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and synthesis of novel
benzothiazole derivatives as BCL-2
inhibitors
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Apoptosis plays a crucial role in cancer pathogenesis and drug resistance. BCL-2 family of enzymes
is considered as one of the key enzymes which is involved in apoptosis. When there is disruption in
the balance between anti-apoptotic and pro-apoptotic members of the BCL-2 family apoptosis is
dysregulated in the affected cells. Herein, 33 novel benzothiazole-based molecules 7a-i, 8a-f, 9a-

b, 12a-e, 13a-d, 14a,b, and 17a-j were designed, synthesized and tested for their BCL-2 inhibitory
activity. Scaffold hopping strategy was applied in designing of the target compounds. Compounds
13c and 13d showed the highest activity with ICs, values equal to 0.471 and 0.363 pM, respectively.
Molecular docking studies of the synthesized compounds showed comparable binding interactions
with the lead compound. Structure activity relationship study was performed to show the effects of
structural modifications on the inhibitory activities on BCL-2.

Cancer is considered a leading cause of death worldwide accounting for about 14.5% of world deaths, and it is
expected for that ratio to double by 2030'. The concept of "Hallmarks of Cancer" is a powerful guide for research
aimed to improving and developing rational approaches for more targeted cancer therapeutics®. The ability of
cancer cells to resist cell death and evade apoptosis, which leads to continuous proliferation, is one of the fun-
damental hallmarks of cancer. Therefore, it has become a major area of interest in the development of targeted
cancer therapy.

Apoptosis is a physiological process of programmed cell death that is essential for normal tissue develop-
ment and hemostasis®. Aberrations in this pathway can lead to a variety of diseases including degenerative and
autoimmune disorders and cancer®’.

Caspases is a family of enzymes that plays a critical role in apoptosis regulation®. Caspases are synthesized
as inactive zymogens, which undergo activation through cascade of events known collectively as either intrinsic
or extrinsic pathways”®.

Cancer cells may evade apoptosis through a variety of mechanisms. In human cancer cells, the downregulation
of pro-apoptotic proteins (e.g. Bax, Bak, Bad, Bim) and the upregulation of anti-apoptotic proteins (e.g. BCL-2,
BCL-xl, MCL-1), inhibits the release of cytochrome ¢ from mitochondria, leads to the immortal character of
the cancer cells’. In cancer cell lines, all the apoptotic inhibitors and activators have been found to be expressed
abnormally. For instance, in almost half of all human cancers, BCL-2 overexpression has been found!’.

BCL-2 family proteins are the key regulators of the mitochondrial apoptotic pathway, also known as the
BCL-2-regulated pathway. There are 25 members that belong to the BCL-2 family of proteins. These proteins are
found in mitochondria, smooth endoplasmic reticulum, and perinuclear membranes in hematopoietic cells!'2.
The structure of BCL-2 proteins are known to exhibit up to four relatively short sequence motifs, which are
less than 20 amino acid residues in length, termed BCL-2 homology (BH) domains'*'*. All BCL-2 family pro-
teins present BCL-2 homology (BH) domains, with the most conserved BH3 death domain being found in all
members of the family. Members of BCL-2 family can be divided into three subfamilies based on structural and
functional features'>~'” which include anti-apoptotic multi-domain proteins, pro-apoptotic BH3-only proteins
and pro-apoptotic multi-domain effector proteins. The functions of BCL-2 family members including the anti-
apoptotic and pro-apoptotic are regulated through their BH domains. Furthermore, the BH1- BH3 domains of
anti-apoptotic proteins form a hydrophobic binding pocket that binds the a-helix of the BH3-only pro-apoptotic
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proteins'®!. If there is imbalance between the anti-apoptotic and pro-apoptotic members of the BCL-2 family, it
will result in dysregulated apoptosis in the affected cells. This could attributed to the expression of one or more
anti-apoptotic proteins or the low expression of one or more pro-apoptotic proteins or a combination of both?.

