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Abstract In this work, through a docking analysis of
compounds from the ZINC chemical library on human
-tubulin using high performance computer cluster, we
report new polycyclic aromatic compounds that bind with
high energy on the colchicine binding site of (-tubulin,
suggesting three new key amino acids. However, molecu-
lar dynamic analysis showed low stability in the interac-
tion between ligand and receptor. Results were confirmed
experimentally in in vitro and in vivo models that suggest
that molecular dynamics simulation is the best option to
find new potential (3-tubulin inhibitors.
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Introduction

Cancer is currently a worldwide health problem and is among
the leading causes of death according to the World Health
Organization (WHO) [1]. Cancer cells are in constant cell divi-
sion, triggering an increase in the activity of microtubules [2].
Microtubules consist of a dimer of «- and [3-tubulin that bond to
form the cytoskeleton [3]. Different drugs have been discovered
with (3-tubulin as a molecular target; for example, taxane and
vinca derivatives [4]. Taxane derivatives (paclitaxel) are capable
of permanently stabilizing microtubules by promoting microtu-
bule assembly [5], whereas vinca derivatives (vinblastine) bind
to tubulin, inhibiting the assembly of microtubules, both in dif-
ferent active sites on (3-tubulin [6]. Additionally, Ravelli and
co-workers [7] state that there is another active site on
[3-tubulin that binds to colchicine, which allows the development
of new inhibitors; for example, the so-called compound
combretastatin-A4. In recent years, the colchicine binding site
of 3-tubulin has gained more relevance for designing new anti-
cancer drugs [8—11], because new compounds have shown more
activity and efficient strategies to inhibit tubulin polymerization
during mitosis and other essential cell processes [12].

The use of computation methods has acquired great impor-
tance in the discovery of new drugs [13]. A virtual screening
of millions of compounds through computer systems provides
the opportunity to discover new therapeutic alternatives in a
relatively short time [14]. The in silico analysis of chemical
and molecular interactions between proteins and drugs allows
information to be obtained that could help determine their
potential mechanisms of action [15]. Nowadays, Autodock
[16], Maestro [17], MOE [18], QSAR-3D [19], among other
software, are essential tools for drug discovery [20]. In the
past, the search for molecules with biological activity using
informatics software was limited due to a lack of computer
equipment with a high capacity to process thousands of data
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files. However, a virtual screening of millions of molecules in
a relatively short time is now possible because academic or-
ganizations and pharmaceutical companies have advanced
computer equipment known as a high performance computing
cluster (HPCC) [21], which has a powerful processing capac-
ity with data analysis in parallel [22]. Taking advantage of this
technology, in the present study, the aim was to identify new
compounds from a chemical library of 13,195,609 molecules
as potential 3-tubulin inhibitors by molecular docking and
molecular dynamics (MD), confirmed experimentally in
in vitro and in vivo models.

Material and methods

Analysis was performed at the University of Texas Rio Grande
Valley High Performance Computing Center (UTRGYV,
HPCC) [23], which contains a head node, and 55 computing
nodes. Each node has two dual core Xeon processors and 4GB
RAM. The disk array has 13—146 GB drives that are active,
with 1 spare. Altogether there is 1.9 TB disk space.
Additionally, PyMOL Molecular Graphics System, Version
1.5.0.4, Maestro interface (version 10.1; Schrédinger LLC,
New York) [24], Avogadro [25], UCSF Chimera [26],
AutoDock 4 [27], and SOM [28, 29] software were used.

3-Tubulin homology

Currently, human (-tubulin has not been crystallized [7].
Previously, research works were performed with files from
the Protein Data Bank (PDB) corresponding to structures of
[-tubulin from Bos taurus (1SA0, 1Z2B and 1JFF) [30];
therefore, we considered working with a human (3-tubulin
obtained through the MODELLER program [31] based on
its amino acid sequence reported in GenBank (NCBI record
key NP_821080.1) [32].

