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Members of the Bcl-2 family of proteins are crucial
regulators of programmed cell death or apoptosis. This
family of proteins now includes both anti-apoptotic
molecules such as Bcl-2 and Bcl-X,, and pro-apoptotic
molecules such as Bax, Bak, Bid, and Bad. The majority
of human cancers are found to have overexpression of
Bcl-2, Bcl-X,, or both. Bcl-2 and Bcl-X; may play a
critical role in cancer progression. Cancers with high
levels of Bcl-2 or Bcl-X, or both proteins are resistant
to a wide spectrum of chemotherapeutic agents and
radiation therapy. Bcl-2 and Bcl-X,; have become at-
tractive targets for designing new anticancer drugs.
Small-molecule inhibitors that are capable of inhibiting
the activity of Bcl-2 and Bcl-X, may have great thera-
peutic potential as an entirely new class of anticancer
drugs for treating many forms of cancers in which Bcl-2
and/or Bcl-X; proteins are overexpressed and for which
traditional therapies are ineffective. Design of small-mol-
ecule inhibitors of Bcl-2 and Bcl-X, is a very new and
exciting area for current anticancer drug design and de-
velopment. In this article we will provide a brief review on
the strategy and recent progress in designing small-mol-
ecule antagonists targeting Bcl-2 and Bcl-X, .
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Bcl-2 AND Bcl-X, AS CRUCIAL
REGULATORS OF APOPTOSIS

POPTOSIS, or programmed cell death, is a

cell suicide mechanism that enables metazo-

ans to control cell number in tissues and to elim-
inate unwanted individual cells. In multicellular
organisms, individual cells are often eliminated for
the common good by apoptosis. Apoptosis is im-
portant for normal development, host defense, and
suppression of oncogenesis. Apoptosis not only
plays an important role in tissue sculpting during
development, but is also the primary defense
against cells that may pose a threat to the well-
being of the whole organism, such as cancer pro-
genitor cells. As a result, cancerous cells must first
undergo cellular alteration during tumorigenesis to
enable unregulated proliferation without undergo-
ing apoptosis. Evasion of apoptosis is now recog-
nized as one of the major molecular mechanisms
for cancer progression and resistance of cancer to
chemotherapeutic drugs and radiation therapy.!-5
Bcl-2 was originally identified at the chromo-
somal breakpoint of t(14;18)-bearing B-cell lym-
phomas.®7 Bcl-2 belongs to a growing family of
proteins that regulate apoptosis.!* The Bcl-2 fam-
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ily includes both death antagonists such as Bcl-2
and Bcl-X;, and death agonists such as Bax, Bak,
Bid, and Bad.!# The selective and competitive
dimerization between pairs of antagonists and ago-
nists determines how a cell will respond to an
apoptotic signal.l-4

ROLES OF Bcl-2 and Bcl-X, IN HUMAN
CANCERS

The precise roles of Bel-2 and Bel-X| in human
cancers remain far from understood. However, sev-
eral lines of evidence strongly suggest that Bcl-2
and Bcl-X; not only contribute to cancer progres-
sion by preventing normal cell turnover, but also
play an important role in the resistance of cancer
cells to current cancer treatments.> Overexpres-
sion of Bcl-2 and/or Bel-X; renders cancer cells
resistant to a wide spectrum of chemotherapeutic
drugs and radiation therapy.>6%° Not surprisingly,
the majority of human cancers are found to over-
express Bcl-2, Bel-X;, or both proteins.

In Table 1, we summarize some representative
data on the overexpression status of Bcl-2 and
Bcl-X; proteins in several major human cancers
based on immunohistochemical analyses of clini-
cal samples.10-30 In several types of cancers, both
Bcl-2 and Bcl-X; are found to be overexpressed in
a high percentage of tumor samples, such as pros-
tate, breast, and colorectal cancers, and mela-
noma. Interestingly, in some other types of cancer,
only one protein is found to be overexpressed in
the majority of patients. For example, in head and
neck cancer, Bcl-X; is found to be overexpressed
in 52% to 75% of patients, while Bcl-2 is overex-
pressed only in approximately 10% to 15% of
patients.??-28

From the Department of Internal Medicine and Comprehensive
Cancer Center, University of Michigan Medical School, Ann Ar-
bor, MI.