The selective modulation of both apoptotic pathways has been reported to be a challenge in cancer drug
development. BCL-2 functions by preventing programmed cell death which differs from other oncogenes that
work mainly by enhancing proliferation®!. Therefore, inhibiting these proteins would lead to apoptosis induction
which could provide potential therapeutic target??. However, the critical challenge is that many of these targets
are protein—protein interactions and it is hard to modulate. Despite this, there are various promising molecules
which target the apoptotic pathway components that have now entered the clinic, and are under investigation as
single agents or in combination with other anticancer therapies?. Anti-sense oligonucleotides (ASOs), peptides
and peptidomimetics as well as small molecules (BH3 mimetics) are among the promising BCL-2 Inhibitors.
Despite the emergence of various BCI-2 inhibitors, there are many challenges that are facing these inhibitors,
including the development of resistance and limitation of their use in certain types of tumors, e.g., solid tumors.
These challenges encourage many researchers to search, design and synthesize novel BCI-2 inhibitors with better
activity, less resistance and safer profile**.

Figure 1 shows some of BCI-2 inhibitors in which the structural features and the important interactions are
highlighted®~*°.

Rationale and design
Our proposed design of novel benzothiazole based inhibitors was according to the strategies shown in (Fig. 2).
Scaffold hopping strategy has been used for designing structurally novel compounds by modifying the central
core of an active molecule. Thus, the saccharine scaffold in the lead compound 2 has been replaced by benzothia-
zole scaffold. The introduction of heterocyclic core will lead to increased acidity of the sulfonamide NH which
is proposed to influence potency, solubility, and clearance of these inhibitors. Additionally, the benzothiazole
scaffold will maintain the proper orientation of the two essential hydrophobic pocket binding moieties of the
compound. The sulfonamide moiety has been retained in most of proposed compounds. In other compounds,
it has been replaced by its amide bioisostere to maintain crucial hydrogen bond interactions. Furthermore, a
number of diverse small and large hydrophobic moieties with different substituents have been utilized, which
maintain the reported hydrophobic interaction with P2 pocket, to explore the hydrophobic moiety with optimum
BCL-2 inhibitory activity. Similarly, based on the reported hydrophobic groups used as the P4 binding moieties,
the naphthyl (as in compound 1) and 3-nitro-4-(phenethylamino)benzene (to mimic the P4 hydrophobic moiety
in compound 2) have been used to maintain desirable hydrophobic interaction with P4 pocket and to explore
the hydrophobic moiety with optimum BCL-2 inhibitory activity. Finally, the piperazine linker between the core
scaffold and the P2 hydrophobic moiety has been retained in some proposed compounds or replaced by other
linkers such as urea and amide linkers in other compounds to explore their impact on BCL-2 inhibitory activity.
The aim of the current study is to rationally design, synthesize and biologically evaluate novel small molecule
BCL-2 inhibitors (BH3 mimetics) via targeting the BH3 binding groove of anti-apoptotic BCL-2 protein as
targeted anti-cancer therapy.

Materials and methods

Chemistry. Starting materials and reagents were purchased from Sigma-Aldrich or Alfa-Aesar Organics and
used without further purification. Reactions were monitored by analytical TLC, performed on silica gel 60 F,s,
packed on Aluminum sheets, purchased from Merck, with visualization under UV light (254 nm). Melting
points were recorded on Stuart Scientific apparatus and are uncorrected. Electron-impact ionization mass (EI-
MS) spectra were recorded on Thermo Scientific ISQLT mass spectrometer at the Regional Center for Mycology
and Biotechnology, Al-Azhar University.

'H-NMR spectra were recorded using Bruker 400 MHz spectrophotometer (using DMSO as solvent) at Center
for Drug Discovery Research and Development, Ain Shams University. *C -NMR spectra were recorded in §
scale given in ppm on a Bruker 100 MHz spectrophotometer (at 101 MHz, using DMSO as solvent) at Center
for Drug Discovery Research and Development, Ain Shams University. Elemental analyses were performed
on a Thermo Scientific Flash 2000 elemental analyzer at the Regional Center for Mycology and Biotechnology,
Al-Azhar University.

