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Abstract: The major component of microtubules, i.e., B-tubulin, is considered an attractive molecular
target of several small molecules for the treatment of cancers. In the present study, various
computational methods were used to develop 3D-QSAR models for a series of Dithiocarbamate
derivatives as B-tubulin inhibitors for anticancer activity. Using 90 inhibitor molecules with PIC50 in
the range of 4.012 to 8.141, a pharmacophore model was built. To properly align all inhibitor molecules,
a five-point common pharmacophore model was generated from a training set of 47 and a test set of 43
molecules using PLS Factor 3. The generated pharmacophoric hypothesis AAHRR.1 (two hydrogen
bond acceptors, one hydrophobic group, and two aromatic rings) has excellent values of R?=0.955,
Q?=0.616, F=304.2, Pearson R=0.7864, RMSE=0.5058. Then, virtual screening was performed using
the Asinex Elite Synergy Otava databases, and several hits were identified. Then, the molecules that
had crucial interactions with B-tubulin were obtained by performing SP & XP dockings for the obtained
hits. The molecular docking studies of these inhibitors at the binding pocket of B-tubulin showed vital
interactions with Leu 252, Val 238, Asp 251, Asn 258, Val 315, Cys 241, Tyr 202 amino acids. We
have also designed 14 new Purinylpyridine Dithiocarbamate inhibitors. Almost 11 molecules exhibited
crucial ligand interactions and higher docking scores compared to the standard. These findings led us
to identify new molecules with B-tubulin inhibitor activity, which could be further developed to yield
molecules with better pharmacokinetic properties.

Keywords: B-tubulin; molecular docking; pharmacophore model; virtual screening; ADME
properties; dithiocarbamate derivatives.
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1. Introduction

Cancer is the second leading cause of mortality globally, and about 1 in 6 deaths is
mainly due to cancer. Over 1.8 million new cases were reported in 2018, and by 2020, the
COVID-19 pandemic had negatively impacted cancer diagnosis and treatment. In 2021, nearly
1,898,160 new cancer cases and 608,570 cancer-related deaths were projected to occur in the
USA. [1,2]. One important approach to treating cancers is disrupting microtubule assembly.
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Microtubules are important structural components of cells and are targets for a large and diverse
group of anticancer drugs [3,4]. Microtubules are globular proteins made up of two closely
related subunits, namely a and B tubulins, that are combined with each other to form a
heterodimer [5]. These play a key role in maintaining various cellular functions, such as cell
signaling, motility regulation, cellular proliferation, maintenance of cellular morphology, and
intracellular transport [5-7]. Tubulin inhibitors disrupt tubulin assembly by binding to specific
sites, such as the colchicine, vinca alkaloid, and taxol binding sites, and cause mitotic arrest,
leading to cell death [8-10]. The probable clinical applications of several colchicine-site tubulin
inhibitors have been halted to date due to substantial toxicities observed in normal cells, their
low bioavailability, and low solubility [11,12]. Thus, there has been extensive research to
identify new molecules capable of binding to the colchicine site with enhanced therapeutic
indices. Thus, there has been substantial interest in this class of tubulin inhibitors, as these
compounds may be developed as a new generation of agents that can overcome some
limitations of existing tubulin inhibitors, including multidrug resistance and a narrow
therapeutic index [13].
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Figure 1. The structures of CBSIs.

Given the success of paclitaxel and vinblastine, research has focused on developing
CBSls for cancer treatment, and many potential CBSIs are currently in clinical trials [14-17].
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Some important CBSIs include the natural products colchicine, combreastatin A-4 (CA-4), and
nocodazole, as depicted in Figure 1 [18]. Phenstatin is a CA-4 analog in which the double bond
of CA-4 is replaced with a carbonyl linker [19]. The most common structural features of CBSIs
include the 3,4,5-Trimethoxyphenyl unit and a certain dihedral angle between the aromatic
rings. These were projected as important structural traits responsible for their antiproliferative
and tubulin-inhibitory activities [20,21]. The CBSIs 4-substituted methoxybenzoyl-aryl-
thiazole (SMART), 2-aryl-4-benzoyl-imidazole (ABI), 4-aryl-2-benzoyl-imidazoles (RABI),
and 3-aroyl-1-arylpyrrole (ARAP) are the characteristic synthetic CBSIs that display potent
antiproliferative activity as depicted in Figure 1 [18-23].

On the other hand, dithiocarbamates have shown significant pharmacological activity;
in particular, the sulfur atom in dithiocarbamates exhibits strong nucleophilic and redox
properties. Several literature reports indicate that the inclusion of a dithiocarbamate moiety as
a side chain or linker in an active pharmacophore enhances the overall biological profile [24-
29].

The current study established pharmacophore hypotheses, a 3D QSAR model, and
molecular docking models for tubulin inhibitors. These studies are beneficial in designing new
B-tubulin inhibitors.

