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Abstract: Informatics and computational design methods were used to create new molecules that could potentially bind antiapoptotic
proteins, thus promoting death of cancer cells. Apoptosis is a cellular process that leads to the death of damaged cells. Its malfunction
can cause cancer and poor response to conventional chemotherapy. After being activated by cellular stress signals, proapoptotic proteins
bind antiapoptotic proteins, thus allowing apoptosis to go forward. An excess of antiapoptotic proteins can prevent apoptosis. Designed
molecules that mimic the roles of proapoptotic proteins can promote the death of cancer cells. The goal of our study was to create new
putative mimetics that could simultaneously bind several antiapoptotic proteins. Five new small molecules were designed that formed
stable complexes with BCL-2, BCL-XL, and MCL-1 antiapoptotic proteins. These results are novel because, to our knowledge, there
are not many, if any, small molecules known to bind all three proteins. Drug-likeness studies performed on the designed molecules, as
well as previous experimental and preclinical studies on similar agents, strongly suggest that the designed molecules may indeed be
promising drug candidates. All five molecules showed “drug-like” properties and had overall drug-likeness scores between 81% and
96%. A single drug based on these mimetics should cost less and cause fewer side effects than a combination of drugs each aimed at a
single protein. Computer-based molecular design promises to accelerate drug research by predicting potential effectiveness of designed
molecules prior to laborious experiments and costly preclinical trials.
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Introduction

Conventional drug design techniques are based
on trial-and-error testing using cells or animals.
High-throughput screening for chemicals with
desired bioactivities requires specialized labs that
make the process costly. With a growing number of
known experimental structures of target molecules,
computational methods have been used success-
fully to supplement and speed up drug discovery.
Computer-based molecular design combines meth-
ods of informatics, medicine, and biophysics. This
cross-disciplinary field has accelerated drug research
by predicting the potential therapeutic effectiveness
of designed molecules prior to laborious experiments
and costly preclinical trials. In addition, computa-
tional modeling has led to discoveries of structures
of novel small molecules. In this work, informatics
and computational design were used to create and
evaluate new small molecule mimetics that could
potentially promote death of cancer cells.

Apoptosis is an important cellular process that
causes death of damaged cells.! Its malfunction can
lead to cancer development and poor response to
conventional chemotherapy.? Cellular proteins from
the BCL-2 family are crucial for apoptosis.** Under-
standing their interactions is vital for anticancer drug
design.’ Proteins from the BCL-2 family can be either
prodeath (proapoptotic) or prosurvival (antiapoptotic).
Antiapoptotic proteins, such as BCL-2, BCL-XL, and
MCL-1, share homology in three to four conserved
BH peptide domains (BH1, BH2, BH3, and BH4).%”
Proapoptotic proteins, such as BAX, BAK, BIM, BAD,
and BID, share homology only in the BH3 domain.

Cellular damage stimulates prodeath stress sig-
nals. After being activated by the stress signals,
proapoptotic proteins can bind antiapoptotic proteins,
thus allowing apoptosis to proceed. Stress signals are
sensed by the BH3-only proteins called “activators”,
which can activate proapoptotic BAX and BAK
proteins.®’ This leads to the mitochondrial membrane
deterioration'®"" and commits the cell to apoptosis.
The, so called, “sensitizer” proteins allow apoptosis
to proceed by preventing the binding of antiapoptotic
proteins to activators.'? Propagation of death signals
is hindered by antiapoptotic proteins.'* Antiapoptotic
protein BCL-2 resists apoptosis mainly by binding
activators, thus precluding their activation of BAX
and BAK."*!> Cancer cells can avoid death signals

by overexpressing antiapoptotic proteins, inhibiting
proapoptotic activators, or precluding BAX and BAK
activation.'® These can also lead to poor chemotherapy
response.'” Disabling of antiapoptotic proteins is often
needed for apoptosis to proceed.'®* BH3 mimetics are
designed molecules that mimic the functions of BH3-
only proapoptotic cell proteins.'® The BH3 mimetics
can help destroy cancer cells by inhibiting antiapop-
totic proteins and specifically targeting pathways that
allow survival of cancer cells."

Previously designed small molecule ABT-737
[Protein Data Bank® (PDB) entry: 2Y XJ] allows BAX
and BAK activation by binding BCL-2, BCL-XL, and
BCL-W and disrupting their complexes with proapop-
totic proteins.?! ABT-737 was originally designed by
combining two molecules of medium affinities to
obtain one molecule of high affinity.*

Previous studies revealed that ABT-737 was deadly
to many cancer cells.* It was reported that it makes
cells with overexpressed BCL-2 ready for apoptosis at
a much higher degree than those with overexpressed
BCL-XL, although their affinities for ABT-737 are
similar.* The reason for this is unclear, which sug-
gests that interactions of ABT-737 with these proteins
are still not well understood. ABT-737 is an effective
single agent in cancers with low or absent MCL-1.*
However, ABT-737 is not efficient in cancer cells
with overexpressed MCL-1. Preclinical studies show
that ABT-737 could easily induce apoptosis in many
cancer cells if MCL-1 is eliminated or suppressed.?
Using ABT-737 in combination with an agent that can
target MCL-1 holds great clinical promise.