For the detailed synthetic procedures and structural characterization, refer to the supporting information.

Biological evaluation. In vitro BCL-2 inhibitory activity. The in vitro enzyme inhibition determination
for the synthesized compounds was carried out in BPS Bioscience Corporation, San Diego, CA, USA (www.
bpsbioscience.com). BCL-2: Catalog # 50272, BCL-2 binding peptide, BCL-2 Assay Kit: Catalog #50222, and
Tb-Donor and Dye labeled acceptor were used.

Assay protocol.  The assay was performed by TR-FRET technology using a recombinant BCL-2 and a peptide-
ligand substrate. The TR-FRET signal from the assay is correlated with the amount of Ligand binding to BCL-2.
Compounds were diluted in 100% DMSO then tenfold dilution in 10% DMSO in 1X Reaction Buffer. 2 pl of the
dilution was added to a 20 pl reaction so that the final concentration of DMSO is 1% in all of reactions. All of
the binding reactions were conducted at room temperature. The 20 pl reaction mixture in Assay Buffer contains
bcl-2, the indicated amount of the inhibitor, ligand, and the reaction dyes. The reaction mixture incubated for
180 min prior to reading the TR-FRET signal. For the background, ligand was replaced with assay buffer. Fluo-
rescence signals for both the donor and acceptor dyes were measured using a Tecan Infinite M1000 plate reader.
TR-FRET was recorded as the ratio of the fluorescence of the acceptor and the donor dyes (acceptor/donor).
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Figure 1. The common structural features and the possible key interactions of prominent BCL-2 inhibitors
with BCL-2 protein. Figure 1 was generated using Chemdraw Professional 16.0.

Binding experiments were performed in duplicate at each concentration. The TR-FRET data were ana-
lyzed using the computer software, Graphpad Prism. In the absence of the compound in wells contain-
ing BCL-2 ligand, the TR-FRET signal (Ft) in each data set was defined as 100% activity. In wells without
peptide ligand, the TR-FRET signal (Fb) in each data set was defined as 0% activity. The percent activity in
the presence of each compound was calculated according to the following equation: % activity = [(F — Fb)/
(Ft — Fb)] x 100, where F=the TR-FRET signal in the presence of the compound. The percent inhibition was
calculated according to the following equation: % inhibition = 100—% activity. ICs, determination for target
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Figure 2. Proposed design of novel benzothiazole based small molecule BCL-2 inhibitors. Figure 2 was
generated using Chemdraw Professional 16.0.

N,

compounds against BCL-2 was calculated. The values of % activity versus a series of compound concentrations
(I nM—10 nM—100 nM—1 pM—10 uM) were then plotted using non-linear regression analysis of Sigmoidal
dose-response curve generated with the equation:

Y=B + (T-B)/1+ 10((LogEC50—X) x Hill Slope)’
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where, Y = percent activity, B=minimum percent activity, T = maximum percent activity, X =logarithm of com-
pound and Hill Slope = slope factor or Hill coefficient. The IC;, value was determined by the concentration
causing a half-maximal percent activity™.

In vitro anti-proliferative activity against NCI leukemia cell line. 'The national cancer institute (NCI) in vitro
anticancer screening is a two-stage process, beginning with the evaluation of the selected compounds 13¢ and
13d against NCI leukemia cell line at a single dose of 10 uM. The human leukemia cell line was obtained and
maintained at the NCI. The output from the single dose screen is reported as a mean graph. The detailed assay
protocol is discussed in the supporting material.