ZINC chemistry library

ZINC is a chemistry library provided by the Shoichet
Laboratory in the Department of Pharmaceutical Chemistry
at the University of California, San Francisco (UCSF) [33].
From a standard subset (Clean Drug-Like) size of 13,195,609
molecules, Lipinski’s rule of five (molecular weight < 500;
partition coefficient log P < 5; number of H-bond donors <5;
and number of H-bond acceptors <10), and about 100 rules
that eliminate compounds with undesirable chemical groups,
were applied. Additionally, inorganic compounds and com-
pounds that had <30 atoms and >50 atoms were removed.
Finally, we obtained 1,750,000 compounds that were ana-
lyzed by molecular docking on the colchicine binding site of
human p-tubulin using HPCC. These were transformed from
pdb to pdbqt format.
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Vina analysis

From the list of 1,750,000 compounds, 60 groups were gen-
erated with approximately 30,000 compounds in each group.
Configuration files of all the compounds from each group
were generated through coordenadas.pl software (X=116
735 center, Y =89 925 center, Z=6.724 size, X=14, Y =14
size, Z = 14 size). Once we obtained the configuration file of
[3-tubulin (TuCHOLB18 ph7.pdbqt), the AutoDock vina pro-
gram [34] was run to obtain the values of free energy of each
compound bonded to (3-tubulin (kcal mol ).

SOM data analysis

In order to obtain groups according to their structural config-
uration in space and based on neural modeling, self-
organizing maps (SOM) software was used [35].

Maestro and chimera software

Using Chimera software, chemical interactions (hydrogen
bonds, Van der Waals forces, charge transfer, and others) be-
tween the compounds with different amino acids in the active
site of 3-tubulin were identified. Maestro software showed the
key amino acids from the colchicine binding site of (3-tubulin.

Molecular dynamics analysis

The starting complex was prepared by extraction of the li-
gands (G311 and G900), coordinates generated during the
docking process. The protein coordinates were also processed
to generate the topology files with the Amber99sb force field
using the pdb2gms program from GROMACS 5.1 and the
ligands with acpype tool. MD simulations were produced in
GROMACS 5.1. The system was solvated using the spc216
water model in a cube with size (15x15%15), followed by the
addition of Na* and CI” to neutralize the systems. Energy
minimization consisted of 50,000 steps. The equilibration of
the particles system for volume and temperature (NVT) as
well as equilibration for pressure and temperature (NPT) were
of 10 ns. Finally, the MD simulations were extended for 50 ns.
Root mean square deviations (RMSD) and backbone atomic
fluctuations (RMSF) in the docked complex were analyzed
with GROMACS.

Free energy calculations

The set up for the free energy calculations with Bennett’s
acceptance ratio method (BAR) was as follows: A =6, tem-
perature = 300 K.
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Table 1  Structure of the best compounds of the top 20 groups with the highest binding value on the colchicine site of (3-tubulin
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Cell culture

HeLa S3 cells were cultured with DMEM (Gibco) supple-
mented with 10% FCS and antibiotics. For live cell experi-
ments, CO,-independent medium supplemented with 10%
FCS, antibiotics, and Glutamax (1%), was used.

In vitro and in vivo tubulin polymerization assays

The tubulin polymerization rate was determined by the change
in absorbance at 340 nm over time. Purified pig brain tubulin
was diluted in glutamate buffer (0.8 M, pH 6.6) to 10 uM, and
supplemented with MgCl, (100 uM) and DMSO or com-
pounds (with indicated concentrations) on ice. After pre-
incubation at 30°C, reactions were put back on ice for 10
min, and GTP (0.4 mM) was added to the mixture.
Polymerization was initiated by raising the temperature to
30°C, and absorbance (340 nm) was measured every 20 s over
60 min (TECAN Infinite F500 multimode reader).

The in vivo tubulin polymerization rate was determined in
HeLa S3 cells. Cells were grown on cover slips overnight.
After incubation on ice for 30 min, compounds G311, G900,
nocodazole or DMSO were added to the cells and incubated
for a further 30 min on ice. After transfer to a prewarmed plate
at 37°C, cells were fixed after 5 min or immediately (0 min).
Fixation was performed with 4% formaldehyde in PBS. To

Table 2 Physicochemical properties of the best 20 compounds

visualize microtubules, a FITC-conjugated anti-o-tubulin an-
tibody (Sigma F2168) was used (dilution 1:500). Fluorescent
signal was quantified using Imagel.

Live cell imaging

HeLa S3 cells were seeded on a 12-well plate at a density of
1 x 10° cells/well and synchronized with thymidine (2 mM) for
18 h. Cells were treated with compounds G311, G900 or DMSO
(final DMSO concentration 0.5%) 2 h after release. Time lapse
microscopy (¢ =10 min) was started 5 h after thymidine release.

