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Abstract—B-Cell lymphoma-2 (Bcl-2) protein is a new promising target for anticancer drugs. A number of anticancer Bcl-2 inhib-
itors with diverse chemical structures have been discovered in recent years. In this paper, the flexible docking was performed to
determine the binding modes of the representative inhibitors from different structural types. Subsequently, the binding modes of
inhibitor were used to construct a primary three- dimensional (3D) pharmacophore model. It proved that this model can effectively
disrupt the binding of the BH3 domain of proapoptotic Bcl-2 family members to Bcl-2, and match the structural requirement of a
new type of Bcl-2 inhibitors. However, these distances between pharmacophoric points are not optimal due to the fact that not all of
individual functional groups are located in the ideal position when inhibitors bind to its receptor. In this paper, we proposed a new
idea to improve the quality of the pharmacophore model: the multiple copy simultaneous search (MCSS) method was performed to
determine the energetically favorable distribution of functional groups with similar features to these pharmacophoric points in the
active site of Bcl-2 first. Then their most energetically favorable minima in the positions near the pharmacophoric points were used
to optimize the distances between pharmacophoric points. By examining the binding modes of several inhibitors from the same
structural type, it was found that the more potent the inhibitor was, the closer it was to the optimized distances between pharma-
cophoric points. The optimized 3D pharmacophore model obtained in this paper may provide a good starting point for further
rational design of Bcl-2 inhibitors.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The Bcl-2 family of proteins plays important roles in the
regulation of cellular apoptosis and is divided into two
classes: antiapoptosis members (including Bcl-2) and
proapoptosis members.!-? It has been revealed that anti-
apoptotic members inhibit apoptosis by antagonizing
the actions of proapoptotic members.? And their activity
is mediated through the association of a large hydropho-
bic pocket on the antiapoptotic members with the BH3
domain of the proapoptotic members.*¢
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The overexpression of Bcl-2, which is found in a wide
variety of human cancers, is associated with tumor pro-
gression and resistance to anti-cancer therapy.”-® There-
fore, Bcl-2 is an attractive target for the development of
anticancer agents.”!” In recent years, a number of small
molecule compounds with diverse chemical structures
have been identified as anticancer agents,''™'* which
can bind in the hydrophobic pocket on Bcl-2 and block
its function.!*2° And the 3D NMR structure of the Bcl-
2: a small molecule inhibitor complex (PDB code
1YSW) reported recently?® extended our understanding
of the binding modes between inhibitors and the active
site of Bcl-2.

The enormous molecular diversity among the Bcl-2
inhibitors presents a significant challenge to determining
the essential structural features for activity. Therefore,
no detailed 3D pharmacophore model for Bcl-2
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inhibitors has been determined until now, though it can
provide useful insights for rational inhibitor design.?! In
this paper, we performed flexible docking to construct
binding modes for the representative inhibitors from dif-
ferent structural types. Subsequently, examination of the
binding modes of inhibitor revealed a primary 3D phar-
macophore model, in which the distances between phar-
macophoric points were calculated based on the
bioactive conformation of the representative inhibitors.
To assess the reliability of this pharmacophore model,
we examined whether or not it can effectively disrupt
Bcl-2 binding to the BH3 domain of proapoptotic Bcl-
2 family members, and match the structural requirement
of a new type of Bcl-2 inhibitors.

However, it was found that not all of individual func-
tional groups were located in the ideal position when
inhibitors were binding to its receptor, though the inhib-
itors possessed high affinity.?%-?>2* Figure la shows the
comparison between the NMR structures of an inhibitor
(PDB code 1YSI) and the functional groups composing
it (PDB code 1YSG) in complex with the Bcl-x, pro-
tein.?®?* Therefore, the distances between pharmaco-
phoric points in the primary 3D pharmacophore
model are not optimal.