2. Materials and Methods

2.1. Dataset for analysis.

From the literature, a Stock set of 90 Dithiocarbamate derivatives was taken. Using the
formula PIC50 = -log10 (IC50), their inhibitory concentration values were converted to PICso
values [30-34]. To build a 3D QSAR model from a diverse set of 90 inhibitor molecules, 47
were used as a training set, and 43 as a test set to validate the model.

2.2. Ligand construction and preparation.

All 2D structures were sketched in ChemSketch, then converted to 3D structures, and,
using the Ligprep module of Schrédinger, they were subjected to ligand preparation. All
possible low-energy conformers are obtained at a biological pH of 7 + 2 in the Ligprep module.
They were geometrically refined, and a maximum of 100 conformers were generated per
structure. Finally, the low-energy state conformers, along with their PICso values, were
imported into the Phase module [35].

2.3. Pharmacophore site generation.

For the past 25 years, Pharmacophore modeling has been pivotal in hit identification,
patent busting, core hopping, and lead optimization in drug design. A pharmacophore
alignment and scoring engine (PHASE) was employed to generate the 3D-QSAR models. It
uses fine-grained conformational sampling, along with a range of scoring techniques, to
identify a common pharmacophore hypothesis in a precise dataset, accounting for features of
3D chemical structures expected to be crucial for binding to the active site. The structure of
each ligand is represented as a set of points in three-dimensional space that match various
chemical traits that may enable noncovalent binding between the target receptor and its ligand.
From a module of the Schrddinger suite, namely PHASE (Pharmacophore Alignment and
Scoring Engine), a common pharmacophore and 3D QSAR models were generated [36]. The
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common steric and structural traits of the compounds, which were supposed to be promising
for all target inhibitions, were identified by PHASE. Predicted IC50 values of the compounds
can also be anticipated by PHASE [37]. There will be 5steps to build a pharmacophore and 3D
QSAR models in PHASE. They include a) Ligand Preparation, b) Create Pharmacophore sites,
c) ldentification of a common pharmacophore, d) Scoring hypothesis, and €) Building a QSAR
model.

Common pharmacophores were identified using a tree-based partitioning procedure
that groups analogous pharmacophores based on their inter-site distances. Preliminary analysis
exposed that five pharmacophoric traits, i.e., hydrogen bond acceptor (A), hydrogen bond
donor (D), hydrophobic group (H), aromatic ring (R), and negatively charged group (N), could
efficiently map all chemical topographies of molecules in the stock set. These traits were
selected and used to develop a series of hypotheses to identify the common pharmacophore
step in PHASE.

2.4. Finding common pharmacophore.

The pharmacophores comprising identical sets of topographies with comparable spatial
arrangements are congregated together. If a specified group contains at least one
pharmacophore from each ligand, then this group defines a common pharmacophore. Any
single pharmacophore in the group ultimately becomes a common hypothesis explaining how
ligands bind to the receptor. Active and inactive thresholds with PIC50 values of 6.627 and
5.120 were applied to the training set to build common pharmacophore hypotheses. After that,
a common pharmacophore comprising five sites was generated with a terminal box size of 1A0,
subject to the condition that all actives must match [37].

2.5. Scoring hypothesis.

The scoring process provides a ranking of dissimilar hypotheses, enabling rational
choice about which are most suitable for further study. Scoring with respect to actives was
directed using default parameters. Ligand hypotheses developed from this procedure were then
scored as inactive, with a weight of 1.0. While scoring the activities, the vector site and volume
scores should be capped at 1. Based on active and inactive scores, one can rationalize a
hypothesis, whether it is good or bad. If the difference between them is high, it is expected to
be a good hypothesis.

PLS regression analysis (Partial least squares) was applied to produce three-
dimensional quantitative structure-activity relationship (3D-QSAR) models. 3D-QSAR models
were built using the disparity in PLS factors, and the resulting models were validated using test
set molecules. Atom-based QSAR models were developed using a training set of 47 randomly
selected molecules for the AAHRR hypothesis.

2.6. Building QSAR model.

Phase provides a means to build 3D-QSAR models for a stock set of ligands aligned
with a carefully chosen hypothesis. Based on PLS regression, QSAR models were developed
utilizing a set of binary variables. The independent variables essential for the QSAR model,
provided by the training set of ligands, occupy the grid space of 1A°. Various atoms were
classified into six groups, i.e., A (hydrogen bond acceptor), H (hydrophobic or non-polar), D
(hydrogen bond donor), P (positive), N (negative), M(miscellaneous), based on the kind of grid
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space occupied. AAHRR hypotheses were lastly created using a training set of 47 ligands with
1A° as the grid space value. Several atom-based QSAR models were generated using 3 as the
PLS factor. The accuracy of the models improves with increasing the number of PLS factors
[38,39]. Formerly developed 3D QSAR models were validated by means of test and training
set ligands, both internally and externally.