Molecular modelling study. Molecular docking was conducted using C-Docker 2.5 software in the inter-
face of Accelry’s discovery studio 2.5 (Accelrys Inc., San Diego, CA, USA) at the drug design laboratory of Fac-
ulty of pharmacy, Ain Shams university. The X-ray crystal structure of BCL-2 co-crystallized with saccharine-
based lead compound 2 was obtained from the Protein Data Bank®' with PDB code: 4IEH%. This PDB code
was chosen to compare the docked poses of our designed compounds to the lead compound 2. Protein was
prepared in Discovery Studio 2.5 by deleting water molecules and adding hydrogen atoms. A final step of energy
minimization for hydrogen atoms was done to relieve the constraints resulting from randomly adding hydrogen
atoms with constraining protein heavy atoms. Docking search space was identified by assigning a sphere centred
around the co-crystallized ligand including the surrounding amino acids of the binding site. The docking sphere
had a centre at coordinates 12.2, 25.8, 11.8, and a radius of 60 A.

Ligands were sketched in ChemDraw and minimized in Discovery Studio 2.5 using CHARMm force field
adjusting the ionization pH at 7.4, with no isomers or tautomers generated for the ligands. Figures were generated
using UCSF Chimera* and Discovery Studio 2.5. Physicochemical and drug likeness properties are predicted
using SwissADME webserver (https://www.nature.com/articles/srep42717).

Results and discussion
Chemistry. The titled compound (5) was prepared in good yield and purity via nucleophilic substitution of
the 2-aminobenzothiazole derivatives (4) on 2-naphthylsulfonyl chloride in dry pyridine.

Compound (6) was obtained through ester hydrolysis using LIOH.H,O in ethanol/water (1:1)**.

Compound 6 served as a crucial starting point for the synthesis of series 1, 3 and 5 (scheme 2). the titled
compounds, series 1, (7a-i) were prepared by direct coupling of equimolar amounts of the carboxylic acid (6) and
the respective substituted piperazine in presence of EDC.HCI as coupling agent/ DMAP as a base in dry DMF
under N, atmosphere*. Series 3, compounds (8a-f), was prepared though a similar pattern as compounds 7a-i,
by the direct coupling of equimolar amounts of the carboxylic acid (10) and the respective amino compounds
(Ta-f, Fig. 3) using EDC.HCl as coupling agent/ DMAP as a base in dry DMF under N, atmosphere*’. Using the
same coupling procedure®*, compound (6) and the respective amino compounds (IIa,b, Fig. 3) were reacted
yielding 9a,b, series 5, Fig. 4.

Furthermore, we applied the same above-mentioned coupling procedure to obtain the titled compound (10).
Compound (10) was prepared upon reaction of 3-nitro-4-(phenethylamino)benzoic acid (3), which was obtained
in good yields (94%) and purity according to Fig. 5, and ethyl 2-amino benzo[d]thiazole-6-carboxylate (4)**. The
titled compound (10) was subjected to ester hydrolysis to yield compound (11).

According to Fig. 6, compound 11 is considered very important starting building block for the synthesis of
series 2, 4 and 6. Compound lists 12a-e, 13a-d and 14a,b were obtained using the same coupling procedure
using compound 11 and respective substituted piperazines, amino compounds (Ia-f) and (IIa,b) respectively.

Finally, Fig. 7 illustrates the synthesis of the final compounds 17a-j, series 7. Compound 15 was synthesized
according to the reported method where it was produced in good yield and purity®®. Furthermore, nitro group in
compound 15 was reduced following the reported procedure®. Compound 16 served as crucial starting material
to obtain compounds 17a-j, where it reacted with the respective isocyanate in THF*. The urea derivatives 17a-j

Ia: R=3-F

Ib: R=3-Cl IIa : R=4-Br

Ic: R=4-Cl IIb : R =3-F,4-Cl
Id: R=4-Br

Ie: R=4-CH;

If: R=4-CF;

Figure 3. Structures of reported intermediates Ia-f and ITa,b used in the synthesis of the final compounds.
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Figure 6. Synthesis of final compounds: 12a-e (Series 2), 13a-d (Series 4) and 14a,b (Series 6); 12a:
R=2-Methoxyphenyl, 12b: R = 3,4-Dichlorophenyl, 12c: R=Benzhydryl, 12d: R=Trans-Cinammyl, 12e:
R=2-Tetrahydrofuroyl; 13a: R=3-Cl, 13b: R=4-Br, 13c: R=4-CH;, 13d: R=4-CF;; 14a: R=3-F4-Cl, 14b:
R=4-Br.

were obtained in good yield and purity. The structures of all the newly synthesized compounds were confirmed
by their spectral data.