The MCSS method can effectively determine energeti-
cally favorable positions and orientations of functional
groups for a target macromolecule with known 3D
structures based on a combination of Monte Carlo
and energy minimization techniques.?*2° It has been
reported that the binding conformation of MVT-101
(an inhibitor of HIV-1 aspartic proteinase) constructed
by the MCSS resulting minima corresponds well with
that in the cocrystal structure.>* In this paper, we pro-
posed a new idea to improve the quality of the phar-
macophore model of Bcl-2 inhibitors. The MCSS
method was used to determine the optimal positions
and orientations of functional groups with similar fea-
tures to the pharmacophoric points in the active site of
Bcl-2 first. Then the most energetically favorable min-
ima in the positions near the pharmacophoric points

were used to optimize the distances between pharmaco-
phoric points. To validate the results, we examined
whether the more potent inhibitor was closer to the
optimized distances between pharmacophoric points
than other inhibitors from the same structural type.
The optimized 3D pharmacophore model obtained in
this paper may provide a good starting point for fur-
ther rational design of Bcl-2 inhibitors.

2. Results and discussion

The active site of Bcl-2 was found to be a narrow and
long groove filled with 722 grid points (722 A% on the
protein surface, using the Binding Site Analysis pro-
gram. As shown in Figure 1b, the bottom of it is bound
by a5, and on the side, it is bound by a2, a3, a4, and a8.
The active site comprises five main areas from the stand-
point of drug design. The P1, P2 are two big and deep
pockets in the active site. The P3, P4 are two small pock-
ets at two ends of the active site. And the L1 is a narrow
and shallow channel linking P1 and P2.

2.1. The binding modes of the representative inhibitors

Figure 2 shows the representative Bcl-2 inhibitors se-
lected. '"1° They are the most potent inhibitors from dif-
ferent structural types,'*2° in addition to 1, the
inhibitor from the NMR structure (PDB code: 1YSW).

Figure 3 shows the binding modes of 1-10 in the Bcl-2
active site. The binding modes of 1 and 2?7 are reason-
able because they were determined based on the 3D
NMR structure 1YSW directly and indirectly, respec-
tively. To evaluate the binding modes of the other inhib-
itors, we examined whether they can elucidate the
known structure-activity relationship (SAR). The bind-
ing mode of 6 which was obtained in our previous stud-
ies?® explains the good Bcl-2 selectivity versus Bel-x;.
The binding modes of 3, 5, 7, and 8 can explain the
much lower affinities of their corresponding derivatives
13, 19, 12, and 11, respectively.'>!%!3 And the binding

Figure 1. (a) Comparison between the NMR structures of an inhibitor (1 YSI) and the functional groups composing it (1YSG) in complex with the
Bcl-x, protein. They are shown in stick with the carbon atoms of the inhibitor colored purple and the carbon atoms of the functional groups green.
(b) Schematic representation of the active site of Bcl-2. Inhibitor 1 binding to it is shown in stick.
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Figure 2. The structures of the representative inhibitors 1-10 and some derivatives. The yellow lines denote the functional groups that comprise
pharmacophoric points H1, H2, and H3, respectively. The red, blue, and yellow circles represent hydrogen bond acceptors, hydrogen bond donors,
and H4, respectively. The purple spheres represent large conjugated systems.

mode of 4 can explain why its derivatives 20, 21 can bind
to the active site of Bcl-2, while 22 cannot.'®

Each binding mode of the representative inhibitors was
evaluated using the score functions*** in the LUDI
module within InsightII (the results are shown in Table 1).
They are the knowledge-based free energy calculation

functions which are theoretically correlated with the
affinities of inhibitors. However, as shown in Table 1,
the affinities of the representative inhibitors were from
different literature sources.'®!518:293% The affinities of
some inhibitors are presented by their IC50 values,
and the others are the Kj values. An equation was partic-
ularly developed to convert IC50 values into K; values
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Figure 3. Binding modes of the representative inhibitors 1-10. The backbones of Bcl-2 are rendered as gray ribbons. Side chains of important
residues in the Bcl-2 active site and 1-10 are shown in stick with the carbon atoms of Bcl-2 colored green and the carbon atoms of inhibitors purple.
Cyan dashed lines indicate intermolecular hydrogen bonds. The compound number is at the top left corner of each panel.