2.7. Screening of 3D databases using a pharmacophore model.

The PHASE-created model was employed as a query. Databases like OTAVA lead-like
molecules and Asinex Elite synergy were screened to identify the new lead-like molecules that
contest the top pharmacophore hypothesis and evaluate the predicted activities using the
developed 3D QSAR model [40,41].

2.8. Molecular docking.

From the protein data bank, the X-ray crystal structure of B-Tubulin (PDB ID: 1SAQ)
was downloaded (https://www.rcsb.org/). Using the OPLS 2005 force field, the downloaded
protein was processed through the protein preparation wizard, including review and
modification, refinement, optimization, and minimization. Using GLIDE 5.6, a receptor grid
was generated around the target's active site, with a van der Waals radius limit of 0.9; the ligand
was selected to be excluded from the grid [42]. Finally, all the ligand molecules were docked
in a phased manner using XP mode. The grid box dimensions were fixed as 10A°x10A%x10A°.
Out of 5000 poses per ligand obtained for energy minimization, 800 poses per ligand were
picked during the starting phase of the molecular docking process. During the energy
minimization process, the dielectric constant and minimization steps were set to 2 and 100,
respectively.

2.9. Dock-based virtual screening.

The inhibitors identified from the Asinex database screening were docked into the
binding site of the target protein using the standard precision method.

The ligands obtained from the OTAVA database screening were initially docked into
the active site using SP mode. Then, the top 2% scored ligands were taken and subjected to XP
docking. Then, to the highest top 10% ligands obtained from XP docking, the binding
interactions were analyzed. Interestingly, the ligands retrieved from the ASINEX database
were also docked using the SP protocol. Later, 2% of the top-scoring ligands were selected and
subjected to XP docking. Then, for the top 10% highest-scoring ligands obtained from XP
docking, the binding interactions were also analyzed.

3. Results and Discussion

The 2D structures of all B-tubulin inhibitors were sketched using ChemSketch and are
depicted in Table 1. To construct pharmacophore site points, 90 inhibitor molecules were
selected: 47 for the training set and 43 for the test set. The PICso values and fitness scores of
these sets are enclosed in Table 1.
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Table 1. Structures of B-tubulin inhibitors accompanied by the experimental and predicted PICso values of
training and test set molecules based on the generated pharmacophore hypothesis AAHRR. The fitness score
and inhibitory activity of the best active (compound 92) are shown in bold.

S. Pred.PIC | Glide Score Fitness
No Compound Structure Expt.PI1Cso o (Kcal/mole) score
R\ ,
H N—R
-
L~
1 1* R!=R?=Pyrrolidiny| 5.745 5.79 -5.78 1.61
2 2 R'=R?=Piperidinyl 5.78 5.87 -3.868 1.07
3 3 R1=R2=Morpholinyl 5.724 5.87 -5.487 1.06
4 4 R1=R2=N,N-Dimethyl 5.674 5.73 -4.475 1.66
5 5* R1=R2=N,N-Diethyl 5.731 5.8 -4.664 1.67
6 6 R'=H,R?>=N-Propy! 5.641 5.68 -5.235 1.67
7 7* R=H,R>=N-butyl 5.676 5.68 -5.352 1.65

(0] Sﬁ45
_N
RYINR2
8 8 R1=R2=Pyrrolidinyl 5.778 5.85 -6.267 1.38
9 9* R1=R2=Piperidinyl 5.773 6.19 -2.756 1.6
10 10* R1=R2=Morpholinyl 5.783 5.82 -5.98 1.5
11 11 R1=H,R2= Benzothiazolyl 5.819 5.77 -5.997 1.53
12 12 R1=R2=N,N-Dimethyl 5.615 5.78 -5.487 0.81
13 13 R1=R2=N,N-Diethyl 5.736 5.73 -5.375 1.53
S
L on
A/\CS/\T/ 3
s CHj
/k CH
s7 ITI/ ®
CH,
A
14 14 methyl 6.05 5.95 -4.319 1.33