Address reprint requests to Marc E. Lippman, MD, Department
of Internal Medicine and Comprehensive Cancer Center, Univer-
sity of Michigan Medical School, 3101 Taubman Center, Box
0368, 1500 E Medical Center Dr, Ann Arbor, MI 48109.

© 2003 Elsevier Inc. All rights reserved.

0093-7754/03/3005-1615$30.00/0

doi:10.1053/S0093-7754(03)00448-2

133



134

WANG, YANG, AND LIPPMAN

Table I. Overexpression Status of Bcl-2 and Bcl-X, in Several Types of Cancer
Cancer Type Bcl-2 Expression (%) Bcl-X_ Expression (%) References

Prostate cancer 20-40 (at diagnosis) 100 10, Il

(hormone-resistant) 80-100
Breast cancer 60-80 40-60 12-16

(estrogen receptor-positive) 80-90
Non-small cell lung cancer 20-40 17,18
Small cell lung cancer 60-80 19
Colorectal cancer 50-100 83 20-23
Melanoma 65 90 24,25
Multiple myeloma 29 26

(at relapse) 77
Head and neck cancer 13 52-75 27,28
Pancreatic cancer 23 90 29
Hepatocellular carcinoma 80 30

Although Bcl-2 and Bcl-X; are overexpressed in
60% to 80% and 40% to 60% of breast cancer,
respectively, there are some differences in their
expression patterns in human breast cancer.!2-1¢
Overexpression of Bcl-X| protein appears to be
associated with higher tumor grade and increased
number of positive nodes.!2In comparison, overex-
pression of Bcl-2 protein is strongly correlated
with estrogen receptor positivity.12-15 Low expres-
sion of Bcl-2 is associated with shorter time to
progression and shorter overall survival.l+15
Bcl-X; overexpression is correlated with higher
tumor grade and an increased number of positive
nodes and may be associated with invasive breast
cancer.!? In prostate cancer, Bcl-2 is overexpressed
in only 20% to 40% of prostate cancer at diagno-
sis, but its overexpression increases to 80% to
100% in hormone-refractory disease.!%1! Bel-X| is
overexpressed in nearly 100% of hormone-refrac-
tory prostate cancer.!0

Taken together, these observations underscore
the need to consider Bcl-2 and Bcl-X; as two
closely related but different molecular targets in
the development of new therapeutic agents for
treating different forms of cancer.

Bcl-2 AND Bcl-X, AS ATTRACTIVE
MOLECULAR TARGETS FOR ANTICANCER
DRUG DESIGN

Bcl-2 and Bel-X; have emerged as attractive
molecular targets for the design of molecular tar-
get-specific new anticancer drugs. Inhibition of the
anti-apoptotic function of Bcl-2/Bcl-X; represents

a novel and promising strategy for overcoming the
resistance of cancers to chemotherapy or radiation
therapy and for developing an entirely new class of
anticancer drugs.>-

First, most of the currently available cancer
chemotherapeutic agents target cellular DNA in-
tegrity or replication, and indirectly trigger apo-
ptosis in tumor cells.> Cancers that express high
levels of Bcl-2, Bel-X;, or both proteins are resis-
tant to chemotherapeutic agents or radiation ther-
apy.>®8 Therefore, a drug that specifically targets
the anti-apoptotic function of Bcl-2 and/or Bel-X;.
may restore the sensitivity of cancer cells to che-
motherapeutic agents or radiation. Second, Bcl-2
and Bcl-X; are overexpressed in cancer cells while
having very low levels in normal cells and tissues.
As a result, cancer cells might develop a strong
dependence on the protective effect of Bcl-2 and
Bcl-X; for their survival, while normal cells might
not have such dependence. Therefore, a specific
inhibitor of Bcl-2 and Bcl-X; could selectively
target cancer cells. Such a specific inhibitor is
predicted to have very mild side effects. Third,
because Bcl-2 and Bcl-X| are overexpressed in the
majority of human cancers,'%-3° a drug targeting
Bcl-2 and Bel-X| could be developed for treating
many forms of human cancer.