Obatoclax is a designed molecule (ChemDB
database® compound ID (CID):16681698) that can
supplement the activity of ABT-737. Although Oba-
toclax has a lower affinity than ABT-737 for BCL-2,
BCL-XL, and BCL-W,* it can successfully prevent
MCL-1/BAK binding.”> Another small molecule,
Antimycin A, is able to suppress cancer growth if
used at high concentrations.”® A combination of drugs
targeting several antiapoptotic proteins may be nec-
essary to overcome resistance to apoptosis in some
cancers.?”?® A designed molecule, ABT-702 (ChemDB
database CID: 3965212), shows anti-inflammatory
actions in cells.?? To the best of our knowledge, ABT-
702 has not been studied for anticancer applications.
Its complexes with BCL-2, BCL-XL, and MCL-1 are
not known. However, using ABT-702 as a starting
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template, we were able to design new potential
mimetics that bonded BCL-2, BCL-XL, and MCL-1
proteins and showed drug-likeness.

Computational studies of small molecule mimetics
can be done using several commercial and open-access
docking programs and servers, such as ArgusLab,*
GOLD,*' AUTODOCK,*and ZDOCK.?** Commercial
GOLD docking program has been previously used to
successfully study interactions between BCL-2 and
several small molecules.** It was found that the bind-
ing energies of stable complexes formed by BCL-2
and C, ;H,NOS and C,,H, NOS small molecules
were, respectively, —46.0 and —41.9 kJ/mol, qualita-
tively agreeing with experiments.**

Drugs based on mimetics that specifically target a
single antiapoptotic protein can result in drug resis-
tance. Conversely, drugs that act too broadly may
damage healthy cells. An alternative is to design
drugs based on mimetics that bind two or three anti-
apoptotic molecules. Such a drug should have action
broad enough to evade drug resistance, yet be specific
enough to minimize damage to healthy tissue. The
drug would likely be more cost-effective and cause
fewer side effects than the use of multiple drugs,
which each target an individual protein.

A promising drug candidate should be “drug-like”,
which means that it should have characteristics similar
to known drugs. Bioavailability, protein affinity, tox-
icity, transport, absorption, and metabolic stability of
a compound depend on many factors. These factors
include the compound’s hydrophobicity, electronic
distribution, hydrogen bonding, and molecule size
and flexibility.

The logarithm of octanol-water partition coeffi-
cient, logP, is recognized in drug design as a depend-
able gauge of the compound’s hydrophobicity. High
logP values are related to low absorption. A logP value
smaller than 5 indicates that a compound is likely to
be easily absorbed by the organism.*® Another indi-
cator of drug-likeness is the logS value (solubility).
A reasonable value for logS is around —4, which trans-
lates to 0.1 mmol/liter.>> Most commercially avail-
able drugs have logS values between —4 and —1.354°
Molecular polar surface area (PSA) corresponds to
the total surface area of polar atoms. PSA is a very
valuable indicator of molecular transport through
membranes.’® PSA is used to predict a potential
drug’s absorption, including intestinal absorption,

bioavailability, and blood-brain barrier penetration.
A drug-like molecule should have a PSA value of less
than 120 A236

Most commercially available drugs have molar
masses of less than 500 g/mol. Molecules with higher
masses are less likely to be absorbed and thus less
likely to reach their target. The oral bioavailability of
a drug can be predicted using the number of rotat-
able bonds, which measures molecular flexibility.*’
Oral bioavailability studies in rats (for over 1100 drug
candidates)’” have indicated that compounds with 10
or fewer rotatable bonds are highly likely to have
good oral bioavailability. A relatively simple method
that can help eliminate compounds that are not good
drug candidates is Lipinski’s Rule of Five.*® The Rule
states that most “drug-like” molecules have logP = 5,
molar mass = 500 g/mol, 5 or fewer hydrogen bond
donors, and 10 or fewer hydrogen bond acceptors.
Molecules violating two or more of these rules may
not be good drug candidates.

Our goal was to design new small molecule mimet-
ics that would be drug-like and could potentially bind
all three BCL-2, BCL-XL, and MCL-1 proteins, thus
allowing apoptosis to proceed. The findings could
facilitate the search for new drugs that are able to
overcome the resistance of some cancers to conven-
tional chemotherapy.