15 15* © 5.715 5.61 -4.61 1.46

16 16 /@ 5.918 6.08 -5.863 1.53
=

/\

17 17* | 6.036 5.96 -5.354 1.67
\/\F
/\

18 18 | 6.091 5.88 -4.678 1.43
NN e
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S. Pred.PIC | Glide Score Fitness
No Compound Structure Expt.P1Cso 5 (Kcal/mole) score
19 19* © 5.907 5.61 -4.481 1.58
O\CH3
20 20* @AOD 5.011 457 -6.606 1.39
21 21 /@ 4,523 4,57 -2.209 1.46
HO
X
22 22 | 6.06 5.84 -5.11 1.54
=
N
< N\
23 23* \ 6.075 5.92 -5.953 1.44
S
24 24 < N > 4.012 4.23 -5.435 1.54
H
X
25 25 6.18 6.19 -5.345 15
NS
O O
26 26* @ 6.07 5.6 -4.801 1.31
S
N
27 27* 6.397 5.98 -4.861 1.32
/
N
28 28* 5.658 5.66 -6.239 1.53
/ -
29 29* / 4.503 5.27 -5.346 1.21
\ ~
/ —
30 30* / 5.389 5.4 -5.916 0.89
N N—
N
/ -
31 31 / 5.342 5.29 -4.809 1.23
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S. Pred.PIC | Glide Score Fitness
No Compound Structure Expt.P1Cso 5 (Kcal/mole) score
/ -
32 32* / 6 5.69 -5.987 0.6
/N\N
N
H
/ N
33 33* 4.886 5.39 -5.22 121
N N /
H
34 34 3.82 3.67 -5.456 1.86
NR:R2
H3C—\
35 35* NH 5.288 5.4 -5.482 1.66
Hyc—
36 36* HzC—N_ NH 5.601 5.55 -4.228 0.4
37 37 0 NH 6.236 5.47 -6.8 0.52
H
N
38 38 < 7 6.102 6.09 -5.795 0.29
39 39 @NH 3.905 4.49 -6.79 0.47
40 40* S, NH 5.333 6.14 -4.486 1.17
X \ _CHg
41 41* | | 4.236 5.43 -6.573 0.92
— CHj
N
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S. Pred.PIC | Glide Score Fitness
No Compound ‘ Structure ’ Expt.P1Cso ‘ 5 ‘ (Kcal/mole) score
]
R /
4 Vi
H,C S
N—CHj
HsC
R
42 42* Ph 5.799 5.96 -4.585 1.75
43 43* 4-MeO-Ph 6.154 6.17 -4.718 1.74
44 44 2-MeO-Ph 5.187 5.34 -4.425 1.69
45 45* 4-OH-Ph 6.214 5.82 -2.751 1.45
46 46 4-Me-Ph 5.963 5.93 -4.809 1.75
47 47* 3-Me-Ph 6.096 5.6 -5.368 1.03
@]
48 48 < 6.2 6.12 -4.982 1.73
@]
50 50 3-NO2-Ph 6.267 6.21 -4.69 1.72
51 51* 2-NO2-Ph 6.2 6.14 -3.736 1.61
52 52 4-CN-Ph 6.136 6.11 -4.468 1.73
53 53 4-F-Ph 5.444 5.53 -4.874 1.45
54 54* 3-F-Ph 5.959 5.71 -5.622 151
55 55* 4-CI-Ph 6.244 5.8 -4.666 1.45
56 56* 2-CI-Ph 5.443 5.39 -4.302 0.46
57 57* 3,4-dichlorophenyl 6.13 5.35 -5.469 0.96
58 58 Furan-2-yl 6.283 6.13 -4.907 1.69
59 59 Thiophene-2-yl 5.911 5.92 -3.887 1.37
60 60* Pyrrole-2-yl 6.337 6.13 -6.324 1.7
61 61 Pyridine-3-yl 5.678 5.6 -5.104 1.46
I ]
2
P
I
1
CH R
cl 2
R'R?N-
62 62* diethylamino 5.518 5.61 -4.908 1.46
65 65* piperidin-1-yl 5.646 6.02 -3.014 1.27
66 66 pyrrolidin-1-yl 5.543 5.59 -3.265 1.32
67 67 1-morpholino 5.366 5.99 -5.942 1.26
[e]
M e
68 68 5.195 5.29 -2.906 1.67
al
I ﬁ
R
HN S/\'T‘/ 1
N Ry
HC™ N
| | NRiR: | | | |
69 | 69 | NHCH2Ph | 5398 | 54 | 6131 | 177
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S. Pred.PIC | Glide Score Fitness
No Compound Structure Expt.P1Cso 5 (Kcal/mole) score
70 70 H;C—N ) 4,947 47 -2.006 1.66
71 71* H;C—N O 5.146 5 -4.851 1.44
72 72*% H;C—N N—CH; 4.967 5.01 -0.076 1.4
HsC—N N
73 73 — @ 5.31 4.95 -4.421 1.33
74 24 N(C2Hs)2 5.357 5.21 -4.086 1.75
S
—
Hyc— N
75 75 ~ 4,959 4.95 -3.749 15
(@) (@]
I\CH3
76 76 H3C/NH\/@ 5.678 5.7 -5.314 1.38
@)
CHg3
77 77* HaC—N, :O 5.432 5.36 -5.899 1.17
CHg
=
78 78 HC—N N 5.367 5.31 -4.165 1.39
F
CH
ks
79 79* H3C—NUN\ 4,592 5.03 -6.321 1.72
CHj3
COOEt
80 80 HyC—N Ph 5.062 5.13 -3.258 1.3
H3C\
81 81 NH 4,509 455 5 1.71
N
82 82 5.12 5.13 -4.21 1.3
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S. Pred.PIC | Glide Score Fitness
No Compound ‘ Structure ’ Expt.P1Cso ‘ 5 ‘ (Kcal/mole) score
O N S
s—¢
//\\/ —
0 R
R
83 83* OCH3 7.851 7.49 -5.051 2.87
84 84* OCH2CH3 7.979 7.46 -4.937 2.87
85 85+ OCH2CH2CH3 7.571 7.54 -5.927 2.8
87 87 7.633 7.67 -5.708 3
N
H
o
88 88 [ j 7.424 7.48 -5.263 2.81
N
H
T
N
89 89 i j 7.935 7.97 -5.387 2.97
N
H
l/CH3
N
90 90 E j 8.036 8.03 -5.023 2.94
N
H
91 91 N 7.778 7.92 -4.219 2.75
C
H
(@]
92 92 o 8.141 8.16 -5.59 2.73
.
H
H3C\
o
93 93* 8.028 8.14 -5.564 2.7
N
C
H
H3C—\
94 94 NH 7.989 7.76 -5.074 2.9
*Test set
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3.1. Determination of a Pharmacophore model.