for fluorescence polarization (FP) assays.*> But we can-
not convert the IC50 values into K; values of the repre-
sentative inhibitors in this paper due to the lack of the
K4 values of the substrate in their FP assays. Further-
more, the IC50 values of some inhibitors still cannot
be used to compare with each other directly because
different experimental conditions were used in the FP
assays. Therefore, we only compared the affinities of
the inhibitors determined in the identical condition with
their binding scores. The trend for LUDI scores 2 is in
good qualitative agreement with the affinities of the
inhibitors determined in the identical condition, though
there is no high correlation between them due to their

. usﬁ

different structural types. However, as shown in Table
6, the LUDI scores 2 of a new type of inhibitors 14—
17 from the same structural type (the structures shown
in Fig 5, and the binding modes of them discussed in de-
tail in page 8) correlated well with their K; values®
(R%=0.95), implying that the established binding modes
of inhibitors are reasonable.

2.2. Construction of the 3D pharmacophore model
Table 1 shows twelve types of interaction of these ten

inhibitors with Bcl-2. On the basis of these twelve types
of inhibitor-Bc¢l-2 interaction, 12 possible corresponding
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Table 1. Interactions with Bcl-2 and corresponding pharmacophoric points (last column) of the representative inhibitors 1-10
1 2 3 4 5 6 7 8 9 10 Points
Number of representative low energy 1 1 2 2 1 1 1 1 2 1
conformations for docking
Interactions with Bel-2*
Van der Walls interaction with L1 Vv Vv V4 4 4 V4 V4 Vv 4 H1
Van der Walls interaction with P1 Vv V4 Vv V4 V4 Vv V4 Vv V4 H2
Van der Walls interaction with P2 Vv N4 V4 H3
Hydrogen bond (with the backbone Vv 4 V4 Vv D1
carbonyl of G145)
Cation-m interaction (with R146) Vv 4 Vv Vv V4 Cl
Hydrogen bond (with the hydroxyl of Y108) V4 4 4 D2
Hydrogen bond (with R146) Vv 4 V4 Al
Hydrogen bond (with E136) V4 4 4 D3
Hydrogen bond (with D111) vV Vv D4
Hydrogen bond (with the hydroxyl of Y202) 4 Vv A2
n—r interaction (with Y202) Vv 4 C2
Van der Walls interaction with P3 Vv H4
Scores 1° 830 898 689 691 377 833 586 619 557 469
Scores 2° 473 640 393 346 386 388 348 345 311 338
Affinity
IC50 from Ref. 15 (uM) 1.6+0.1 58%22 10.4+0.3
IC50 from Ref. 14 (uM) 9
IC50 from Ref. 29 (uM) 0.12 295 6.43
K; from Ref. 18 (uM) 0.230 0.286

#The inhibitors interact with the side chain of residues depicted in the table, except those indicated in particular which interact with the backbone of

residues.

® The scores were computed by the LUDI module of InsightII. The difference between the score 1 and score 2 is that an additional term evaluating the
contribution of binding of aromatic-aromatic interaction is added to LUDI score 1.43%*

pharmacophoric points were selected. As shown in
Table 1 and Figure 2, it consists of four hydrophobic
centers (H1, H2, H3, and H4), four hydrogen bond donors
(D1, D2, D3, and D4), two hydrogen bond acceptors
(Al and A2), and two large conjugated systems (CI
and C2). Nevertheless, their roles in inhibitor binding
are different from each other. Figure 4a depicts the phar-
macophoric points mapped onto the superimposition of
1-10 in the active site of Bcl-2. Points H2-HI1-H3 were
found to serve as a linear molecular scaffold that satisfy
the overall geometric and steric requirements for inhib-
itor binding. The Van der Walls interactions around
these pharmacophoric points play major roles in binding
to Bcl-2. Based on the structures of 1-10, we propose
that a effective Bcl-2 inhibitor should be a linear mole-
cule including point H1 and at least one of H2 and
H3, and the inhibitors including H1, H2 and H3 simul-
taneously would be highly potent. This conclusion is
consistent with that suggested'® for Bcl-x, on the basis
of the studies of tea polyphenols, such as 3 and 4. They
suggested that compounds capable of occupying all
three of the subpockets of the active site, which corre-
spond to the hydrophobic centers H1, H2, and H3 in
this paper, exhibit the strongest binding. However, the
detailed pharmacophoric points and distances between
them were not discussed in the original paper.'®

