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A new series of 4-(4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazole-3-thiol derivatives were
synthesized as analogs for the anticancer drug combretastatin A-4 (CA-4) and characterized using FT-IR, 'H-
NMR, '*CNMR, and HR-MS techniques. The new CA-4 analogs were designed to meet the structural requirements
of the highest expected anticancer activity of CA-4 analogs by maintaining ring A 3,4,5-trimethoxyphenyl
moiety, and at the same time varying the substituents effect of the triazole moiety (ring B). In silico analysis
indicated that compound 3 has higher total energy and dipole moment than colchicine and the other analogs,
and it has excellent distribution of electron density and is more stable, resulting in an increased binding affinity
during tubulin inhibition. Additionally, compound 3 was found to interact with three apoptotic markers, namely
p53, Bcl-2, and caspase 3. Compound 3 showed strong similarity to colchicine, and it has excellent
pharmacokinetics properties and a good dynamic profile. The in vitro anti-proliferation studies showed that
compound 3 is the most cytotoxic CA-4 analog against cancer cells (IC;, of 6.35uM against Hep G2
hepatocarcinoma cells), and based on its selectivity index (4.7), compound 3 is a cancer cytotoxic-selective agent.
As expected and similar to colchicine, compound 3-treated Hep G2 hepatocarcinoma cells were arrested at the
G2/M phase resulting in induction of apoptosis. Compound 3 tubulin polymerization 1C5, (9.50 uM) and effect on
Vax Of tubulin polymerization was comparable to that of colchicine (5.49 uM). Taken together, the findings of
the current study suggest that compound 3, through its binding to the colchicine-binding site at $-tubulin, is a
promising microtubule-disrupting agent with excellent potential to be used as cancer therapeutic agent.
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Introduction

Cancer is a life threatening condition characterized by
uncontrolled cell growth and abnormal cell division."
Targeted antineoplastic compounds have grown in

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/cbdv.202201206

popularity as effective cancer therapeutic options,
with pharmaceutical companies focusing on targeted
medications against different and distinct cancer
types.Z Tubulin assembly inhibitors are one of the
most well-known and effective types of such targeted
chemotherapeutic medicines.”!

Microtubules (MTs) are synthesized by the inter-
action of a- and B-tubulin heterodimers in a head-
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and-tail fashion to form hollow cylindrical tubes with a
diameter of 25 nm.*=”! Several key cellular functions
including motility, cell division, secretion, communica-
tion, and shape maintenance are carried out by
MTs.®-1% These various roles have made the micro-
tubule system an attractive target for cancer
chemotherapy.'"'?  Disruption of MTs dynamics
causes cell cycle arrest at the G2/M phase and induces
apoptosis.">' Taxol, vincristine, and colchicine, all
of which are derived from natural products, are only a
few of the microtubule-interfering agents (MIAs) that
have been discovered. These MIAs bind to -tubulin at
specific sites known as taxol-, Vinca-, and colchicine-
binding sites, respectively, in which they can either
stimulate or inhibit tubulin polymerization.™ Due to
their beneficial effects on ATP-binding cassette (ABC)-
transporter-mediated drug resistance, colchicine-bind-
ing site inhibitors are receiving a lot of interest right
nOW.“G'W]

Several studies have reported that the most
effective antimitotic agent of this class against a
variety of tumor cells is combretastatin A-4 (CA-4).'®