Biological evaluation. Initial in vitro BCL-2 inhibitory screening at single dose of 10 uM concentration. Our
novel synthesized compounds were screened for their potential BCL-2 anti-apoptotic effects. The in vitro BCL-2
inhibition assay was executed at the BPS Bioscience Corporation, San Diego, CA, USA. Table 1 and Fig. 8 il-
lustrate the inhibitory effects of the compounds against BCL-2 protein, which happened to be either very poor
or good inhibitory activity.

Regarding the P4 hydrophobic binding moiety, where incorporation of 3-nitro-4-(phenethylamino)benza-
mide moiety at position 2 of benzothiazole scaffold generally resulted in marked improvement of BCL-2 inhibi-
tory activity when compared to their naphthyl sulfonamide analogues (Series 2 ,4 & 6 compared to series 1, 3 &
5). Regarding the P2 hydrophobic binding moiety, para substituted benzyloxyphenyl derivatives (series 3 & 4),
compounds (8¢,d and 13b-d), exhibited better BCL-2 inhibitory activity than the corresponding phenoxyphenyl
derivatives (13 and 14). These compounds showed good inhibitory activity with BCL-2 percent inhibition of 48,
65, 68, 84 and 84%, respectively. Moreover, the 3-fluorobenzyloxy derivative (8a) and 3-chlorobenzyloxy deriva-
tive (13a) also exhibited moderate inhibitory activity with BCL-2 percent inhibition of 41 and 35%, respectively.
As mentioned above, compounds bearing 3-nitro-4-phenylaminobenzamide tail were superior to their naphthyl
sulfonamide analogues (compounds (13a-d) versus compounds (8c-f). Regarding the phenoxyphenyl derivatives
(series 5 & 6), only the 4-bromo phenoxyphenyl derivative (14b) showed moderate BCL-2 inhibitory activity with
47% inhibition. Investigating the urea derived compounds (series 7), also revealed that the 4-bromo phenyl urea
derivative (17f) exhibited good BCL-2 inhibitory activity with 64% inhibition. On the contrary, the piperazine
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Figure 7. Synthesis of final compounds 17a-j (Series 7); 17a: R=H, 17b: R=3- Cl, 17¢: R=3- Br, 17d: R=3-
0-CHj, 17e: R=3-CH;, 17f: R=4- Br, 17g: R=4- Cl, 3-CF3, 17h: R=3,4- di Cl, 17i: R=2-CH,,4-Cl, 17j:
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ID BCL-2 inhibition % | ID BCL-2 inhibition %
7a 0 12¢ 18
7b 0 12d | 14
7c 2 12¢ |8
7d 8 13a |35
7e 0 13b |68
7f. 7 13¢ | 84
78 7 13d | 84
7h 1 14a |20
7i 4 14b | 47
8a 41 17a |0
8b 16 17b |7
8c 48 17¢ |10
8d 65 17d |7
8e 13 17e |0
8f 14 17f 64
9a 9 17g |18
9b 9 17h |0
12a 15 17i 14
12b 18 17j |9
ABT-199 (20) | 92 (at 100 nM)

Table 1. Percent inhibition of BCL-2 inhibitory activity achieved by the piperazine derivatives, 7a-i (Series 1),
12a-e (Series 2), benzyloxy derivatives series 3 (8a-f), series 4 (13a-d), 13a,b (Series 5), 14a,b (Series 6), and

17a-j (Series 7) at 10 pM.

derivatives (series 1 & 2) showed no or poor inhibitory activity on BCL-2 with 18% as the most achieved inhibi-

tion by compounds (12b and 12c), Fig. 9.