Methodology

Dataset

Three-dimensional (3D) experimentally known
structures of the antiapoptotic BCL-2, BCL-XL, and
MCL-1 proteins and the ABT-737 molecule were
obtained from the Protein Data Bank (PDB), entries
2022, 1PQ1, 2ROD, and 2YXIJ, respectively. The
structures of obatoclax (CID: 4905081) and ABT-702
(CID: 3965212) were obtained from ChemDB online
databases. ChemDB was searched for small molecules
that were similar in structure to obatoclax, ABT-737,
or ABT-702. Experimental 3D structures of 47 rel-
evant molecules were identified. Of these, 41 mol-
ecules were found to make either no stable poses or
marginally stable poses with the BCL-2, BCL-XL,
or MCL-1 proteins. The remaining six molecules
formed stable poses with at least one of the proteins,
while only three of these formed stable poses with all
three proteins. These three small molecules, as well
as ABT-737 and ABT-702, were used as templates to
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design new putative BH3 mimetics that formed sta-
ble complexes with all three BCL-2, BCL-XL, and
MCL-1 proteins and possessed drug-like properties.

Computer Tools

The Deep View* and ArgusLab* computer programs
were used to design the new putative mimetics and
study their interactions with the BCL-2, BCL-XL,
and MCL-1 proteins. ArgusLab is a docking program
that facilitates molecular building and computational
drug design. To perform docking one first needs to
define atoms that make up the ligand and the bind-
ing site of the protein where the ligand should bind.
During docking calculations the program attempts to
position the ligand into the binding site and reports
on any stable poses that it finds. ArgusLab can also
perform semiempirical geometry optimizations.

Deep View is a user friendly program that allows
simultaneous studies of several molecules. It greatly
facilitates the design of molecular models. The mol-
ecules can be overlaid to reveal structural alignments
and allow comparisons of their binding sites. Intui-
tive graphic and menu tools in Deep View allow easy
mutations of amino acids and visualization of atomic
bonds. The program can also perform energy minimi-
zations. Lastly, good quality molecular images can be
generated.

Two open-source programs, OSIRIS Property
Explorer® and Molinspiration! were used to predict
the drug-likeness of newly designed small molecules.
The programs calculated the values of logP, logS,
PSA, and molar mass; the numbers of rotatable bonds,
H-bond acceptors, and H-bond donors; as well as the
drug-likeness and overall drug scores. OSIRIS Property
Explorer also estimated the risks of side effects, such as
mutagenicity or tumorigenicity. To calculate the overall
drug score, OSIRIS combined logP, logS, molar mass,
drug-likeness, and toxicity risks in a single number to
predict the molecule’s overall drug potential.

Procedure Employed
The 3D structures of BCL-2, BCL-XL, and MCL-1
proteins were downloaded into the Deep View pro-
gram. Amino acids within 6 A of the proteins’ BH3
binding sites were selected for molecular building
and docking studies in ArgusLab.

Experimentally known small molecules were
docked in turn to BCL-2, BCL-XL, and MCL-1

proteins. Docking was done using the ArgusLab GA
dock function, along with the flexible setting where
the twisting of molecular bonds was allowed. The sta-
bility of each docked pose was evaluated using Argus-
Lab energy calculations. Three of the experimentally
known molecules, CID 18177004, CID 11673546,
and CID 11544167, formed stable complexes with all
three proteins.

By systematically modifying and combining parts
of the three molecules, ABT-702, and ABT-737, new
small molecules were designed using the Molecule
Builder function in ArgusLab. Atoms in the original
molecules were systematically substituted or deleted.
Some fragments were moved to a different site in the
molecule or added from other molecules. The newly-
obtained molecules were then docked in turn to BCL-2,
BCL-XL, and MCL-1. The molecules with the highest
affinities were further modified. This procedure identi-
fied five newly designed small molecules that bonded
all three antiapoptotic proteins and had promising drug-
like properties. The OSIRIS Property Explorer* and
Molinspiration*' were used to calculate drug-related
properties for the five molecules as well as predict their
drug-likenesses and potential side effects.

Results and Discussion

The binding energies of complexes formed by BCL-2,
BCL-XL, and MCL-1 and the three small molecules
originally identified in the ChemDB databases (CID
11673546, CID 18177004, and CID 11544167) are
shown in Table 1. More negative binding energies
correspond to higher binding affinities.

Five new small molecules were designed from frag-
ments of the three original molecules, ABT-737, and
ABT-702, by substitution, insertion, and/or deletion,
as described in the Methodology section of this paper.
Figure 1 shows the structures of the five designed
small molecules. The binding energies of complexes

Table 1. The binding energies of the stable poses formed
by BCL-2, BCL-XL, and MCL-1 and the experimentally
known small molecules obtained via ArgusLab.

Compound ID Bcl-2 Bcl-xl Mcl-1
(CID) (kJ/mol) (kJ/mol) (kJ/mol)
11673546 -38.7 -39.2 -36.3
18177004 -394 -34.4 -394
11544167 -40.4 -39.1 -37.2

172

Cancer Informatics 2010:9


http://www.la-press.com

\3

Small molecule mimetics

Figure 1. Structures of the five designed small molecules, from left to
right: C,,H..N,, C, .H,.N., C,,H N.O, C,.;H..N,, and C,,;H, N,. Color code:

18 23° "4’ Y1615 6’ 14 15 17" 715 747 137 710 73"

C-yellow, N-pink, O-green, H-white.

formed by the five designed molecules and BCL-2,
BCL-XL and MCL-1 are given in Table 2.