In addition, points D1, C1, D2, Al, and D3 occur in the
binding modes of the representative inhibitors fre-
quently. They can form electrostatic interactions with
Bcl-2 and improve affinity and specificity. However,

points D4, A2, C2, and H4, which are able to enhance
the affinity of inhibitors further, occur in the binding
modes of the representative inhibitors less frequently.
Figure 4b highlights the interactions between the phar-
macophoric points and the active site of Bcl-2. Figure
4c shows the calculated distances between pharmaco-
phoric points based on the bioactive conformations of
the representative inhibitors, which construct the pri-
miry 3D pharmacophore model.

Because the small molecule inhibitors mimic the BH3
domains of the proapoptotic members to bind into the
active site of Bcl-2, we compared the pharmacophore
model with the key binding points of the BH3 domains
of the proapoptotic members to assess the reliability of
the model. We examined the interactions between sub-
strate BH3 peptides and the proteins (see Table 2) on
the basis of the 3D structure of the complexes.*%3°
The complex structures of Bcl-x, were included in dis-
cussion because of the high homology and similar prop-
erty between Bcl-2 and Bcel-x,. Though mouse-derived it
is, structure 1PQ1 was also included because mouse-de-
rived and human-derived Bcl-x, only differ in two resi-
dues which are far from the active site. While no
complex structure of Bcl-2 was determined at present,
the homologous 3D model of Bcl-2 in complex with
the BH3 peptide of Bak constructed in our previous
studies®!' provides an approximate template.

As shown in Table 2, it was found that the formation
of all of the complex was mainly attributed to several
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Figure 4. (a) Pharmacophoric points (shown in spheres colored as Fig. 2) mapped onto the superimposition of 1-10 (shown in dark gray sticks) in the
Bcl-2 active site (backbones shown in gray ribbons). (b) Interactions between the pharmacophoric points and the Bcl-2 active site (backbones shown
in gray ribbons and side chains shown in sticks with carbon atoms colored in green). (¢) Primary 3D pharmacophore model of inhibitors of Bcl-2.
The distances between pharmacophoric points (A) are shown. (d) Pharmacophoric points superimposed onto the homologous 3D model of Bcl-2 in
complex with the BH3 peptide of Bak (backbones shown in dark gray ribbons and side chains shown in sticks with carbon atoms colored in dark

gray).

interactions, including the Van der Walls interactions
with P1, P2, and L1 areas in the active site, and the elec-
trostatic interactions or hydrogen bonds with R146 and
E136 of Bcl-2 (R139 and E129 of Bcl-x,). These interac-
tions play important roles in the binding between
substrate  BH3 peptides and the proteins. This is
supported by a number of mutations in the active site
of Bcl-23%33 and Bcl-x.,%3*4 3% and alanine mutations in
BH3 domains of the proapoptotic members,®37 which
have been shown to inhibit their function. These key
binding points of the BH3 peptides correspond to the
important pharmacophoric points H2, H3, H1, Al,
and D3 in our model, respectively.

As shown in Figure 4d, we superimposed the pharmaco-
phore model onto the homologous 3D model of Bcl-2 in
complex with the BH3 peptide of Bak. The pharmaco-
phoric point H1 superimposes with the Bak backbone
atoms which bind to the L1 area of the Bcl-2 active site,
and points H2, H3 can disrupt Bcl-2 binding to two crit-
ical hydrophobic residues of Bak (L78 and I85), respec-
tively. Additionally, points Al, D3, and A2 can
competitively inhibit important electrostatic interactions
between the BH3 peptide of Bak and Bcl-2. The effective

disruption of the binding between the BH3 domain and
Bcl-2 confirms the reasonability of the pharmacophore
model.