Results and discussion
Virtual screening by molecular docking

To obtain new compounds with biological activity as potential
[3-tubulin inhibitors with optimal physicochemical properties
for the development of new antitumor agents, 13,195,609
molecules from the ZINC chemical library were analyzed.
Applying Lipinski’s rule of five as the first inclusion factor,
we obtained 1,750,000 molecules that obey the rules.
Subsequently, all molecules were analyzed in the colchicine
binding site of 3-tubulin through the AutoDock vina program
using a HPCC with a speed of 100 docking analyses per

Group Docking value ~ Number of Log Mutagenic Tumorogenic H-bond  H-bond Net tPSA Molecular Rotable
(kcal mol ™" compounds P donors  acceptors charge (A7)  weight (z/mol) bonds
G311 -11.6 79 3.81 No No 4 8 0 131 446.422 0
G900 -11.5 252,333 439 Yes Yes 0 8 0 102 468.428 0
G753 -11.0 47,132 4.84 No Yes 2 2 0 32 313.4 1
G757 -10.8 4587 2.01 No No 2 5 1 63 332.383 0
G890 -10.8 31,612 450 No No 0 5 0 71 350.381 0
G885 -10.7 67,131 3.12 No No 1 5 0 67 343.386 0
G898 -10.7 19,812 2.19 No No 2 5 0 69 343.386 1
G899 -10.7 121,102 3.76 No No 0 5 0 60 397.43 2
G309 -10.6 10,497 1.16 No No 4 7 0 116 392.411 2
G52 -10.5 2804 490 No No 0 4 -1 66 371.412 4
G117 -10.5 700 1.42 No No 0 5 0 49 319.364 0
G310 -10.5 89,322 444 No No 1 6 0 83 440.908 2
G429 -10.5 24 3.09 No No 1 5 0 61 368.44 1
G882 -10.5 5467 2.48 No No 0 2 0 24 313.376 0
G888 -10.5 7895 391 No No 1 5 0 80 389.414 2
G884 -10.5 41,135 1.53 No No 1 5 1 43 337.399 0
G698 -10.4 38 426 No No 0 6 0 100 394.434 3
G266 -10.4 16,516 451 No No 2 4 1 60 339.374 2
G556 -10.4 717 3.99 No No 1 4 0 37 377.875 1
G876 -10.4 9280 3.35 No Yes 0 4 0 38 343.43 3
Colchicine —7.4 1 1.10 No No 1 7 0 83 399.443 5
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minute. Results of ligand—receptor interaction allowed
obtaining 732 groups using SOM software. From these
groups, considering the higher energy value of interaction,
the top 100 groups were selected; 40 groups were rejected
because they showed a similar or equal scaffold with a chiral
center. Finally, of the 60 remaining groups, only 20 with the
highest value of interaction were selected. Table 1 shows the
best compound from each group.

The results show that none of the top 20 compounds have a
structural similarity with colchicine or other (3-tubulin inhib-
itor [36]; however, compounds G900, G890, G885 and G882
have poly-aromatic groups such as naphthalene and anthra-
cene, which are substituents known in compounds with anti-
cancer activity. Only compounds G309, G310, G429, G753,
G882 and G890 have been reported previously in studies of
heterocyclic molecule synthesis, and G429 as a sodium-
channel blocker [37-42]. Interestingly, protopine, a molecule
with a structure highly similar to that of compound G310 has
been reported as a paclitaxel binding site of (3-tubulin [5].

In order to analyze the physicochemical properties of the
20 leader compounds versus colchicine, Table 2 was

constructed with the help of data from the ZINC chemical
library and Osiris Organic Chemistry [43]. Our reference col-
chicine compound showed no mutagenic or tumorigenic prop-
erties, with a binding value of —7.4 kcal mol ' and 7 H-bond
acceptor groups. All 20 compounds showed a better colchi-
cine binding value. Compound leader G311 showed the
highest docking energy (—11.6 kcal mol '), with no mutagenic
and tumorigenic predictive properties, and 8 H-bond acceptor
groups, which suggests that it is a good candidate as a f3-
tubulin inhibitor. Another 16 compounds also did not show
either tumorigenic or mutagenic activity. Unfortunately, com-
pound G900, with a high binding value (~11.5 kcal mol ")
showed both toxic effects, and compounds G753 (—11.0
kcal mol ") and G876 (—10.4 kcal mol ') showed only a pos-
sible tumorigenic property. These results suggest discarding
these three groups for the development of new (3-tubulin in-
hibitors. We suggest that the compound leader G900 presents
both tumorigenic and mutagenic effects because it has an ex-
cessive amount of aromatic rings [44]. In addition, this com-
pound also shows a high capacity of H-bond acceptor groups;
however, it is not capable of donating this kind of bond, and