BIOLOGICAL AND PEPTIDE APPROACHES
TARGETING Bcl-2 AND Bcl-X,

Several biological approaches have been sought
to target Bcl-2 and Bcl-X;. One approach is to
inhibit their expression levels. This is the basic
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idea behind bcl-2 and bcl-X; antisense therapies.
Antisense bcl-2 oligonucleotides have been shown
to induce apoptosis and increase sensitivity of che-
motherapeutic drugs in a variety of human cancer
cell lines.3135 Antisense bcl-2 has been shown to
suppress tumor growth in vivo, either alone or in
combination with chemotherapeutic agents in
xenograft models of human cancers.31-35 Cur-
rently, bcl-2 antisense (Genasense, or G3139;
Genta Pharmaceuticals Inc, Berkeley Heights, NJ)
is in several phase II-IIl clinical trials for the
treatment of chronic lymphocytic leukemia, ma-
lignant melanoma, multiple myeloma, non-small
cell lung cancer, acute myeloid leukemia, mantle
cell lymphoma, and prostate cancer in combina-
tion with chemotherapeutic drugs. Antisense
bel-X; oligonucleotide has been shown to specifi-
cally decrease protein levels of Bcl-X; in prostate
and bladder cancers and sensitize cancer cells to
chemotherapy.?® A bispecific bcl-2/bcl-X; anti-
sense oligonucleotide has also been developed and
was shown to inhibit cancer cell growth in human
tumor cell lines of diverse histologic origins in
vitro.37 It also statistically significantly inhibited
the in vivo growth of breast and colorectal carci-
noma xenografts, relative to those treated with a
control oligonucleotide.3” A monospecific bcl-xL
and a bispecific bcl-2/bcl-X; antisense oligonucle-
otide were shown to induce apoptosis in primary
cell cultures derived from different stages of mel-
anomas and a cell line, and the bispecific bcl-2/
bcl-X; antisense oligonucleotide was found to be
superior to the monospecific bcl-xL in reducing the
cell viability in all melanoma stages.?® An intra-
cellular anti-Bcl-2  single-chain antibody was
shown to increase drug-induced cytotoxicity in the
MCEF-7 breast cancer cell line.?® An anti-bcl-2
ribozyme was developed and has been shown to
rapidly degrade bcl-2 mRNA in vitro.#® Recently, a
synthetic cell-permeable Bad BH3 peptide that
binds to Bcl-2 has been shown to induce apoptosis
in vitro and have in vivo activity in inhibiting the
growth of human myeloid leukemia in severe com-
bined immunodeficient mice.4!

Taken together, these studies using antisense
oligonucleotides, single-chain antibody, ribozyme,
and synthetic peptides suggest that Bcl-2 and
Bcl-x; represent promising molecular targets for
the design of an entirely new class of anticancer
drugs by targeting apoptosis resistance of cancer
cells.
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STRATEGY IN DESIGNING NONPEPTIDIC,
CELL-PERMEABLE SMALL-MOLECULE
ANTAGONISTS OF Bcl-2/Bcl-X,

Nonpeptidic, cell-permeable small-molecule in-
hibitors of Bcl-2 and Bcl-X; are valuable tools to
study the functions of Bcl-2 and Bcl-X;. Impor-
tantly, potent and cell-permeable small-molecule
inhibitors may have great therapeutic potential to
be developed as an entirely new class of anticancer
drugs. There are potentially several major advan-
tages for small-molecule inhibitors over biological
and peptide approaches, including better bioavail-
ability, better stability, low cost, and the ability to
penetrate through the blood-brain barrier of the
central nervous system.

Several lines of evidence indicate that it is pos-
sible to design small-molecule inhibitors targeting
Bcl-2 and Bcl-X; . The anti-apoptotic function of
Bcl-2/Bcl-X; is attributed, at least in part, to their
ability to heterodimerize with pro-apoptotic mem-
bers such as Bid, Bim, Bad, and Bax and antago-
nize their pro-apoptotic function.!-642-45 [t has
been shown that only the BH3 domains of these
pro-apoptotic members are required for binding to
Bcl-2 and Bel-X; and for inducing apoptosis.*> A
synthetic Bad BH3 peptide has been shown to
induce apoptosis in vitro and have in vivo activity
in human myeloid leukemia growth in severe com-
bined immunodeficient mice.*! The experimental
structures of Bcl-2 and Bcl-X; have provided
atomic detailed structural information about the
binding of these proteins to BH3 peptides. The
experimental structures showed that the BHI,
BH2, and BH3 domains of Bcl-2 and Bcl-X; form
a hydrophobic binding pocket (the BH3 binding
pocket) into which the Bak or Bad BH3 domain
binds (Figs 1 and 2).46-50 This binding pocket in
Bcl-2/Bcl-X; is essential for its anti-apoptotic
function.42-45 Therefore, it has been hypothesized
that nonpeptide small molecules that bind to the
BH3 binding pocket in Bcl-2 and Bcl-X; can block
the interaction between Bcl-2/Bcl-X; and pro-apop-
totic members such as Bak, Bax, and Bad simply
through direct competition and physical exclusion,
thus functioning as antagonists of Bcl-2/Bcl-X;