Small molecule CID 11673546 was used as an ini-
tial template to design the C,;H N, molecule. The new
molecule had a high affinity for all three antiapoptotic
proteins. As can be seen from Table 2, the energies of its
stable complexes with BCL-2, BCL-XL, and MCL-1
were —43.5, —43.1, and —50.2 kJ/mol, respectively.
These energies are, respectively, 12%, 10%, and 39%
more negative than for the protein complexes formed
with the unmodified CID 11673546 molecule.

The binding energies of BCL-2, BCL-XL, and
MCL-1complexes with the designed molecule
C, H N, were —35.0, —34.7, and —41.9 kJ/mol, res-

1677157 6

pectively (Table 2). C H N, formed more stable
complexes with BCL-XL and MCL-1 then the origi-
nal molecule CID 11877004. Its binding energies with
BCL-XL and MCL-1 became, respectively, about 1%
and 6% more negative. Its binding energy with BCL-2
became less negative by about 11%. However, while
the original molecule was not drug-like, the designed
C,H N, molecule scored high on all studied drug-
likeness criteria.

Complexes formed by thenew molecule C, H .N.O
and BCL-2, BCL-XL, and MCL-1 had binding ener-
gies of —40.5, —35.8, and —37.5 kJ/mol, respectively
(Table 2). These energies were almost the same as for

the original CID 11544167 molecule. Nevertheless,

the designed C H N,O molecule was drug-like,
whereas the original CID 11544167 was not.

Molecules C_H N, and C H N, were designed
from fragments of ABT-737 and ABT-702. Both
molecules formed stable complexes with all three
proteins. The binding energies resulting from dock-
ing C_H N, to BCL-2, BCL-XL and MCL-I
were —35.3,—40.5, and —36.8 kJ/mol, respectively
(Table 2). The binding energies of the complexes
between C .H N, and BCL-2, BCL-XL and MCL-1
were —39.5, —33.5, and —36.3 kJ/mol, respectively
(Table 2). The formation of the stable complexes of
these two designed molecules and MCL-1 is espe-
cially significant since the original ABT-737 does
not interact with MCL-1. In addition, to the best of
our knowledge, complexes of ABT-702 and BCL-2,
BCL-XL and MCL-1 are not known.

Some general features could be observed for all
five designed molecules. They all contain the pyrrole
ring, which seems to play an important role in their
binding. It is noteworthy that pyrrole is used to derive
certain compounds that are utilized by pharmaceuti-
cal industries for drug production. The polar surface
areas (PSAs) of all five molecules are between about
31 and 81 A2, well below the “drug-likeness” cutoff
of 120 A2 In addition, their molar masses are less
than about 303 g/mol. All of the five designed mol-
ecules have 6 or fewer rotatable bonds and H-bond
acceptors, as well as 5 or fewer H-bond donors. All
of these parameters have been shown to be reliable
indicators of drug-likeness.*>’

Drug design entails devising small molecules that
are complementary to the protein binding site.** In
general, protein binding sites display specificity and
affinity toward certain ligands.*

When bound to the small molecules designed in
this study, the BCL-2, BCL-XL and MCL-1 proteins

Table 2. The binding energies of complexes formed by BCL-2, BCL-XL and MCL-1 and the designed small molecules

obtained via ArgusLab.

Molecules used as starting Designed BCL-2 BCL-XL MCL-1
templates molecule (kd/mol) (kd/mol) (kd/mol)
CID 11673546 C,sH,N, -43.5 -43.1 -50.2
CID 18177004 C,eH 5N, -35.0 -34.7 -41.9
CID 11544167 C,H,N.O -40.5 -35.8 -37.5
ABT-737/ABT-702 C,H.N, -35.3 -40.5 -36.8
ABT-737/ABT-702 C,,H, N, -39.5 -33.5 -36.3
Cancer Informatics 2010:9 173
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experienced various degrees of structural changes
when compared to their unbound states.

Day et al** showed that Noxa and Puma bonded to a
hydrophobic groove created by MCL-1 residues M212,
V230, V234, T247 and F251. In our study, we identi-
fied MCL-1 binding site which included the above resi-
dues. All five of the designed molecules bonded within
this site. Figure 2 shows MCL-1 binding groove with
designed molecule C_H N,. The Noxa- and Puma-
binding residues M212, V230, V234, T247, and F251
are indicated as yellow spheres in Figure 2.

Experiments showed that all BH3 ligands caused
similar structural modifications of MCL-1 when
bound to it.** In agreement with this, we found that
changes in MCL-1 complexes were similar for all five
designed molecules. Furthermore, a conformation of
abound MCL-1 was similar to that of the free MCL-1.
The root mean square deviation, rmsd, between the
free MCL-1 and the one bound to Noxa or Puma was
measured previously to be about 1.4 A.*2 Similarly,
we found in Deep View that the rmsd between the
free and bound MCL-1 was about 1.6 A for all small
molecule complexes.