Table 3  The best 20 compounds with the bind amino acids in colchicine binding site of 3-tubulin

Amino acids

Colchicine 311 900 753 757 890 885 898 899 309 52 117 310 429 882 888 884 698 266 556 876 TOTAL

200 Tyr

235 Gly

236 Val 1 1 1 1 1 1 1 1
237 Thr

239 Cys 1 1 1 1 1 1 1 1 1
240 Leu 1 1 1

246 Leu 1 1 1 1 1 1 1 1 1
247 Asn 1

248 Ala 1 1 1 1 1 1
250 Leu 1

252 Lys 1 1 1 1 1 1 1 1 1
253 Leu 1 1 1 1 1 1 1 1 1
255 Val 1

256 Asn 1 1 1 1 1 1 1 1
257 Met 1 1 1

314 Ala 1 1 1 1 1 1 1 1 1
315 Ala 1 1 1 1 1 1 1

316 Val 1 1 1 1 1 1 1 1 1
348 Asn 1

350 Lys 1 1 1 1 1 1 1 1
351 Thr 1 1 1 1 1
352 Ala 1 1 1 1 1 1 1 1 1
366 Thr 1 1 1
367 Phe 1

368 Ile 1 1 1 1 1 1 1 1 1
TOTAL 12 15 14 15 15 13 14 15 14

— e e e e e e

1 1

1 1

1 1 1 1 1 1 1 1 1 1 1 20
1

1 1 1 1 1 1 1 1 1 1 1 20
1 1 1 1 1 8

1 1 1 1 1 1 1 1 1 1 1 20
1 1 1 5

1 1 1 1 1 1 1 1 1 1 1 17
1

1 1 1 1 1 1 1 1 1 1 1 20

1 1 1 1 1 1 1 1 1 1 1 20
1 2

1 1 1 1 1 1 1 1 1 1 1 19
1 1 1 1 7

1 1 1 1 1 1 1 1 1 1 1 20

1 1 1 1 1 1 1 1 1 1 18

1 1 1 1 1 1 1 1 1 1 1 20
0

1 1 1 1 1 1 1 1 1 17
1 1 8

1 1 1 1 1 1 1 1 1 18

1 1 1 1 1 1 1 1 1 12
1

1 1 1 1 1 1 1 1 1 1 1 20
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presents a rigid structure with no chiral centers—an essential
feature according to Lipinski’s rule of five for a compound
with possible biological activity. Another important consider-
ation in the 17 compounds without toxic effects is the pres-
ence of routable bonds in 10 compounds that would be able to
generate a different structural conformation that could either
promote the dissemination of the molecule into the colchicine
binding site of 3-tubulin, or otherwise affect the activity due
to the natural mobility of the chiral centers.

Although in other studies [45, 46], binding energy values
of colchicine are different, it has been observed that such
molecules have structural variations, different biological ori-
gins of the target protein (tubulin), and variable configura-
tions, which highlight, among other factors, the importance
of working with a human 3-tubulin.

Analyzing the results obtained with the Maestro software,
it can be seen, in Table 3 and Fig. 1a, the colchicine binding
site with 13 amino acids (239 Cys, 240 Leu, 246 Leu, 248 Ala,
252 Lys, 253 Leu, 256 Asn, 314 Ala, 316 Val, 348 Asn, 350
Lys, 352 Ala and 368 Ile) of 3-tubulin. From these amino
acids, different research has been suggested, for example, nine
amino acids (240 Leu, 248 Ala, 252 Lys, 256 Asn, 314 Ala,
316 Val, 348 Asn, 350 Lys and 352 Ala) for interaction with
molecules in the colchicine binding site of (-tubulin.
Additionally, O’Boyle et al., suggest three new key amino
acids (239 Cys, 246 Leu and 253 Leu) [47]. These same ami-
no acids were also found as binding sites of the colchicine
molecule (except 368 Ile) and our 20 lead molecules
(Table 3), except amino acid 348 Asn. Our results suggest
new amino acids, 236 Val, 315 Ala and 368 Ile, as key in
the colchicine binding site of (3-tubulin.