On the basis of the modeling of complex structures and
molecular dynamics computation, the minimum
requirements for a hexadecapeptide to interact with
Bcl-2 were established.’® Besides three hydrophobic
residues in positions 7, 10, and 14, it requires the exis-
tence of a charged residue in positions 12 and 13.
Affinity can be increased by an additional positively
charged residue in positions 5 and 8, and a negatively
charged residue in position 15. Though the detailed
spatial relationship of these positions was not dis-
cussed, it was proposed that these positions can be
used to search small molecule inhibitors. This proposi-
tion was confirmed in this paper. The important posi-
tions of hexadecapeptides are corresponding,
respectively, to the important pharmacophoric points
H2, H1, H3, Al, and D3 in our pharmacophore model
for small molecule inhibitors.

In addition, after we completed the construction of the
pharmacophore model, a new type of Bcl-2 inhibitors



H1
H2
H3
D1
Cl1
D2
Al
D3
D4

Bim BH3 (1PQ1) Points

197
A91, L94

F101
N102
D99
Q92, R95

M154
Y147, L151
F158, Vall59

D156
R149

Bak BH3 (IBXL) Bad BH3 (1G5J)

181
V74, L78

185
R76

Electrostatic interaction or Hydrogen bond (with R139) D83
Electrostatic interaction or hydrogen bond (with E129)

Hydrogen bond (with the backbone carbonyl of G138)
Hydrogen bond (with D104)

Van der Walls interaction with L1

Van der Walls interaction with P2

Cation-m interaction (with R139)

Hydrogen bond (with the hydroxyl of Y101)

Interactions with Bcl-x,*
V74, L78 Van der Walls interaction with P1

Bak BH3
185

181

Electrostatic interaction or hydrogen bond (with R146) D83
Electrostatic interaction or hydrogen bond (with E136) R76

Hydrogen bond (with the backbone carbonyl of G145)
Hydrogen bond (with D111)

Cation-r interaction (with R146)
Hydrogen bond (with the hydroxyl of Y108)

Van der Walls interaction with L1
Van der Walls interaction with P1
Van der Walls interaction with P2

Interactions with Bcl-2*

Table 2. The key interactions between substrate BH3 peptides and Bcl-2, Bcl-x, and corresponding pharmacophoric points (last column)
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(14-18) was reported.’® They were used to validate the
pharmacophore model we constructed. The binding
modes of 14-17 were determined by flexible docking
(see Figure 6d—g). The binding modes are reasonable be-
cause they can elucidate that the binding affinity of 17 is
higher than that of derivative 18 (see Figure 5), and the
calculated Ludi scores 2 of the inhibitors correlate well
with their K; values (see Table 6). As shown in Figures
5 and 6d, the inhibitors consist of the three crucial phar-
macophoric points P1, P2, P3, and Al, which explains
the high affinity of 17 including all of these points.
And the distances between pharmacophoric points
mostly conform to the 3D pharmacophore model we
constructed. That the 3D pharmacophore model can
match the structural requirement of the new inhibitors,
which are structurally distinct from the inhibitors used
in the construction of the model, confirms the reliability
of the model further. It suggested that the 3D pharma-
cophore model may be not only for the representative
inhibitors in our paper, but also for all of the Bcl-2
inhibitors. In addition, this type of inhibitors still in-
cludes a hydrogen bond donor in the positions near
the pharmacophoric point A2. It was found that either
a hydrogen bond acceptor (A2) or a hydrogen bond do-
nor (named D5) can be located in this position, due to
the interaction with either the hydrogen or oxygen atom
of the hydroxyl in Y202 side chain.