Previous experiments indicated that the corre-
sponding MCL-1 site was about 40 A x 20 A when
binding Puma or Noxa.* Similarly, we found that the
corresponding MCL-1 binding site was approximately
41 A x 18 A when binding the designed molecules.
The major modification in bound MCL-1 in our stud-
ies is the 5% width increase of the binding pocket
when compared to the free MCL-1. This result agrees
with small changes found experimentally in MCL-1
complexes.®

Figure 2. The MCL-1 binding groove is shown with designed small mol-
ecule C,,H,N, (red ball-and-stick). MCL-1 residues that bind Noxa and
Puma, M212, V230, V234, T247, and F251, are shown as yellow solid
spheres. Nearby MCL-1 residues are presented as purple solid spheres.
To increase visibility of the small molecule and yellow residues, some

MCL-1 residues are either presented as purple ball-and-stick or omitted.

Even though their overall topology was preserved,
BCL-2 and BCL-XL binding sites experienced
greater modifications than MCL-1 site. The rmsd val-
ues found by Deep View between the free and bound
forms of BCL-2 and BCL-XL were about 3.0 A and
4.0 A, respectively.

ABT-737 binds BCL-XL and BCL-2 within cer-
tain binding pockets.* We found that all five designed
molecules were able to bind the same binding pockets
as ABT-737. These results suggest that the designed
molecules could potentially prevent interactions of
BCL-2 and BCL-XL with proapoptotic BH3 proteins
in a similar fashion as ABT-737 does.

Most traditional cytotoxic agents indirectly cause
apoptosis by damaging DNA.* However, cancer
cells often have damaged apoptotic pathways that
allow them to avoid apoptosis.*® Current strategies
of cancer therapy target parts of the pathways that
are essential for cancer survival.*” The main goal is
to sidestep damaged pathways and make the cancer
cells susceptible to apoptosis.

Studies aimed at understanding how ABT-737
produces cytotoxicity in cancers* showed that ABT-
737 stimulates apoptosis by specifically binding
BCL-2 or BCL-XL proteins rather than by damaging
the DNA.*?> ABT-737 is effective in inducing apopto-
sis even at very high concentrations of its target pro-
teins. ABT-737 was found to engage the same binding
sites of antiapoptotic proteins as cellular BH3-only
proteins.”? Similarly, previous research showed that
apoptosis stimulated by ABT-263 (an orally bioavail-
able agent similar to ABT-737) was the direct conse-
quence of inhibition of BCL-2 family proteins.*®

Small molecules designed in this study were found
to bind within the same binding groove as ABT-737.
All of them share some of the structural character-
istics of ABT-737. In light of previous studies on
ABT-737,2 the putative mimetics designed here
would be expected to stimulate apoptosis in a simi-
lar fashion by specifically binding their target BCL-2
family proteins. If further experimental studies con-
firm this indeed to be the case, the potential of these
new mimetics to fight cancer would be enhanced.

Acting either as a single agent or in combination
with other chemotherapeutic agents, ABT-737 signifi-
cantly increases the cytotoxic response in certain can-
cer cells.” Preclinical studies®* show that the highly
specific binding of ABT-737 reduces side effects,

174

Cancer Informatics 2010:9


http://www.la-press.com

¢

Small molecule mimetics

thus making it a promising candidate for clinical tri-
als. Indeed, experimental studies showed that ABT-
737 caused negligible undesired effects in mice.*
Similarly, small molecule ABT-702 was shown to be
orally active, highly target specific, and non-toxic in
mice.”

Two molecules designed in this study, C _H N,
and C ,H N, were made using ABT-737 and ABT-
702 as starting templates. Similarly to these two
ABT agents, the designed molecules showed affinity
toward their target proteins. The binding propensities
and limited cytotoxicities of ABT-737 and ABT-702,
the oral activity of ABT-702, and predicted drug-
likeness properties suggest that the designed mol-
ecules might likewise be promising candidates for
clinical trials.

The “drug-likeness” of the small molecules
designed here was estimated using OSIRIS Prop-
erty Explorer®” and Molinspiration.*’ OSIRIS Prop-
erty Explorer reported that no side effects (such as
mutagenicity or carcinogenicity) were likely for
the designed molecules. Drug-relevant properties
obtained by the two programs are given in Table 3.
The number of rotatable bonds, H-bond acceptors,
and H-bond donors were calculated by Molinspira-
tion, while the Drug-likeness and Drug Score values
were obtained by OSIRIS. The estimates from both
programs for the molar masses and the logP and PSA
values were similar. Table 3 reports the values found
by OSIRIS Property Explorer.