A sum of four variant combinations, i.e., AHHRR, AAHHR, AHHHR, and AAHRR,
having H-bond acceptor (A), hydrophobic group (H), and aromatic ring (R) features were
derived in the develop pharmacophore step of the PHASE module. Twenty-two five-point
pharmacophore hypotheses were produced after scoring these four common pharmacophores.
The generated hypotheses were ranked based on survival-active scores, survival-inactive
scores, volume, vector scores, and post-hoc alignment. The hypothesis that AAHRR has five
pharmacophore site features was taken for further analysis. The 3D geometry of AAHRR is
shown in Figure 2, in which the magenta spheres with vectors represent the H-bond acceptor
features (A1 & A2), the green sphere depicts the hydrophobic feature (H4), and two brown tori
(ring-shaped surfaces) represent aromatic ring features (R8 and R9). The bond angles and bond
distances are depicted as (a) and (b), respectively, in Figure 2.

16.9

27 By N
4.6 69.8')\)'1

29.()101'3)6 3
67.6 ——

-90.2 2%3.2
57.1 455 $3%9 49 256

32.7 304
15.0. 17.63:1 60.1
13.9%c i
4135
Al

(@) (b)

Figure 2. (a) Bond angles and (b) bond distances of the pharmacophore model.
3.2. Building a 3D QSAR model and validation.

3D QSAR models flourished for the selected top four pharmacophore hypotheses. PLS
regression was performed with 3 PLS factors as the maximum, using PHASE descriptions and
PIC50 values as independent and dependent variables, respectively. All the outcomes are
compiled in Table 2. For a perfect model, R2 should be > 0.70. For a good predictive model,
RMSE values should be low (<0.30), Q2> 0.60, and Pearson's R should be > 0.8. The other
criteria for the best model are that R2-Q2 should not exceed 0.30, the standard deviation (SD)
should be small, and the highest F value should be selected. Based on these statistical criteria,
hypothesis AAHRR was selected for the generation of the 3D QSAR model [43,44].

Out of the top four hypotheses, AAHRR gave an acceptable demographic model
together with peak values of the correlation coefficient: R2 = 0.955, high predictive coefficient,
Q2 =0.616, low Standard deviation, SD =0.22, Low root mean squared error, RMSE = 0.50,
Pearson correlation coefficient, Pearson's R-value = 0.78, and Variance ratio, F = 304.2. Hence,
it can be observed that the generated 3D QSAR model can be used for further development and
investigation, as it meets stringent statistical criteria. By plotting the experimental and
predicted PIC50 values for test and training set ligands, a scatter plot is shown in Figure 3. A
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linear correlation was manifested between experimental and predicted values in the graph.
Therefore, it could be confirmed that the produced 3D QSAR model is robust and substantial.

9

)] ~

Pred.PIC;,

7 8 9

’ ! > ExptPICs,

Figure 3. Scatter plot of experimental versus predicted PICsp values of training (red dots) and test (black
triangles) set compounds.

3.3. 3D QSAR Visualization of the best active Compound (92).

In the atom-based three-dimensional QSAR model, steric interactions with receptors
shall be considered when predicting activity, in addition to pharmacophoric features.