A2
C2
H4

N102
Y105

190
Y105
R85
D99

L141, A143, A144,

F162

185, R87

2.3. Optimized 3D pharmacophore model

The distances between pharmacophoric points in the
primary 3D pharmacophore model are not optimal
due to the fact that not all of individual functional
groups are located in the ideal position when inhibitors
bind to its receptor. To explore the optimized 3D phar-
macophore model, the MCSS method was performed to
calculate the energetically favorable positions and orien-
tations of functional groups with similar features to
these pharmacophoric points in the active site of Bcl-2
first. Benzene and propane groups were chosen to
approximate the interactions around hydrophobic
centers. Benzene groups can also approximate the inter-
actions of large conjugated systems. And N-methylace-
tamide, methanol, and dimethyl ether groups were
chosen to approximate the interactions of hydrogen
bond donors and acceptors. The results for these
functional groups used for the MCSS calculations are
summarized in Table 3. Since the functional groups
are competing with solvent for binding to the protein,
only minima whose interaction energy was less than
one-half of the solvation enthalpy (reflecting the free
energy of solvation) were considered in the next step
of analysis.?*2¢

Hydrogen bond (with the hydroxyl of Y195)

-7 interaction (with Y195)
Van der Walls interaction with P4

Van der Walls interaction with P3
Hydrogen bond (with E96)

Hydrogen bond (with N136)

Hydrogen bond (with Q125)
% The inhibitors interact with the side chain of residues depicted in the table, except those indicated in particular which interact with the backbone of residues.

R87

Then the most energetically favorable minima of each
functional group in the positions near the pharmaco-
phoric points, except the minima forming more than
one interaction with the protein simultaneously, were
used to optimize the distances between pharmacophoric
points. The selected minima are shown in bold in Tables
4 and 5, and are denoted by spheres or circles in Figures
6a and b. The optimized distances between pharmaco-
phoric points calculated are described in Figure 6c,

Hydrogen bond (with the hydroxyl of Y202)

n—7 interaction (with Y202)
Van der Walls interaction with P3
Van der Walls interaction with P4
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Figure 5. The structures of the inhibitors 14-18. The pharmacophoric points are denoted as Figure 2.

which construct an optimized 3D pharmacophore
model.

On the basis of the binding modes of inhibitors 14-17
from the same structural type, their distances between
pharmacophoric points were calculated. It was found
that the more potent inhibitor was closer to the opti-
mized distances between pharmacophoric points than
other inhibitors (see Table 6). This confirms the reason-
ability of our new idea to improve the quality of the
pharmacophore model to a certain extent. It also implies
that modifying this type of inhibitors to make them clo-
ser to the optimized distances between the pharmaco-
phoric points can enhance their affinity.

Additionally, in the analysis of MCSS results, the hydro-
phobic groups were found to form clusters in hydropho-
bic areas P1 and P2 (near pharmacophoric points H2 and
H3, respectively), due to the large volume of these areas.
And some polar groups were found to form two clusters
near point D3, because they can interact with residue
E136 from two different directions, respectively. Since
the energies of the most energetically favorable minima
in each cluster are comparable, all of the minima are
worth being considered in the inhibitor design.

3. Conclusions

In this paper, the binding modes of the representative
Bcl-2 inhibitors from different structural types were
determined by flexible docking. Subsequently, a primary
3D pharmacophore model was constructed based on the
binding modes of inhibitor. This model proved to effec-
tively disrupt the binding of the BH3 domain of proa-
poptotic Bcl-2 family members to Bcl-2, and match the
structural requirement of a new type of Bcl-2 inhibitors.
Then the energetically favorable positions and orienta-
tions of functional groups with similar features to these
pharmacophoric points in the active site of Bcl-2 were
determined by the MCSS method. And the distances be-
tween pharmacophoric points were optimized by the
most energetically favorable minima in the positions
near the pharmacophoric points. By examining the

binding modes of several inhibitors from the same struc-
tural type, it was found that the more potent the inhib-
itor was, the closer the inhibitor was to the optimized
distances between pharmacophoric points. The opti-
mized 3D pharmacophore model obtained in this paper
may provide a good starting point for further rational
design of Bcl-2 inhibitors. The present paper addition-
ally provides a new idea to determine a good 3D phar-
macophore model, and further improvement of it is
now underway.

