proteins (7, 49).

It is also important to note that some antagonists of anti-
apoptotic proteins have other targets and may kill cells by
mechanisms that are independent of activation of Bax and
Bak. Indeed, Gossypol, Antimycin, BHI-1, HA1-41, and
Chelerythrine kill wild-type and Bax/Bak-deficient fibroblasts
with similar efficacy (47). In contrast, the same study showed
that ABT-737 kills only wild-type, but not Bax/Bak-deficient
cells, suggesting that this compound is a true BH3 mimic that
induces apoptosis by specifically binding anti-apoptotic pro-
teins and releasing pro-apoptotic proteins. The data pre-
sented in Fig. 6, A and B suggest that in cells depending for
survival on anti-apoptotic proteins neutralizing Bim, BH3-
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Mé6-induced apoptosis depends on its ability to disrupt the
interaction of Bim with Bcl-X{, Bcl-2 or Mcl-1. This frees up
Bim allowing it to induce apoptosis, possibly by directly acti-
vating Bax and/or Bak as has been suggested previously (14).
Furthermore, the data presented in Fig. 6, C-E suggest that
BH3-M6-induced apoptosis depends on Bax. These results
suggest that BH3-M6 induces apoptosis by freeing up Bax
from anti-apoptotic proteins and/or directly inducing Bax to
assume its pro-apoptotic conformation.

The ability of BH3-M6 to inhibit the binding of Bcl-2, Bcl-
X, and Mcl-1 to pro-apoptotic proteins is predicted to free
up Bax, Bak, Bim, and Bad. However, these pro-apoptotic pro-
teins can be degraded by the proteasome. Therefore, a combi-
nation of BH3-M6 and a proteasome inhibitor would be pre-
dicted to be more effective than single agent treatment.
Indeed, our findings support this prediction by demonstrating
that that the combination of BH3-M6 with the proteasome
inhibitor CEP-1612 synergistically kills A549 cells. Our results
are consistent with others that show that ABT-737 synergizes
with the proteasome inhibitors bortezomib (50) or MG-132
(51).

In summary, a strategy of a-helix mimicry based on a sub-
stituted terphenyl scaffold was successfully applied to develop
a pan Bcl-2 family antagonist. The disruption of protein-pro-
tein interactions between pro- and anti-apoptotic Bcl-2 family
members with non-peptidic small molecules that mimic large
areas of protein surfaces such as a-helices is a major mile-
stone in the challenging field of protein-protein disruptor dis-
covery. This is an important milestone as protein-protein in-
teractions involving a-helices are implicated in many
pathological conditions and are hence promising targets for
drug discovery. Furthermore, the ability of BH3-M6 to disrupt
interactions of anti-apoptotic proteins with both multi-do-
main and BH3-only pro-apoptotic proteins, its induction of
Bax conformational change and its reliance on caspase and
Bax for apoptosis induction suggest that the essential multi-
domain pro-apoptotic proteins can be activated to induce
apoptosis. These results, along with the fact that the ability of
BH3-MB6 to induce apoptosis is dependent on disrupting Bcl-
X, Bcl-2, and Mcl-1 interactions with Bim, suggest that
BH3-M6 induces apoptosis by the intended mechanism.
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