@) (b)

Figure 4. 3DQSAR model visualization in connection with the best active compound (compound 92),
illustrating the effect of (a) Hydrophobic features; (b) H-bond donor; and (c) H-bond acceptor features.
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In contrast, in the pharmacophore-based 3DQSAR model, activity is directly projected
based on the sites and locations of the pharmacophores. The 3D QSAR visualization of the
generated AAHRR hypothesis helps improve understanding of the SAR (Structure-activity
relationship) in exploring the activity. Figure 4 shows the 3D QSAR visualization of the best
active compound (92, PICso= 8.16).

In Figure 4a, green cubes represent hydrophobic favored regions; violet cubes represent
unfavored regions. In Figure 4b, yellow cubes indicate hydrogen bond acceptors, and orange
cubes represent hydrogen bond donor groups. In Figure 4c, red cubes represent H-bond
acceptors, and blue cubes represent H-bond donors. Figure 4a illustrates the presence of
hydrophobic favored features on NH attached to piperazine, CHs attached to the benzene ring,
NH attached to pyrrole, -SH attached to disulfide, but in hypotheses, there is one hydrophobic
favored regions (H4), and two aromatic rings R8 & R9 as represented in Figure 4b represents
the presence of H-bond acceptor groups on NH attached to piperazine, -CH3 attached to
benzene, however, the hypotheses has 2 acceptor groups (Al & A2) apart from this there is
one donor site on benzene ring. However, in the hypotheses, there is no donor feature. In
particular, additional H-bond donors and hydrophobic features are substantial for the activity.

3.4. Pharmacophore-based virtual screening.

The hit molecules obtained from the two databases, OTAVA lead-like molecules
(95,000) and Asinex Elite synergy (91,423), were docked into the active pocket of beta tubulin
using the receptor grid generated during the docking. In our analysis, the docking process was
done in two phases. First, 5,082 molecules retrieved from the OTAVA database via

Build QSAR model

5 ASINEXELITE
OTAVA Database 'NERGY

SY Database
ing

Figure 5. Flowchart showing the virtual screening workflow for the identification of hit molecules.

Later, the top 152 hits, i.e., the top 2% of the hits that exhibited high dock scores, were
exposed to XP docking. Finally, 5,958 hits retrieved from the ASINEX Elite synergy database
were docked using SP mode. About 120 molecules (i.e., 2%) showed high dock scores and
were passed on to XP docking. Finally, the top 10%, i.e., 12 molecules from the OTAVA
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database and 12 molecules from the ASINEX Elite synergy databases, with good dock scores,
were selected for further analysis of Protein-ligand interactions. The diagrammatic
representation of the entire virtual screening process is shown in Figure 5.

3.5. Interaction studies of screened hits.

A LID (Ligand interaction diagram) available in the Schrddinger Suite was used to
explore the interaction patterns of the screened hits. The results are depicted in Figure 6. The
pink-colored lines in Figure 6 represent hydrogen bonds, green-colored lines represent m-mt
stacking interactions, and red-colored lines represent mt-cationic interactions. Initially, the best
active compound in complex with beta-tubulin (Compound 92) was analyzed with the help of
LID. The result is depicted in Figure 6. It showed one mt-cationic interaction with Lys 532. The
hits obtained from the ASINEX Elite synergy database showed polar hydrogen-bond
interactions with Val 238, Asp 251, Lys 352, Asn 349, and Val 315, and hydrophobic
interactions with Lys 254 and Asn 258. Among the screened hits of the ASINEX Elite synergy
database, molecule A9 showed three interactions (Figure 6), and the remaining hits exhibited
two and one interaction, respectively (Supplementary information, Figure S2). On the other
hand, the hits obtained from the OTAVA database showed hydrogen bond interactions with
Val 238 and hydrophobic interactions with Tyr 202 and Lys 352, as well as a n- stacking
interaction with Tyr 202 (Figure 7). It is therefore clear that the hits obtained from both
databases can interact with beta-tubulin and may act as effective inhibitors.
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Figure 6. Ligand interaction diagrams of best active compound (92) & screened hits obtained from ASINEX
ELITE SYNERGY database.
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3.6. Design of new dithiocarbamate molecules.