4. Materials and methods

The 3D structures 1YSW, 1YSI, 1YSG, 1BXL, 1G5]J,
and 1PQl1 were obtained from RCSB Protein Data
Bank. All calculations were performed on an Origin
300 Server with commercially available SYBYL6.94
and InsightIl 2000*! software packages.

4.1. Simple energy minimization of 3D NMR structure

The structures from RCSB Protein Data Bank were sub-
jected to simple energy minimization to eliminate some
distortion by MAXIMIN2 module within SYBYL using
the following parameters: Tripos force filed, Kollman-
all charges for atoms of the protein, Gasteiger-Hiickel
charges for atoms of the inhibitor, distance-dependent
dielectric constant, and steepest descent minimization
100 steps, then conjugate gradient energy minimization
until the root-mean-square (rms) gradient energy was
lower than 0.5 kcal/mol A. The restriction on the struc-
ture was relaxed gradually when energy minimization
was performed.

4.2. Active site analysis

The size and spatial orientation of the active site were
identified by grid analysis implemented in the Binding
Site Analysis module within InsightIl. The grid size for
searching the proteins was set to 1 Ax 1 Ax1A. All of
the solvent accessible surfaces in the protein were filled
with grid points and only those having at least 50 grid
points were accepted as potential ligand binding sites.
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Figure 6. (a) Most energetically favorable minima of each cluster for hydrophobic functional groups (benzene shown in purple sticks and
propane shown in yellow sticks) in the positions near the pharmacophoric points (protein shown in black sticks). The selected minima are
denoted by spheres. (b) Most energetically favorable minima of each cluster for polar functional groups (N-methylacetamide shown in red
sticks, methanol shown in blue sticks, and dimethyl ether shown in green) in the positions near the pharmacophoric points. (c) Optimized 3D
pharmacophore model (D5 shown in blue dashed circle). The distances between pharmacophoric points (A) are shown. (d) Pharmacophoric
points mapped onto 17 binding to the active site of Bcl-2. (e-g) Binding modes of the inhibitors 14-16. The compound number is bracketed in

the figure.

Table 3. Results for functional groups used for the MCSS calculations

Functional AH/2 Initial Minima with Range of interaction Minima with

groups” (kcal/mol) no. of interaction energy (kcal/mol) interaction
copies energy <0 From To energy <AH/2

Benzene -3.5 2000 30 —14.1 —3.45 29

Propane -2.4 2000 75 —6.5 —2.84 75

N-Methylacetamide -9.6 2000 58 —40.2 -3.20 46

Methanol =51 2000 71 -27.7 —2.94 68

Dimethyl ether 2000 43 -17.5 —34
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Table 4. Most energetically favorable minima of each cluster for
hydrophobic functional groups in the positions near the pharmaco-
phoric points
HI(Cl1) H2 H3
Benzene 1 (—14.1)" 2 (—13.8) 3 (—12.5)
4(-12.4) 7(-11.8)
10 (-9.9)
Propane 16 (—=5.5) 4(—6.0) 10 (-5.8) 15(-5.5)
42 (—4.5) 31 (-5.0)
38 (—4.7)

H4 C2

27 (—4.6)

Points

The serial number and bracketed interaction energy (unit: kcal/mol) of
minima are shown. The selected minima are shown in bold.
#This group approximates both the interactions of H1 and CI.

4.3. Flexible docking of inhibitors into the active site

Small molecule inhibitors were built by SYBYL. After
energy minimization and simulated annealing were per-
formed, the representative low energy conformations of
each inhibitor were selected for molecular docking (the
numbers of those conformations for each inhibitor are
listed in the first row of Table 1).