As can be seen from Table 3 all five of the designed
molecules have logP = 5, -5 = logS = 1, PSA less
than 120 A% molar masses less than 500 g/mol, num-
ber of rotatable bonds fewer than 10, number of
hydrogen bond donors 5 or fewer, and the number of
hydrogen bond acceptors 10 or fewer. None of the

designed molecules violate any of Lipinski’s Rule
of Five. They all have positive drug-likeness values
with overall drug scores between 81% and 96%. All
five molecules form stable complexes with MCL-1,
BCL-2, and BCL-XL proteins. They also bind at the
same sites as cellular BH3-only proteins, as well as at
the same BCL-2/BCL-XL site where ABT-737 binds.
These results and previous experimental and preclini-
cal findings strongly suggest that the small molecules
designed in this study may indeed be promising drug
candidates.®

Conclusions

Our research identified five new putative small mole-
cule mimetics that could make stable complexes with
three antiapoptotic BCL-2, BCL-XL, and MCL-1
proteins. These results are novel because, to our
knowledge, there are not many, if any, small mole-
cules known to bind all three BCL-2, BCL-XL, and
MCL-1 proteins.

The new small molecules were obtained by com-
putationally modifying experimentally known mol-
ecules. The binding energies of complexes formed
by the designed molecules and BCL-2, BCL-XL,
and MCL-1 proteins ranged between -33.5
and —50.2 kJ/mol. Especially significant is the for-
mation of a stable complex of modified ABT-737
with MCL-1 since the original ABT-737 does not
interact with MCL-1. The modified ABT-702 also
formed stable complexes with BCL-2, BCL-XL,
and MCL-1. It is noteworthy that, to the best of
our knowledge, stable complexes of ABT-702 and
BCL-2 family proteins have not been studied previ-
ously. Drug-likeness studies performed on the five
designed molecules, as well as previous experi-
mental and preclinical studies on ABT agents and

Table 3. Drug-like properties of designed putative small molecule mimetics estimated by Molinspiration and OSIRIS Property
Explorer. Relevance and acceptable values of the listed properties are described in the text. In the table, MM stands for the
molar mass; nrotb for the number of rotatable bonds; nON for the number of H-bond acceptors; and nOHNH for the number

of H-bond donors.

Designed logP logS PSA MM nrotb nON nOHNH Drug-likeness Drug score
molecule (g/mol)

C,H,:N, 2.69 -3.62 39.3 302.47 6 4 3 3.28 81%
C,sHsN; 0.19 -2.69 80.6 296.38 4 6 5 3.30 90%
C,,H:N,O 2.31 -2.41 43.9 225.29 3 3 2 1.74 85%
C,,H:N, 1.95 -2.51 39.3 292.47 4 4 3 3.67 90%

C,,H, N, 0.37 -1.17 31.1 213.28 1 3 2 3.63 96%
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BH3-only cellular proteins, strongly suggest that
the putative new mimetics may indeed be promising
drug candidates.

Our findings present both possibilities and chal-
lenges for anticancer drug design. Drugs based on the
small molecules studied here might be useful against
cancers that overexpress BCL-2, BCL-XL, and/or
MCL-1 proteins. A single drug based on these mol-
ecules should cost less and cause fewer side effects
than a combination of drugs each aimed at a single
antiapoptotic protein. Molecules designed in this
work formed strong bonds with BCL-2, BCL-XL,
and MCL-1 in silico. However, these molecules may
not be easy to synthesize in a lab. Also, once synthe-
sized, they might not bind to their anticipated target
proteins in living cells.

The usefulness of the designed molecules for anti-
cancer drug development will eventually be deter-
mined by their abilities to decrease BCL-2, BCL-XL,
and MCL-1 expressions in living cells and to selec-
tively target cancerous versus healthy cells.

Disclosures

This manuscript has been read and approved by all
authors. This paper is unique and is not under consid-
eration by any other publication and has not been pub-
lished elsewhere. The authors and peer reviewers of
this paper report no conflicts of interest. The authors
confirm that they have permission to reproduce any
copyrighted material.

References

1. Vaux DL, Cory S, Adams JM. Bcl-2 Gene Promotes Haemopoietic Cell
Survival and Cooperates with C- Myc to Immortalize Pre-B Cells. Nature.
1988;335:440-2.

2. Campos L, Rouault JP, Sabido O, et al. High Expression of Bcl-2 Protein
in Acute Myeloid Leukemia Cells is Associated with Poor Response to
Chemotherapy. Blood. 1993;81:3091-6.

3. Waksman G, editor. Proteomics and Protein-Protein Interactions: Biology,
Chemistry, Bioinformatics, and Drug Design. New York: Springer, 2005.

4. Oltersdorf T, ElImore SW, Shoemaker AR, et al. An Inhibitor of BCL-2 Family
Proteins Induces Regression of Solid Tumours. Nature. 2005;435:677-81.

5. Kann MG. Protein Interactions and Disease: Computational Approaches to
Uncover the Etiology of Diseases. Brief Bioinform. 2007;8:333—-46.

6. Huang DCS, Strasser A. BH3-only Proteins—Essential Initiators of Apop-
totic Cell Death. Cell. 2000;103:839-42.

7. Kelekar A, Thompson CB. Bcl-2-family Proteins: The Role of the BH3
Domain in Apoptosis. Trends Cell Biol. 1998;8:324-30.

8. Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S, Korsmeyer SJ.
Distinct BH3 Domains Either Sensitize or Activate Mitochondrial Apoptosis,
Serving as Prototype Cancer Therapeutics. Cancer Cell. 2002;2:183-92.

9. Kuwana T, Mackey MR, Perkins G, et al. Bid, Bax, and Lipids Cooperate to
Form Supramolecular Openings in the Outer Mitochondrial Membrane. Cell.
2002;111:331-42.

10.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.

35.

Chipuk JE, Kuwana T, Bouchier-Hayes L, et al. Direct Activation of Bax
by p53 Mediates Mitochondrial Membrane Permeabilization and Apoptosis.
Science. 2004;303(5660):1010-4.

. Kim H, Rafiuddin-Shah M, Tu HC, et al. Hierarchical Regulation of

Mitochondrion-Dependent Apoptosis by BCL-2 Subfamilies. Nat Cell
Biol. 2006;8(12):1348-58.

Kuwana T, Bouchier-Hayes L, Chipuk JE, et al. BH3 Domains of BH3-only
Proteins Differentially Regulate Bax-mediated Mitochondrial Membrane
Permeabilization both Directly and Indirectly. Mol Cell. 2005;17:525-35.
Labi V, Grespi F, Baumgartner F, Villunger. A. Targeting the BCL-2-
regulated Apoptosis Pathway by BH3 Mimetics: a Breakthrough in
Anticancer Therapy? Cell Death Differ. 2008;15(6):977-87.

Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 Heterodimerizes in Vivo
With a Conserved Homolog, Bax, that Accelerates Programmed Cell Death.
Cell. 1993;74:609-19.

Sharpe JC, Arnoult D, Youle RJ. Control of Mitochondrial Permeability by
Bcl-2 Family Members. Biochim Biophys Acta. 2004;1644:107—13.
Fennell DA, Corbo MV, Dean NM, Monia BP, Cotter FE. In Vivo Suppres-
sion of Bcl-XL Expression Facilitates Chemotherapy-Induced Leukaemia
Cell Death in a SCID/NOD-Hu Model. Br J Haematol. 2001;112:706—13.
Kaufmann SH, Karp JE, Svingen PA, et al. Elevated Expression of the
Apoptotic Regulator MCL-1 at the Time of Leukemic Relapse. Blood.
1998;91:991-1000.

Martz L. BCL-2 Double Take. online SciBX. 2008.

Stauffer S. Small Molecule Inhibition of the Bcl-XI-BH3 Protein-Protein
Interaction: Proof-of-concept of an in Vivo Chemopotentiator ABT-737.
Curr Top in Med Chem. 2007;7(10):961-5.
http://www.ncbi.nlm.nih.gov/sites/entrez?db=structure&cmd=search&
term=2rod

Konopleva M, Contractor R, Tsao T, et al. Mechanisms of Apoptosis Sensi-
tivity and Resistance to the BH3 Mimetic ABT-737 in Acute Myeloid Leu-
kemia. Cancer Cell. 2006;10(5):375-88.

van Delft M, Weil A, Mason K, et al. The BH3 mimetic ABT-737 targets
selective BCL-2 proteins and efficiently induces apoptosis via Bak/Bax if
MCL-1 is neutralized. Cancer Cell. 2006;10(5):389-99.

Chen JH, Linstead E, Swamidass SL, Wang D, Baldi P. ChemDB
Update-Full-Text Search and Virtual Chemical Space. Bioinformatics.
2007;23(17):2348-51.

Kang MH, Reynolds CP. Bcl-2 Inhibitors: Targeting Mitochondrial Apoptotic
Pathways in Cancer Therapy. Clinical Cancer Research. 2009;15:1126-32.
Nguyen M, Marcellus RC, Roulston A, et al. Small Molecule Obato-
clax (GX15-070) Antagonizes MCL-1 and Overcomes MCL-1-mediated
Resistance to Apoptosis. Proc Natl Acad Sci U S A.2007;104:19512-7.
Park WH, Han YW, Kim SH, Kim SZ. An ROS Generator, Antimycin A, Inhibits
the Growth of HeLa Cells via Apoptosis. J Cell Biochem. 2007;102:98—109.
Trudel S, Stewart AK, Li Z, et al. The BCL-2 Family Protein Inhibitor,
ABT-737, Has Substantial Antimyeloma Activity and Shows Synergistic Effect
with Dexamethasone and Melphalan. Clin Cancer Res.2007;13: 621-9.