Measurement of potential enzyme inhibitory activity (IC,). Promising candidates, which exhibited BCL-2 inhi-
bition percent above 60% at 10 uM concentration (8d, 13b-d & 17f) were further investigated for their dose-
related BCL-2 inhibitory activity at 5 different concentrations (1 nM—10 nM—100 nM—1 pM—10 puM) to

subsequently calculate their ICs, values, Table 2.
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ID BCL-2% inhibition | BCL-2 ICs,
8d 65 1.620 uM
13b 68 1.087 uM
13¢ 84 0.471 uM
13d 84 0.363 uM
17f 64 2.290 uM
ABT-199 (20) | 92 (at 100 nM) 0.007 uM

Table 2. The ICs, values for compounds 8d, 13b-d and 17f. Significant values are in bold.

In vitro anti-proliferative activity against leukemia NCI cell lines.  This assay was performed for compounds 13¢
and 13d by the Developmental Therapeutics Program (DTP) of the National Cancer Institute (NCI), division of
cancer treatment and diagnosis, NIH, Bethesda, Maryland, USA (www.dtp.nci.nih.gov). The operation of this
screen utilizes leukemia human tumor cell line*”. The human tumor cell lines of the cancer screening panel were
grown in RPMI 1640 medium containing 5% fetal bovine serum and 2 mM L-glutamine.

Results for the two compounds were reported as a mean graph of the percent growth of the treated cells when
compared to the untreated control cells. The results are expressed as cell growth percent for the tested compounds
on each of the used NCI cell line panels. Table 3 shows the results for the compounds 13c and 13d.

Compound 13d, which demonstrated the highest inhibitory activity against BCL-2 with IC, value of
0.363 pM, exhibited moderate inhibition against leukemic SR cell lines with growth inhibition 62.87. While
compound 13¢ exhibited poor inhibition against the used leukemia cell line.

Molecular modelling study. The validity of the proposed design was evaluated by molecular docking
study through predicting the binding modes and binding affinities of the designed compounds. These pre-
dicted properties should meet the minimum desirable requirements to validate the hypothesis that the designed
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Cell growth percent for the tested
compounds

Leukemia

Panel/cell line | 13¢ 13d
CCRF-CEM 9391 |68.2
HL-60(TB) 75.74 | 96.87
K-562 87.23 | 67.92
MOLT-4 94.74 | 74.37
RPMI-8226 87.5 69.86
SR 82.5 37.13

Table 3. Cell growth percentage of NCI leukemia cancer cell line exhibited by the final compounds 13¢ and
13d. Significant values are in bold.

compounds have proposed biological activities against BCL-2. The docking study was performed in order to test
for a comparable binding mode to the saccharine lead compound 2 and investigate the binding affinities of the
designed compounds to BCL-2 binding groove. The major goal of a good docking protocol is to discriminate
between the groups of true solutions (proposed poses), usually defined as poses within 2.0 A root mean square
deviations (RMSD) from the X-ray geometry, and false solutions or misdocked structures®. In order to validate
the C-DOCKER protocol’s predictability of the correct poses, we re-docked the co-crystallized ligand using
C-DOCKER, and aligned the pose retrieved from docking to the X-ray geometry (The co-crystallized bioac-
tive conformation) to calculate the RMSD. The docking of this compound in BCL-2 binding groove generated
RMSD of 0.6656 A (Fig. 10), therefore, the C-DOCKER protocol is reliable for predicting the poses of the tested
compounds in the X-ray crystal structure of BCL-2 protein.

The docking study of the synthesized compounds into BCL-2 binding groove revealed comparable binding
modes of the docked molecules to the lead compound. Docking of the target compounds showed that the core
scaffold adopted volumes and orientation as the lead compound. The docking results showed the designed
compounds to have C-Docker interaction energies ranging from — 67.57 to — 40.31 kcal/mole which came
comparable to the docking score of the co-crystallized ligand with docking score of — 71.89 kcal/mol. The dock-
ing score of the 5 most active compounds come in a good agreement with their IC;,, where they are ranked in
the same order according to the IC;; order. They are arranged from the most active to the least active as follows:
13d>13c>13b>8d > 171, as shown in Table 4.