VAL
316 4

MD analysis

MD simulation was performed to evaluate the effect of the
best ranked compounds (G311 and G900) during their inter-
action with the P-tubulin protein. The RMSD analysis over
time (Fig. 2) showed that most complexes did not reached
equilibrium at ~50 ns, with three main fluctuation at 8 ns, 30
ns, and 45 ns for G900, and two fluctuation at 5 ns and 25 ns
for G311.

The analysis of the root-mean-square fluctuation (RMSF)
per residue for the five systems is shown in Fig. 3. The chief
backbone fluctuations occurred in the active site for both com-
pounds. Hence, both analyses suggested that both compounds
did not reach stabilization inside the active site, which ex-
plains the low effectivity in the in vitro and in vivo analysis.

The free energy result obtained was: AGag of 1170.11 £
2.75kImol ", In Fig. 1, it can be seen clearly that the values of
AG are repulsive and do not minimize, which correspond with
the experimentally obtained results. However, it is necessary
to take more simulation time to see whether the system be-
comes stable.

G311 and G900 reduce tubulin polymerization in vitro

To investigate whether compounds G311 and G900 perturb mi-
crotubule dynamics in vitro, the polymerization rate of purified
pig brain tubulin was measured. Turbidity of polymerized mi-
crotubules was determined by absorbance at 340 nm over time.
Compounds G311 and G900 both showed a concentration-
dependent decrease in microtubule polymerization. In
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Fig. 1 A) Compound G311 in the binding site of 3-tubulin; B) Compound G900 in the binding site of 3-tubulin
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comparison to the known inhibitors, nocodazole and colcemid,  cells was determined by live-cell imaging. The time period

the inhibitory effect of G311 and G900 is minor (Fig. 4). from nuclear envelope breakdown (cell rounding) was

quantified until anaphase onset (first sign of a cleavage
No perturbation of mitotic progression in HeLLA S3 cells furrow). As shown in Fig. 5a (single experiment) and
by G311 and G900 Fig. 5b (mean of three independent experiments),

DMSO-treated cells had a mitotic duration of 45 min.
To test if compounds G311 and G900 have an effect on ~ Compounds G311 and G900 displayed very similar dura-
the cell cycle, mitotic duration of synchronized HelLa S3 tions, and therefore there was no effect on mitotic
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Fig. 4 Normalized microtubule polymerization rate with compound
G311, compound G900, nocodazole and colcemid at indicated
concentrations. Mean and SD are shown from three independent
experiments

progression. Cells treated with nocodazole and colcemid
arrested in mitosis and were not quantified.

G311 and G900 show no effect on microtubule
re-polymerization in HeLa S3 cells

To verify the inhibitory effect of G311 and G900 in live cells,
a microtubule regrowth assay was performed. Microtubules
were completely depolymerized in HeLa S3 cells by incuba-
tion on ice for 30 min. After adding DMSO, nocodazole,
compound G311 or G900, the cells were returned to 37°C to
restore the microtubule network. Cells were either fixed di-
rectly (0 min) or after 5 min. Quantification of immunostained

P
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Fig. 6 Quantification of immunofluorescent labelling of tubulin.
Treatment with compound G311, compound G900 and nocodazole at
indicated concentrations, as well as a control in which cells were fixed
before incubation at 37°C. At least 25 cells were quantified for each
condition

microtubules by anti-x-tubulin-FITC is shown in Fig. 6.
Compounds G311 and G900 did not show a significant de-
crease in microtubule re-polymerization compared to
nocodazole (Fig. 6).

Conclusions

In this work, we reported new compounds as potential [3-
tubulin inhibitors by virtual screening, suggesting three new
key amino acids (236 Val, 315 Ala and 368 Ile) in the

Fig. 5a,b Mitotic duration of a b
HeLa S3 cells with 200+ 60
dimethylsulfoxide (DMSO), — _
compound G311 and compound £ £ 50 + } }
G900 at indicated concentrations. .§. 150 4 nga {'
a Dot plot of a single experiment. g g 40
b Mean and SD of three = =
independent experiments g 100 4 g 30
T
3 L 20
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i e e S I
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& o 3 ¥ I
& S N o S NN
o o (¢} o (CANCAENCANC]
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colchicine binding site of 3-tubulin. However, MD analysis
showed a low stability in the binding site of (3-colchicine.
These results were confirmed in in vitro and in vivo models
on [3-tubulin without positive results, suggesting that MD is a
more predictive computational tool than molecular docking,
which could help in the search for more selective new inhibitor
drugs.
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