Lin X, Morgan-Lappe S, Huang X, et al. Seed Analysis of Off-target siRNAs
Reveals an Essential Role of MCL-1 in resistance to the Small-Molecule
BCL-2/Bcl-X(L) Inhibitor ABT-737. Oncogene. 2007;26:3972-9.
Kowaluk EA, Mikusa J, Wismer CT, et al. ABT-702 (4-Amino-5-(3-
Bromophenyl)-7-(6-Morpholino-Pyridin-3-Y1)Pyrido[2,3-D]Pyrimidine),
aNovel Orally Effective Adenosine Kinase Inhibitor with Analgesic and Anti-
Inflammatory Properties. J Pharmacol and Exper Therap. 2000;295:3.
Mark A. ArgusLab 4.0.1, Thompson, Planaria Software LLC, Seattle, WA,
http://www.arguslab.com/

Verdonk ML, Cole JC, Hartshorn MJ, Murray CW, Taylor RD. Improved
Protein-Ligand Docking Using GOLD. Proteins. 2003;52:609-23.
http://autodock.scripps.edu/

http://zdock.bu.edu/

Wang G, Nikolovska-Coleska Z, Yang C-Y, et al. Structure-Based Design of
Potent Small-Molecule Inhibitors of Anti-Apoptotic BCL-2 Proteins. J Med
Chem Supporting Information. 2006;49(21):6139-42.

Wishart DS, Knox C, Guo AC, et al. DrugBank: a knowledgebase for drugs,
drug actions and drug targets. Nucleic Acids Res. 2008 Jan;36(Database
issue):D901-6.

176

Cancer Informatics 2010:9


http://www.la-press.com

\ 3

Small molecule mimetics

36.

37.

38.

39.

40.
41.
42.

43.

44,

Ertl P, Rohde B, Selzer P. Fast calculation of molecular polar surface area as
a sum of fragment-based contributions and its application to the prediction
of drug transport properties. J Med Chem. 2000;43:3714-7.

Veber DF, Johnson SR, Cheng HY, Smith BR, Ward KW, Kopple KD.
Molecular properties that influence the oral bioavailability of drug candi-
dates. Journal of Medicinal Chemistry. 2002;45(12):2615-23.

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and
computational approaches to estimate solubility and permeability in drug dis-
covery and development settings. Adv Drug Delivery Rev. 1997;23:4-25.
Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer:
An Environment for Comparative Protein Modeling. Electrophoresis.
1997;18:2714-23; http://www.expasy.org/spdbv/
http://www.organic-chemistry.org/prog/peo/
http://www.molinspiration.com/cgi-bin/properties

Day CL, Chen L, Richardson SJ, Harrison PJ, Huang DCS, Hinds MG.
Solution structure of prosurvival Mcl-1 and characterization of its binding
by proapoptotic BH3-only ligands. J Biol Chem. 2005;280:4738—44.

Lee EF, Czabotar PE, van Delft MF, et al. A novel BH3 ligand that selectively
targets MCL-1 reveals that apoptosis can proceed without MCL-1 degrada-
tion. The Journal of Cell Biology. 2008;180(2):341-55.

Prakesch M, Denisov AY, Naim M, Gehring K, Arya P. The discovery of
small molecule chemical probes of Bcl-XL and Mcl-1. Bioorganic and
Medicinal Chemistry. 2008;16:7443-9.

45.

46.

47.

48.

49.

50.

High L, Szymanska B, Wilczynska-Kalak U, et al. The BH3-mimetic ABT-
737 targets the apoptotic machinery in acute lymphoblastic leukemia resulting
in synergistic in vitro and in vivo interactions with established drugs. Molec-
ular Pharmacology Fast Forward. 2009;doi:10.1124/mol.109.060780.
Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):
57-70.

DaiY, Grant S. Targeting multiple arms of the apoptotic regulatory machin-
ery. Cancer Res. 2007;67(7):2908—11.

Tse C, Shoemaker AR, Adickes J, et al. ABT-263: A Potent and Orally Bio-
available BCL-2 Family Inhibitor. Cancer Res. 2008;68(9):3421-8.

Kang M, Wan Z, Kang Y, Sposto R, Reynolds C. Mechanism of Synergy of
N -(4-Hydroxyphenyl) Retinamide and ABT-737 in Acute Lymphoblastic
Leukemia Cell Lines: MCL-1 Inactivation. Journal of the National Cancer
Institute. 2008;100(8):580-95.

Jarvis M, Yu H, Kohlhaas K, et al. ABT-702 (4-Amino-5-(3-bromophenyl)-
7-(6-morpholinopyridin-3-yl)pyrido[2,3-d]pyrimidine), a Novel Orally
Effective Adenosine Kinase Inhibitor with Analgesic and Anti-Inflammatory
Properties: 1. In Vitro Characterization and Acute Antinociceptive Effects in
the Mouse. JPET. 2000;295(3):1156—64.

“I would like to say that this is the most author-friendly

Your paper will be:

Publish with Libertas Academica and
every scientist working in your field can
read your article

editing process | have experienced in over 150
publications. Thank you most sincerely.”

“The communication between your staff and me has
been terrific. Whenever progress is made with the
manuscript, | receive notice. Quite honestly, I've
never had such complete communication with a
Jjournal.”

“LA is different, and hopefully represents a kind of
scientific publication machinery that removes the
hurdles from free flow of scientific thought.”

° Available to your entire community
free of charge
Fairly and quickly peer reviewed
Yours! You retain copyright

http://www.la-press.com

Cancer Informatics 2010:9

177


http://www.la-press.com
http://www.la-press.com