The flexible ligand docking procedure in the Affinity
module within InsightIl was used. The 1YSW structure
after energy minimization was used as the protein tem-
plate. All the atoms of inhibitors and the side chain of
residues within a defined radius (8 A) of inhibitors were
allowed to move freely. The backbone atoms of the res-
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idues, which were found involving obvious induced fit
when substrate binding in our previous analysis,?’ were
allowed to move with restriction. The solvation grid
supplied with the affinity program was used.*? If the
resulting inhibitor/enzyme system was within a prede-
fined energy tolerance of the previous structure, the sys-
tem was subjected to minimization. The resulting
structure was accepted on the basis of energy check,
which used the Metropolis criterion, and also a check
of rms distance between the newly generated structure
and the structure found so far. The final conformation
was obtained through a simulation annealing procedure
from 500 to 300 K, and then 3000 rounds of energy min-
imization were performed to reach a convergence. The
final binding modes of the inhibitors were determined
on the basis of the energy and the known SAR of the
inhibitor. And each binding mode of the inhibitors
was evaluated using the score functions*>** in the LUDI
module within InsightII.

4.4. Multiple copy simultaneous search (MCSS)

The binding site areas in the MCSS simulation were de-
fined as an approximate 32 A x 16 A x 12 A box for Bcl-
2, which includes the active site determined in active site
analysis and most of the residues around it. 200 copies
of a given functional group were randomly distributed
inside the binding site and then simultaneously and inde-
pendently energy-minimized. Pairs of groups were con-
sidered to be identical if the rms deviation between

Table 5. Most energetically favorable minima of each cluster for polar functional groups in the positions near the pharmacophoric points

Points Dl D2 Al D3 D4 A2 D5
N-Methylacetamide 38 (—13.1) 24% (—24.5) 8 (-31.9) 3(-34.1)
5(=33.3)
Methanol 4° (=22.3) 33 (—10.2) 4° (=22.3) 3(-22.4) 20 (—16.3) 47° (=1.7) 47° (=17.7)
7 (—19.8) 59 (-5.8)
Dimethyl ether 1(-17.5) 43 (-34)

The serial number and bracketed interaction energy (unit: kcal/mol) of minima are shown. The selected minima are shown in bold.
#This group forms two hydrogen bonds with the hydroxyl of Y108 and side chain of R146 simultaneously.

°This group forms two hydrogen bonds with the backbone carbonyl of G145 and side chain of R146 simultaneously.

©This group forms two hydrogen bonds with the hydroxyl of Y202 simultaneously.

Table 6. Comparison of optimized distances between pharmacophoric points and these of inhibitors 14-17

Distances between pharmacophoric points (A) 14 15 16 17 Improved distances (A)
H1-H2 49 5.1 ~1.7
H1-H3 8.4 9.5 9.2 10.0 ~9.8
H2-H3 12.1 14.0 ~13.5
Al-H1 4.1 4.1 4.2 4.0 ~1.9
Al-H2 8.6 9.1 ~9.4
Al1-H3 6.8 8.0 8.0 8.4 ~9.3
D5-H1 9.5 9.6 9.6 9.5 ~9.3
D5-H2 13.5 14.5 ~14.7
D5-H3 5.0 6.1 6.1 5.7 ~6.8
Score 1 445 520 679 581

Score 2 319 344 432 436

K; from Ref. 39 (uM) 24.1+2.1 83%1.1 0.93+0.11 0.29 £ 0.06

The calculated scores and activities of 14-17 are listed in the bottom of the table. The scores were computed by the LUDI module of InsightIl. The
difference between the score 1 and score 2 is that an additional term evaluating the contribution of binding of aromatic-aromatic interaction is added

to LUDI score 1.43%
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them was less than 0.2 A, and in such cases, one of the
pairs was eliminated. The above protocol was repeated
10 times for each of the functional groups to allow a
complete search of the active site. All of the above calcu-
lations were performed using the CHARMM?22 force
field and MCSS 2.1 program.
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