SMALL-MOLECULE ANTAGONISTS
TARGETING Bcl-2/Bcl-X, DISCOVERED BY
OTHER INVESTIGATORS

Despite the successful development of several
screening assays, nonpeptidic small-molecule
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BH3 binding site

inhibitors of Bcl-2 and Bcl-X; remained elusive for
several years.5! However, several recent indepen-

dent reports have shown that it is possible to
design nonpeptide small-molecule antagonists that
bind to the BH3 binding site of Bcl-2/Bcl-X; .52-56

The first report of a small-molecule inhibitor of
Bcl-2 was contributed by Wang et al.>2 Using a
computerized structure-based database screening
strategy, these investigators screened the Avail-
able Chemical Directory of more than 200,000
small organic compounds and reported the discov-
ery of one class of small organic molecule (called
HA14-1) that binds to the BH3 binding site in
Bcl-2 (no. 1 in Table 2). HA14-1 was shown to
bind to the Bcl-2 protein and to effectively inhibit
the binding between Bcl-2 and Bak BH3 peptide
with a 50% inhibitory concentration (ICsy) of 9
pmol/L. HA14-1 also induced apoptosis in human

Fig 2. Ribbon representation
of the solution structures of
Bcl-X; in complex with the Bak
BH3 peptide (A) and in complex
with the Bad BH3 peptide (B) as
determined by Fesik and col-
leagues.?84° Note that the Bad
BH3 peptide has more extensive
interactions with Bcl-X, than the
Bak BH3 peptide, which may ex-
plain its much higher binding af-
finity to Bcl-X;. The binding of
the Bak or Bad BH3 peptide also
causes significant conformational
changes in the binding site of
Bcl-X; as compared with the free
form of Bcl-X, protein.
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BH3 binding site

B> Bak BH3 peptide

Fig 1. Ribbon representation
of the solution structures of
(A) Bcl-2 and (B) Bcl-X,, as
determined by Fesik and col-
leagues.46:5° Note that Bcl-2 and
Bcl-X; have a well-defined bind-
ing site, which mediates the bind-
ing of Bcl-2 and Bcl-X; to the
BH3 domain of pro-apoptotic
Bak and Bad proteins.

acute myeloid leukemia (HL-60) cells overexpress-
ing Bcl-2 protein, associated with the decrease in
mitochondrial membrane potential and activation
of caspase-9 followed by caspase-3. The signifi-
cance of this study was that, for the first time, a
nonpeptide small organic compound was discov-
ered that is capable of inhibiting the binding be-
tween Bak BH3 peptide and Bcl-2 protein. This
small-molecule inhibitor is also cell permeable be-
cause it displays a fairly potent (umol/L) cellular
activity in inhibition of cell growth and induction
of apoptosis.

Following the discovery by Wang et al in
2000,52 two independent reports were published in
2001 disclosing the discovery of three new classes
of small-molecule inhibitors of Bcl-2 or Bcl-
X, .5354 Using a high-throughput screening assay
based on fluorescence polarization (FP), Degterev

Bad BH3 peptide
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Table 2. Chemical Structures and Binding Affinities of Small-Molecule Inhibitors of Bcl-2 and/or Bcl-X,
Binding affinity to Bcl-2 Binding affinity to Bcl-X_
Chemical Structure (ICso or Kg, umol/L) (ICso or Kgy, umol/L) Reference
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et al screened a library of 16,320 chemicals from
ChemBridge Corporation (San Diego, CA). They
reported the identification of two classes of small-
molecule inhibitors of Bcl-X; 53 The most potent
representative compounds (nos. 2 and 3 in Table
2) have ICs, values of 2.4 and 3.3 wmol/L, respec-
tively. These compounds induce apoptosis and in-
hibit cell growth. Using nuclear magnetic reso-
nance (NMR) methods, they conclusively showed

that these small-molecule inhibitors bind to the
BH3 binding site in Bcl-X, . Further, they convinc-
ingly showed that these inhibitors specifically
block the BH3 domain-mediated heterodimeriza-
tion between Bcl-2 family members in cell-free
and in cellular systems.