The screened hits retrieved from both OTAVA and ASINEX Elite synergy databases
showed strong interactions and docking scores, in contrast to the best active compound from a
stockpile of dataset molecules (compound 92). Some of the hits could compete regarding the
interactions as well as docking energies. The hits A4, A5, A9, A10, All, and O2, O3, 05, 011,
and O12 could even compete with the best active compound in the dataset (compound 92) in
terms of interactions and docking scores. The hit A9 showed dock scores of -7.339Kcals/mole,
A4, A5, Al10, and All showed dock scores of -7.675, -7.576, -7.301, -7.228Kcals/mole,
respectively, which are higher than the best active molecule(-5.590Kcals/mole) and showed
about three and two interactions, respectively. The hit O11 showed a docking score of -7.644
Kcals/mole, 02, O3, O5, and 012 exhibited dock scores of -8.228, -8.160, -8.108, -
7.526Kcals/mole, respectively, which are higher than the best active molecule(-
5.590Kcals/mole) and showed about three and two interactions, respectively. The dock scores
and predicted PICso values of screened hits are shown in Tables 3 and 4, respectively. Thus,
we have designed some Pyrrolopyrimidine dithiocarbamate molecules by incorporating the
structural features of hits retrieved from virtual screening of the database, which might exhibit
better interactions beyond docking scores. The newly designed inhibitors were also screened
according to the generated five-point hypothesis, and 13 hits were identified. Among the
thirteen hits obtained, N4 showed a docking score of -8.105Kcals/mole, N1 exhibited a docking
score of -8.331Kcals/mole, N2 showed a docking score of -8.28Kcals/mole, N7 showed a
docking score of -7.448Kcals/mole, N3, N6, N8, N9, N10, N11, N12 exhibited dock scores of
-8.117, -7.633, -7.354, -7.277, -7.228, -7.223 and -7.165Kcals/mole respectively which are
higher than the best active molecule(-5.590Kcals/mole) and showed about six, five, four, three
and two interactions respectively. The remaining hits, i.e., N5 and N13, have a docking score
of -7.74 and -7.155Kcals/mole, respectively, which are more than the best active molecule but
displayed only one interaction, the same as that of the standard.

The ligand interaction diagrams of newly designed molecules are shown in Figure 8.
Thus, the above-mentioned newly designed molecules satisfied both the constraints on ligand
interactions and on dock scores. Among the screened hits obtained, most of them possessed
pyridine, indole, and imidazole moieties (Otava hits) in their core structures, and a few
compounds have pyrimidine and indole constituents in their core structures (Asinex hits)
(supplementary information, Figure S2). The hypothesis obtained in the current research study
possessed five features, specifically two acceptor groups (A), one hydrophobic group (H), and
two aromatic rings (AAHRR). Therefore, all the traits mentioned above were considered and
combined to design new dithiocarbamate molecules.
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Figure 8. The ligand interaction diagrams of newly designed molecules.

3.7. Molecular docking and ligand interaction analysis of newly designed dithiocarbamate
inhibitors.

The newly designed dithiocarbamate inhibitors were docked into the binding pocket of
beta-tubulin using the same receptor grid, i.e., glide-grid 1SAO, previously used for the dataset
and database compounds docking. Extra precision mode, i.e., XP mode, was utilized for
docking these compounds. The designed dithiocarbamate inhibitors exhibited hydrogen bond
interactions with Val 315, Val 238, Ala 317, Asn 167, Asn 258, Asn 349, Ala 250, Lys 254,
hydrophobic interactions with Tyr 202, Asn 349, n-n stacking interactions with Tyr 202, and
nr-cationic interaction with Lys 352. All the designed molecules showed more interactions
(Supplementary information, Fig. S1).

For all these designed molecules, molecular docking analysis was performed. Their
docking scores ranged from -8.331 to -7.055 -7.055 Kcal/mol. The docking scores are depicted
in Table 5. Among the newly designed dithiocarbamates, the pyrrolopyrimidine core-
containing molecules exhibited docking scores higher than those of the best active molecule (-
5.590 kcal/mol) (Table 5). Therefore, we can say that these molecules may proceed as potent

beta-tubulin inhibitors.
Table 2 Dock scores and predicted PICso values of newly designed dithiocarbamates.

Dock Fitness
S.No Compound Structure Pred.PI1Cso scores | scores
o
e |
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Dock Fitness
S.No Compound Structure Pred.PICso scores scores
R
14 BA-92 ® 8.16 -5.59 2.73

3.8. Prediction of ADME properties.

Using the QikProp module in Schrédinger, the ADME properties of newly designed

inhibitor molecules and screened hits were computationally estimated using Lipinski's rule of
five. Physically important descriptors and pharmaceutically pertinent properties of organic
molecules that comply with Lipinski's rule of five were calculated using QikProp. Partition
coefficients (QPlogPo/w, QPlogHERG, and QPlogBB) and Percentage Human oral absorption
have been established for the selected compounds [45]. All these pharmacokinetic properties
were found to be satisfactory. The results are tabulated in Tables 3,4 and 5.

Mol

Table 3. ADME of newly designed dithiocarbamates.