P-substituted-benzyloxyphenyl derivatives (series 3 & 4), exhibited the best BCL-2 inhibitory activity as they
fulfilled most of the key interactions with BCL-2, where the key hydrogen bonds with Gly 104 and Arg 66 residues
were established (as seen in compounds 13¢ & 13d, which are the most active compounds against BCL-2), as
well as a pi-pi interaction with Tyr67 and Tyr161. Also, pi-alky interactions were observed with various amino
acid residues (Arg 98, Ala 59 & Pro163) resulting in better docking scores as well, which could explain the good
BCL-2 inhibitory activity of those compounds (Fig. 11A and B).

Regarding the moderately active compounds (8a,c,d, 13b, 14b & 17f), they showed the same binding mode
and interactions as the most active compounds (13¢ & 13d) but they missed a key HB with Gly 104 which could
explain its moderate activity (Fig. 12). However, they formed another H-bond with Arg 105 residue compensat-
ing the loss of the main HB with Gly 104 (Table S1).

On the contrary, piperazine derivatives (series 1 & 2) failed to exhibit BCL-2 inhibitory activity as they missed
the key interaction with Gly104 residue which seemed to be an essential feature for BCL-2 inhibitory activity,
although they maintained the same binding mode and the same key hydrogen bond with Arg 66 and hydrophobic
interactions (Pi-Pi) with Tyr 67, Tyr 161. Generally, most of inactive compounds missed this key hydrogen bond
interaction with Gly 104 residue. Moreover, they showed lower docking scores relative to that of the docked lead

Figure 10. The alignment between the co-crystallized bioactive conformer of compound (blue) and the
pose of the same compound retrieved from docking using CDOCKER (orange). Figure 10 was generated
using Discovery studio 2.5.
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Table 4. Docking scores, 2D interaction diagrams, and interacting amino acids with compounds 8d, 13b-d
and 17f.

compound. 2D interactions, docking scores, and detailed binding interactions for active compounds with BCL-2
inhibition >50% are reported in Table S1 in supporting info.

Physicochemical and drug likeness properties. 'The insilico physicochemical properties of the reported com-
pounds were calculated using SwissADME web server. Six parameters that detect the oral bioavailability were
calculated namely number of rotatable bonds, Solubility Log S, fraction of sp3 carbons, Topological polar surface
area (TPSA), molecular weight (MW), and XLOGP3 for lipophilicity, as shown in Fig. 13. Most of the com-
pounds showed acceptable number of rotatable bonds (<9), TPSA (<130 A?), and sp3 carbon fraction (< 1).
Most of the compounds showed moderate water solubility (ESOL Log S <-6), slightly high molecular weight
(>500), and high lipophilicity (XLOGP3 > 5),. These results gave a basis for further drug development for the
reported series to adjust the lipophilic/hydrophilic balance, solubility, and molecular weight.

The drug likeness for the reported compounds was also predicted using SwissADME web server by calculat-
ing five filters namely, Lipinski, Ghose, Veber, Egan, and Muegge. The results were reported by the number of
violations each compound commits per filter in Table 5. The results are depicted as a heat map. Most compounds
fulfil all the filters except for the Ghose filter which come from higher molecular weight and molar refractivity.
This also can be exploited in prospective drug development projects by adjusting the molecular weight of the
designed compounds.
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Figure 11. 3D interaction diagram of the most active compounds 13¢c (A) and 13d (B) with BCL-2 BH3
binding groove. Figure 11 was generated using Chimera 1.16 (https://www.cgl.ucsf.edu/chimera/).