A)
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CA-4 was isolated from the South African willow
species Combretum caffrum’s bark in 1989.1'" CA-4
binds to colchicine-binding site on [-tubulin and
inhibits microtubule polymerization,'*® additionally, it
obstructs blood flow to solid tumors and disrupts the
vasculature of tumor cells causing cell death
(apoptosis).2’ %! Due to its structural simplicity, CA-4
has been investigated as a leading pharmacophore to
understand tubulin activities and characteristics.*¥
Studies using CA-4 Structure-Activity Relationship
(SAR) have identified three crucial structural elements
essential for its anti-tubulin activity. These include (i)
the 3,4,5-trimethoxy moiety on ring A; (i) the cis-
configuration bridge (B) of both aromatic rings (the
trans-orientation is inactive); and (iii) the presence of a
small substituent on ring C, such as a methoxy group
(Figure 1A). The aromatic rings in CA-4 can adopt the
best binding orientation for interactions with colchi-
cine-binding site on (-tubulin thanks to the cis-alkene
structure. Unfortunately, CA-4 tends to isomerize from
its active cis-configuration to its inactive trans-config-
uration during storage and during invivo
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Figure 1. Structures of combretastatin A-4 (CA-4) and CA-4 analogs. A) Crucial structural elements of combretastatin A-4 (CA-4)
required for its anti-tubulin activity. B) Modified combretastatin A-4 analogs by replacing the cis double bond by heterocyclic ring:
triazole in compound a; oxazole in compound b; and isoxazole in compound c.
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metabolism.*=%”) Many structural changes to CA-4
have been made to get around this by replacing the
cis double bond with monocyclic heterocycles, such as
triazole, oxazole, and isoxazole to produce CA-4
analogs shown in Figure 1B.126-31 Previous studies
have shown that these CA-4 analogs exhibit strong
anti-proliferation activities against a variety of cancer
cell lines.*

In the current study, we report the design and
synthesis of new 1,2,4-triazole CA-4 analogs with
aliphatic, alicyclic, aromatic, and substituted phenyl
isothiocyanate groups attached to the thioacetohydra-
zide group (ring B). The new compounds were
designed to meet the structural requirements of the
highest expected anticancer activity of CA-4 analogs
by maintaining the 3,4,5-trimethoxyphenyl moiety
present in ring A of CA-4, and at the same time
varying the substituents effect of the triazole moiety.
The mode of action of the newly synthesized analogs
and their anti-proliferative effects against several
cancer cell lines were investigated in silico and in vitro.

( CHEMISTRY &
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The results presented should improve our understand-
ing of the mechanisms behind the compounds’
capacity to disrupt microtubules polymerization and
provide guidance for future investigations into potent
anticancer drugs.

Result and Discussion
Chemistry

The intermediates of the newly synthesized CA-4
analogs’ 1,2,4-triazole scaffold was obtained in three
successive phases using commercially available
3,4,5-trimethoxy benzoic acid. The overall process
for synthesizing the desired 1,2,4 triazole CA-4
analogs is depicted in Scheme 1. Compounds S1 and
S$2 were synthesized and characterized based on
previous research.B3! Compound S2 (ester) was
treated with hydrazine hydrate to produce the
hydrazide derivative (compound 1).2* Compound 1
was treated with ethyl acetoacetate or tetrahydro-
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I: BrCH3;COOCH;, K;CO;, E1OH, reflux, 8 h. Il: NHzNHz:H;0, E1CH, reflux, 12h. lll: CHy;COCH,CO;Et, EtOH, reflux, 8 h.
IV: THF, GAA., reflux, 10 h. V: AINCS, EtOH, stirring 6 h. 40-55°C. VI: NaGH (2.5 M), reflux, 4 h

Scheme 1. The synthetic pathway for the preparation of target compounds S2 and 1-9.

www.cb.wiley.com (3 of 20) @202201206 © 2023 The Authors. Chemistry & Biodiversity published by Wiley-VHCA AG

85UB01 T SUOWIWIOD SA 181D 3 (dfedt dde Uy Aq peuenob aJe ol VO ‘8sN JO S9|nJ 10} A%iq18UlUQ A8]IM UO (SUONIPUOD-PUR-SWLIBYW0D A8 |1 ARe.d|1|Bul JUO//:Sdny) SUONIPUOD pue SWB | 8U1 89S *[£202/60/c0] Uo ArIqIT8ulluO A8|IM ‘TN HeulH bell Aq 902102202 APG0/200T 0T/I0p/wod" A3 1M Alelq i puljuo//sdiy wolj pepeojumod ‘v ‘€202 ‘088TZTIT



Chem. Biodiversity 2023, 20, €202201206

furan to yield compounds 2 and 3, respectively®¥

Additionally, compound 1 was treated with different
para-substituted phenyl isothiocyanates to produce
compounds 4-7.%1 Compounds 8 and 9 were
synthesized by heating compounds 4 and 7 with 2 N
NaOH, respectively (Scheme 1).13¢