Compd Wit QPlogPo/w | QPlogS | QPPCaco | QPlogBB | QPPMDCK %HOA Rule Rule

of 5 of 3
N1 3774 2.848 -5.322 338.483 -1.324 456.380 88.897 0 0
N2 362.4 2.338 -5.007 225.262 -1.574 279.732 82.742 0 0
N3 376.4 2.466 -4.120 405.765 -1.092 418.342 88.066 0 0
N4 3774 2.978 -4.768 529.787 -1.065 521.440 93.136 0 0
N5 387.5 3.437 -5.641 543.512 -1.133 595.708 96.023 0 0
N6 4015 3.882 -6.753 336.683 -1.567 421.716 94.907 0 1
N7 514.0 4.227 -6.066 86.078 -1.166 171.180 73.370 1 1
N8 509.6 3.932 -5.868 84.255 -1.412 84.751 71.474 1 1
N9 507.6 4.536 -6.441 81.845 -1.562 79.994 74.783 1 1
N10 502.0 4.398 -6.357 85.549 -0.976 349.616 74.324 1 1
N11 485.5 4.179 -6.024 84.982 -0.994 284.413 85.947 0 1
N12 509.6 4.719 -4.816 49.966 -0.858 203.198 80.565 1 0

Table 4. ADME properties of Asinex hits.

Compd Mol.Wt QPlogPo/w | QPlogS | QPPCaco | QPlogBB | QPPMDCK %HOA I(?);JI; E?ISe
Al 315.461 2.85 -1.685 1183.875 0.28 656.847 100 0 1
A2 418.454 1.666 -4.933 66.269 -1.854 40.329 69.3 0 0
A3 344.413 1.152 -2.346 716.244 -0.382 672.873 84.792 0 0
A4 392.457 3.646 -5.499 987.318 -0.738 487.932 100 0 0
A5 398.479 3.44 -5.809 536.182 -1.067 252.214 95.939 0 1
Ab 449.508 1.193 -2.454 114.483 -1.045 188.415 70.779 0 0
A7 425.467 1.218 -4.438 36.357 -2.446 30.582 49.051 1 0
A8 439.553 4.9 -5.276 953.377 0.096 519.777 100 0 1
A9 393.478 2.063 -4.586 191.925 -1.594 114.821 79.889 0 0
A10 371.456 2.772 -4.992 399.338 -1.135 385.714 89.737 0 0
All 409.465 2.819 -5.903 122.146 -1.988 69.36 80.803 0 1
Al2 411.518 2.881 -5.138 315,514 -1.206 143.98 88.54 0 0

Table 5. ADME properties of OTAVA hits.

Compd Mol Wt | QPlogPo/w | QPlogS | QPPCaco | QPlogBB | QPPMDCK %HOA RO]?!; F;:I:
01 3774 1.513 -3.290 360.542 -0.965 294.639 81.571 0 0
02 365.4 1.817 -4.044 420.538 -1.009 317.643 84.544 0 0
03 3774 4.276 -6.266 390.744 -1.357 179.157 100.00 0 1
04 392.4 3.744 -5.156 1264.9 -0.658 637.766 100.00 0 0
05 396.4 2.938 -5.661 288.290 -1.438 172.222 88.173 0 0
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Compd Mol Wt | QPlogPo/w | QPlogS | QPPCaco | QPlogBB | QPPMDCK | o\~ RQ:‘J:SE E:‘JI:
06 336.3 3.485 -4.906 458.765 -1.012 213.093 94.989 0 0
o7 352.3 2.69 -3.682 465.360 -0.934 325.067 87.396 0 1
08 361.3 5.018 -5.636 4465.0 -0.165 2493.0 100.00 1 0
09 388.4 3.082 -3.468 279.134 -0.354 137.791 88.765 0 0
010 379.4 4.015 -5.341 980.081 -0.828 484.067 100.00 0 0
011 370.4 2.540 -4.043 39.573 -1.594 24.566 70.408 0 0
012 310.3 2.774 -4.356 735.073 -0.639 354.706 94.492 0 0

a. QPlogPo/w Predicted octanol/water partition coefficient (Acceptable range-2.0 to 6.5).
b. QPlogS (aqueous solubility) (Acceptable range -6.5 to 0.5).
c. QPPCaco cell permeability (Acceptable range <25 is poor and >80% is high)
d. QPlogBB Predicted Blood Brain Barrier permeability (Acceptable range-3 to 1.2)
e. QPPMDCK (Acceptable range <25 is poor and >80% is high).
f. %HOA: Percentage of human oral absorption (Acceptable range: <25 is poor and >80% is high).

4. Conclusions

The current research aimed to discover and design potent inhibitors of beta-tubulin.
Various computational tools, such as molecular docking and Pharmacophore-based virtual
screening, were used to achieve this purpose. A five-point common pharmacophore hypothesis
(AAHRR) was established by taking 90 tubulin inhibitors and was viable to screen the OTAVA
and ASINEX ELITE SYNERGY databases. The retrieved hits were docked into the active site
of beta-tubulin and further exposed for ligand interaction analysis. The results showed that
pyrrolopyrimidine compounds with specified pharmacophoric features could act as potent beta-
tubulin inhibitors.
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Figure S1. Ligand interaction studies of newly designed molecules.
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