Tzung et al>* identified antimycin A3 (no. 4 in
Table 2), an antibiotic, as a small-molecule inhib-
itor of Bel-2/Bcl-X| using a very different approach.
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They hypothesized that agents with mitochondrial
effects might directly trigger apoptotic changes in
mitochondria, bypassing the protective effects of
Bcl-2—related proteins. To test this hypothesis,
they screened inhibitors of mitochondrial respira-
tion for the ability to induce apoptosis in isogenic
hepatocyte cell lines with graded expression of
Bcl-X; . They found that high levels of Bcl-X; not
only failed to protect against antimycin A, an
inhibitor of electron transfer at complex III, but
markedly enhanced antimycin A-induced apopto-
sis. Further investigations into the mechanism of
sensitivity to antimycin in Bel-X; "&" cells showed
that antimycin A binds to the hydrophobic groove
of Bcl-2/Bcl-X; proteins. It is worth noting that
the one significant difference between the results
obtained by Yuan et al and those obtained by
Tzung et al is the effect of these small-molecule
inhibitors on the proposed pore-forming activity of
Bcl-X;. While Yuan et al reported that neither
Bak BH3 peptide nor small-molecule inhibitors
had any effect,’® Tzung et al showed that both
antimycin A and Bak BH3 peptide were able to
block Bcl-X;-mediated pore formation.54

Very recently, a small molecule was designed to
mimic the interface functionality of the BH3 Bak
in complex with Bcl-X| using primarily three hy-
drophobic groups and one carboxylic acid.’® A
potent small-molecule inhibitor was obtained with
a K, value of 114 nmol/L binding to Bcl-X; (Table
2, compound 5), similar to that potency of the Bak
BH3 peptide under the assay conditions (the K,
value for the Bak BH3 peptide is 120 nmol/L).
Although it is not known if the compounds are
cell permeable, this study for the first time showed
that it is possible to design small-molecule inhib-
itors with a binding affinity to Bcl-x; as potent as
the Bak BH3 peptide.5¢

SMALL-MOLECULE INHIBITORS OF Bcl-2
AND Bcl-X, DISCOVERED IN OUR
LABORATORIES

Our laboratories (University of Michigan Med-
ical School, Ann Arbor, MI) have been pursuing
the discovery of small-molecule inhibitors of Bel-2
and Bcl-X| using a computational structure-based
approach. To date, we have discovered more than
10 chemical classes of small-molecule inhibitors of
Bcl-2 and Bcl-X; . Several of these have recently
been reported.>?
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Computerized structure-based 3-dimensional
(3-D) database screening, using computational
docking aimed at identification of potential small
organic molecules from large chemical 3-D data-
bases that can bind to a specific binding site of the
target protein, has become a powerful tool for
discovery of new lead compounds. Potential inhib-
itors are subsequently confirmed through biochem-
ical and biological assays. Compared with random
screening, structure-based 3-D database searching
is effective and has a very low cost. Over the years,
our laboratories have extensively and successfully
used this approach for the discovery of novel leads.
Importantly, the experimental 3-D structures of
Bcl-2 and Bcl-X; alone, or in complex with Bak
and Bad peptides, provide a solid basis for struc-
ture-based discovery and design of small-molecule
inhibitors of Bel-2 and Bcl-X; .46-5

Our initial efforts have focused on identification
of small-molecule inhibitors of Bcl-2. Because the
experimental Bcl-2 structure was not available
when we performed the computational structure-
based screening, we have modeled the structure of
Bcl-2 using the experimental 3-D structures of
Bcl-X; as the template protein structures.46-4° Be-
cause of the high degree of homology between
Bcl-2 and Bel-X; (45% sequence identity, 56%
sequence similarity), it was expected that a fairly
accurate 3-D structural model of Bcl-2 could be
obtained using this homology modeling ap-
proach.’8:% Indeed, when the recently published
Bcl-2 NMR structure® was compared with our
modeled Bel-2 structure, we found that they were
essentially the same with respect to both the over-
all folding and binding site conformation. The
root-mean-square deviation between the NMR
structure and our modeled structure is 1.0 A for all
the nonhydrogen atoms for residues that form the
BH3 binding site.