Conclusion

Our main approach was to design new small molecules as BCL-2 inhibitors with potential anti-cancer activity
based on literature review and SAR studies, novel benzothiazole-based compounds were designed, synthesized
and evaluated for their in vitro BCL-2 inhibitory activity. The 4-CH; and 4-CF; benzyloxy derivatives (13¢ &
13d) having 3-nitro-4-phenethyl amino moiety as the P4 hydrophobic binding group, exhibited the highest
inhibitory activity against BCL-2 protein with ICs, values of 0.471 and 0.363 uM, respectively. The designed
and synthesized compounds could act as a potential cornerstone for future design of more potent and selective
BCL-2 inhibitors and hence promising anticancer agents.
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Figure 12. 3D interaction diagram of the compounds 13b (A), 8d (B) & 17f (C) with BCL-2 BH3 binding
groove. Figure 12 was generated using Chimera 1.16 (https://www.cgl.ucsf.edu/chimera/).

Scientific Reports |  (2023) 13:15554 | https://doi.org/10.1038/s41598-023-41783-1 nature portfolio


https://www.cgl.ucsf.edu/chimera/

www.nature.com/scientificreports/

ILT8LT3LT34TOLTRYTIETRETPZIALI O6 48 P8 G8 1L 8L 3L L Bt

"auT] Tejuoziioy agueo ur umelp st £31adoxd yoea 10y Fono samor/raddn jeyy, “(¢dDHOTX) Lorrydodry (M) WStem Temosjowr
“(VSd.L) eaore aoeyns rejod [esrdojodoy ‘uorjoery uoqred ¢ds ‘g 30T TOSH ANIGNOS ‘SpUOq S[qeIeI0T JO Joquunu AI[Iqe[reaeolq ay) autwdep jey) sanaadoid reorwaypooisAyd xig ¢y aanSry

€d901X

ILT B/T3/T3£TRLTRYTIETRETPZIOCT Q6 48 P8 A8 !L 8L 3L 3L ef

¢ds) uonoely

L T I R T =)

0

[4y

0

90

80

(4%

LT 8LT3LTILTRLTRYTIETRETPZIOLI A6 48 PR OB 12 8L 3L 3¢ ef

MW

o

$8071053

0

=}
-

v

=1
=

[

=]
@

O

=]
<

O

=}

S

00L

008

LT B/T3LT34TRLTRYTIETRETPZIAZI A6 48 P8 a8 1L 8L 3L It &L

LT 8/T3/T2/Te/TeyT IETRETPZIOLIG6 8 P8 A8 1L 8L 3 3£ ef

VSdl

spuoq

a|qeleloy#

0

0

o~

o

w0

T

T

91

nature portfolio

https://doi.org/10.1038/s41598-023-41783-1

(2023) 13:15554 |

Scientific Reports |



www.nature.com/scientificreports/

ID Lipinski | Ghose | Veber |Egan | Muegge
7a 1
7b 1

ol | o
—

7c
7d
7e
7f
7g
7h
7i
8a
8b
8¢
8d
8e
8f
9a
9b
12a
12b
12¢
12d
12e
13a
13b
13¢
13d
14a
14b
17a
17b
17¢
17d
17e
17f
17g
17h
17i 1
17j 1

—

[ SRR N

—

,_‘
—
—

RN =

S S S S S S B R SR S S

—

—_

[SHI S

._.
—

—_

N NN

W W W W[ W[ WIN W W W WP [~ DN~ o

Slo|lOo NI NN NN NN O|loO|lo|lo|lo|lo|lo|lo|l~|lo|lo|lo|lo|lo|o|o| O

—

NN = O === NN

—_
W W W | W W W|W|lW| W N[ ERRERR W] W[ R BR]|W W[ W[ W W|W| W W|[W|[N [N W[ R W|WN| W[ N

LSS TN ST SS TN N SR I ST ST O SR IR SSTN T B ST ST NS B ST N S Y
—

o|loc|loc|o|o| o

Table 5. The predicted Drug likeness for the synthesized compounds using SwissADME web server.
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