The IR spectrum of compound 1 revealed bands
at 3307 and 3141 cm™’, attributed to asymmetric
and symmetric NH, stretching, respectively, at 3224
cm” a stretching band related to NH of the
hydrazide moiety, (NH-NH,), and a characteristic
band at 1672 cm™', attributed to the (C=0)) group.
Compound 2’'s IR spectrum revealed a new (C=0)
band at 1736 cm™'.. The IR spectrum of compound 3
indicated a secondary (N—H) band at 3204 cm™', and
another band due to (C=0) amide at 1672 cm™'. The
IR spectra of compounds (4-7) revealed character-
istic absorption bands for (Ar—N—H) amine at 3300-
3288 cm ™', the (NH-NH) secondary amine appeared
at 3218-3151 cm™'. Compounds 8 and 9's IR spectra
revealed bands at 3011-3003cm™' for (Ar—CH),
2964 and 2837 cm™' for aliphatic (C—H) for com-
pound 8, and 2934 and 2837 cm™' for compound 9.
A distinct band at 1607 cm™' due to (C=N) was
observed, and another band at 1247 cm™' due to (Ar
C—0). Compounds 8 and 9's IR spectra revealed the
disappearance of all (C=0) and (NH) bands (Supple-
mentary Figure 1).

The interpretation of the "H-NMR spectrum (Supple-
mentary Figure 2) for compound 1 (hydrazide) revealed
a singlet peak at 8 =9.34 ppm due to the (NH) group,
and a singlet peak at d=4.30 ppm owing to the
hydrazide-(NH,) group. Compound 2 showed distinct
signals at 0=11.36 ppm attributed to the cyclic (NH)
group, 0 =4.47 ppm as a singlet assigned for ((=C—H),
and 0=2.15ppm attributed to the (CH;) group.
Compound 3's spectrum confirmed a signal, as a
singlet at §=10.31 ppm, due to the (NH) group, and
all the aromatic protons were visible in their respective
region. The spectra of compounds 4-7 revealed
considerable signals at §=10.48-10.40 ppm due to
aromatic amines. The aromatic protons displayed
properly at their distinct region. Furthermore, the
spectra of compounds 8 and 9 displayed signals
attributed to (NH-thione) at $=13.80 and 13.87 ppm,
respectively.

The "> CNMR spectrum of compound 1 (Supplemen-
tary Figure 3) revealed a signal at 6 =166.54 ppm due
to (C=0) group, and another distinct signal at 6=
34.62 ppm attributed to the (CH,) group. Compound
2's "*CNMR spectrum demonstrated a signal at &=
166.45 ppm owing to the (C=0) group, and a signal at

( CHEMISTRY &
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0=100.18 ppm related to the (CH=C) of the 5-methyl-
1,2-dihydro-3H-pyrazol-3-one ring. Compound 3’s
spectrum confirmed a signal at 6=167.84 ppm attrib-
uted to the (C=0) amide, at §=20.99 ppm due to the
CH, group. The '*CNMR spectra of compounds 4-7
indicated a signal at 6=181.26-180.65 ppm attrib-
uted to the (C=S) group, and a signal at 6=160.75-
166.87 ppm assigned for the (C=0) group. Compounds
8 and 9's '*CNMR spectra demonstrated signals at &=
168.94 and 168.72 ppm due to ((=S=—=C-5), respec-
tively, and signals at 8=27.83 and 27.91 ppm due to
(CH,) group.

All compounds’ mass spectra (Supplementary Fig-
ure 4) are distinguished by the presence of distinct
molecular ion peaks at the predicted m/z values.

Molecular Docking
In silico Binding Modes

The binding modes and interaction energy (AG) of
colchicine and the newly synthesized CA-4 analogs to
human tubulin are shown in Figures 2 and 3, and
Supplementary Table 1. The binding mode of colchi-
cine to human tubulin exhibited an interaction energy
of —13.50 kcal/mol. The tetramethoxy-9-oxo0-5,6,7,9-
tetrahydrobenzola]heptalen-7-yl | moiety formed elev-
en pi-sulfur, and pi-alkyl interactions with Lys352,
Ala316, Leu248, Cys241, Ala250, Leu255, Ala180, and
Met259, and two H-bonds with Cys241 and Val181
(2.23 and 2.04 A). Additionally, the acetamide group
interacted with Asn101 by one H- bond (2.64 A)
(Figure 2A).