Using the modeled 3-D structure of Bcl-2, we
have performed structure-based database screening
of the National Cancer Institute’s 3-D database of
206,000 small molecules and natural products,°
using the computer program DOCK.®! The top
500 small molecules with the best-predicted dock-
ing scores identified by DOCK were considered as
potential small-molecule inhibitors of Bcl-2 for
biological testing. Using an established sensitive
and quantitative in vitro FP-based method, we
initially tested 35 candidate compounds for their
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ability to compete with the Bak BH3 peptide
binding to Bcl-2. Seven of these compounds were
found to have binding affinities (ICs values) rang-
ing from 1.6 to 14.0 umol/L using the FP-based
binding assay.*!

To verify the chemical structures of these small-
molecule inhibitors, we performed mass spectros-
copy and "H NMR analyses on the chemical sam-
ples. The mass spectroscopy and "H NMR data for
five small-molecule inhibitors are consistent with
their chemical structures recorded in the National
Cancer Institute database but are inconsistent for
two other active compounds. The chemical struc-
tures of these five small-molecule inhibitors with
confirmed structures are shown in Table 2 (nos. 6
through 10).

Compound 8 displays the most potent binding
affinity among the small-molecule inhibitors iden-
tified in our study (ICsy = 1.7 umol/L) but this
compound does not have any significant cellular
activity in inhibition of cell growth and induction
of apoptosis among the cancer cell lines we exam-
ined up to 100 wmol/L. Of these inhibitors, 6
(BL-11) and 7 display a fairly potent activity in
inhibition of cell viability and cell growth in the
HL-60 cell line, which has the highest level of
Bcl-2 protein among all the cancer cell lines we
have examined. The ICs, value (concentration
required to inhibit 50% of cancer cell growth
versus untreated cells) for compound BL-11 in
HL-60 cancer cell is 4 wmol/L using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide (MTT) assay.

It has been hypothesized that a potent small
molecule that binds to the BH3 binding site of
Bcl-2 will block the anti-apoptotic function of
Bcl-2, which in turn would induce apoptosis in
cancer cells with Bcl-2 protein overexpression. To
test this hypothesis, we evaluated the ability and,
importantly, the specificity of BL-11 in inducing
apoptosis in cancer cells with high- or low-level
Bcl-2 expression. We used the Annexin-V (R & D
Systems Inc, Minneapolis, MN) flow cytometry
assay to obtain a quantitative assessment on the
ability of BL-11 to induce apoptosis in the HL-60
and human breast cancer MDA-231 cell lines.
MDA-MB-231 cells treated with O (untreated), 5,
and 10 umol/L of BL-11 for 24 hours exhibited
0%, 13%, and 20.0 % apoptotic cells, respectively,
while HL-60 cells treated with 0, 5, 10, and
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20 umol/L of BL-11 for 24 hours had 0%, 24%,
31%, and 67% of apoptotic cells, respectively.
Therefore, BL-11 induced apoptosis in a dose-
dependent manner in MDA-MB-231 and HL-60
cell lines with Bcl-2 protein overexpression. In the
human breast cancer cell line MDA-MB-453 and
the normal fibroblast cell line WI-38 having low
levels of Bcl-2 protein, no significant apoptotic
cells were detected at 20 wmol/L of BL-11.

Because Bcl-2 and Bcl-X; have similar BH3
binding sites, it is expected that small-molecule
inhibitors of Bcl-2 could also bind to Bcl-X; . In-
deed, the ICs; value of BL-11 to Bcl-X; as deter-
mined by a similar FP-based binding assay is 9
mmol/L, similar to the binding affinity of BL-11 to
Bcl-2. Therefore, BL-11 is a dual inhibitor of both
Bcl-2 and Bel-X;.

Using the FP-based assay, we showed that BL-11
and other inhibitors we have identified bind to
Bcl-2. However, the in vitro FP-based method
simply shows that addition of a small-molecule
inhibitor reduces the intensity of FP. The most
straightforward interpretation is that the small-
molecule inhibitor binds to Bcl-2 and displaces the
binding of the fluorescence-labeled Bak BH3 pep-
tide. However, it is also possible that addition of
the small-molecule inhibitor simply causes the un-
folding of the protein and thus reduces the binding
of the fluorescence-labeled Bak BH3 peptide to
the protein. To rule out the latter possibility and
to conclusively demonstrate the binding of BL-11
to the BH3 binding site in Bcl-2 and Bcl-X, we
used NMR methods to further investigate the
binding to BL-11.

BL-11 binds to both Bcl-2 and Bcl-X; with
similar affinities, and Bcl-2 and Bcl-X; have very
similar BH3 binding sites. Because Bcl-X; behaves
much better than Bcl-2 in solution, we chose to
use Bcl-X; for our NMR experiments. We mea-
sured the hetereo-nuclear single quantum correla-
tion spectrum of ’N-labeled Bcl-X; without and
with BL-11. The hetereo-nuclear single quantum
correlation spectrum is also called a fingerprint
spectrum because of its sensitivity to structural
changes. Our experiment showed that the binding
of BL-11 caused the peak shifts of only a few
residues in the BH3 binding site of Bcl-X|, clearly
indicating that BL-11 binds to the BH3 binding
site in Bcl-X; and does not unfold the protein.>?
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CHALLENGES IN DESIGNING SMALL-
MOLECULE INHIBITORS OF Bcl-2
AND Bcl-X,

The independent discovery of nonpeptide, cell-
permeable small-molecule inhibitors of Bcl-2 and
Bcl-X; by several research groups clearly suggests
that the approach using small molecules to inhibit
the function of Bcl-2 and Bel-X; is indeed feasible.
It is expected that these cell-permeable, small-
molecule inhibitors will provide an invaluable re-
search tool to further elucidate the function of
Bcl-2/ Bel-X in vitro and in vivo.

Of note, these small-molecule inhibitors re-
ported to date are not yet useful clinical candidates
because of the moderate potency in their binding
affinities to Bcl-2 or Bel-X; and in inhibition of
cell growth. Compound 5 appears to be the most
potent small-molecule inhibitor of Bcl-X| reported
with a K value of 114 nmol/L, but it is not known
if this inhibitor is cell-permeable. Thus, one major
challenge scientists are facing in the development
of small-molecule inhibitors of Bcl-2 and Bel-X is
how to significantly improve the potency of these
initial lead compounds. This challenge is not triv-
ial because there are still very few examples that
small-molecular-weight ligands with high affinity
can be designed to disrupt protein-protein inter-
actions.

Analysis of the 3-D structure of Bcl-X; in com-
plex with the Bad BH3 peptide may provide some
clues (Fig 2B). The Bad BH3 peptide binds to
Bcl-X; with a K value of 0.6 nmol/L, which is at
least 1,000 times more potent in its binding affin-
ity than those cell-permeable small-molecule in-
hibitors reported (Table 2). The interactions be-
tween Bad and Bcl-X; are mediated by at least six
hydrophobic residues in Bad BH3 peptides, which
spans 30 A in length. All of these reported small-
molecule inhibitors are only half the size of the
Bad BH3 peptide, suggesting that additional mod-
ifications with improved specific interactions with
Bcl-X; and Bcl-2 in these small-molecule inhibi-
tors could significantly improve their binding af-
finities.

Bcl-2 and Bcl-X; have similar BH3 binding
pockets, but there are differences in the structural
topology and electrostatic potential of the binding
groove. The selectivity of small-molecule inhibi-
tors of Bcl-2 and Bcl-X; has not been fully char-
acterized. It will be interesting to develop highly
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selective small-molecule inhibitors for Bcl-2 and
Bcl-X| because such inhibitors will undoubtedly
be useful pharmacologic tools for studying the
function of Bcl-2 and Bcl-X; . On the other hand,
because many types of cancers overexpress both
Bcl-2 and Bcl-X|, a small-molecule inhibitor that
potently binds to both proteins may have addi-
tional therapeutic benefits as compared with an
inhibitor of only one of these proteins.

CONCLUSION

The intensive research in the last decade into
the molecular mechanism of apoptosis has shown
that Bcl-2 and Bcl-X| play a crucial role in con-
trolling apoptosis in cancer cells and in resistance
of cancer to current chemotherapy and radiation
therapy. Although still in its very early stages,
designing nonpeptidic, cell-permeable, small-mol-
ecule antagonists of Bcl-2 and Bel-X; holds prom-
ise for developing an entirely new class of antican-
cer drugs by targeting the fundamental molecular
mechanism of resistance of cancer cells to apopto-
sis. We expect that designing small-molecule an-
tagonists of Bcl-2 and Bel-X; will continue to be a
very exciting area for years to come, and may
ultimately lead to the development of a novel class
of molecular target-specific new anticancer ther-

apy.
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