The binding mode of compound 1 exhibited an
interaction energy of —12.97 kcal/mol against hu-
man tubulin. The 4-methoxyphenyl moiety created
four pi-alkyl interactions with Ala180, Vali181,
Lys325, and Ala316. Additionally, the 3,4,5-trimeth-
oxyphenyl moiety interacted with Cys241 by one H-
bond (2.28 A), and five pi-alkyl interactions with
Leu255, Ala250, Cys241, Leu248, and Ala316, while
the 4H-1,2,4-triazol-3-yl)thio) acetohydrazide moiety
formed four pi-alkyl, pi-pi, and pi-sulfur interactions
with Val180, Asn101, Lys254, and Ala250. Moreover,
it interacted with Ser178 by one H-bond with
(1.95 A) (Figure 2B).

The binding mode of compound 2 showed an
interaction energy of —13.02 kcal/mol against human
tubulin. The 4-methoxyphenyl moiety produced two
pi-alkyl interactions with Lys325 and Leu248, addition-
ally, the 3,4,5-trimethoxyphenyl moiety interacted with
Cys241 by one H-bond (2.76 A), and four pi-alkyl
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Figure 2. Docking of colchicine and CA-4 derivatives 1-4 in human tubulin active pocket. A) Colchicine, B) Compound 1, C)
Compound 2, D) Compound 3, E) Compound 4. Hydrogen bonds are shown in green lines, and the pi interactions are represented
in purple lines.

www.cb.wiley.com (5 of 20) @202201206 © 2023 The Authors. Chemistry & Biodiversity published by Wiley-VHCA AG

85UB017 SUOWILLOD BAIERID B|qedl|dde 8y Aq peusAob 818 SO O 88N JO SBNI 10} AX21d178UIIUO AB]IM UO (SUOHIPUOD-PUE-SWBIALIOD" AB| 1M A.q 1 [oUI1|UO//SCNY) SUORIPUOD PUe SWIS L 8Y} 88S *[£202/60/€0] U0 AreiqITauliuo A8|IM ‘TN 1#eulH be| Aq 902102202 APGo/Z00T 0T/I0pALI0D" A3 | 1M Areiqjeul|uoy/Sdny Wwoiy pepeojumod ‘v ‘€202 ‘088TZTIT



Chem. Biodiversity 2023, 20, 202201206 ( CHEMISTRY S

A)

B)

Q)

E)

Figure 3. Docking of CA-4 derivatives 5-9 in human tubulin active pocket. A) Compound 5, B) Compound 6, C) Compound 7, D)
Compound 8, E) Compound 9. Hydrogen bonds are shown in green lines, and the pi interactions are represented in purple lines.
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interactions with Leu255, Ala250, Cys241, and Ala316,
while the 4H-1,2,4-triazol-3-yl)thio)acetyl)-5-methyl-1,2-
dihydro-3H-pyrazol-3-one moiety formed two pi-alkyl
interactions with Ala180 and Leu255. Moreover, it
interacted with Asn249 by one H-bond (1.99 A) (Fig-
ure 2C).

The binding mode of the hit compound 3
displayed an interaction energy of —14.16 kcal/mol
against human tubulin. The 4-methoxyphenyl moiety
created five pi-alkyl and pi-sulfur interactions with
Ala180, Val181, Lys352, Met259, and Ala316. Addition-
ally, the 3,4,5-trimethoxyphenyl moiety interacted with
Cys241 by one H-bond (246 A), and five pi-alkyl
interactions with Leu255, Ala250, Cys241, Leu248, and
Ala316, while the 4H-1,2,4-triazol-3-yl)thio)-N-(pyrroli-
din-1-yl)acetamide moiety generated five pi-alkyl inter-
actions with Leu248, Tyr224, Lys254, and Ala250, and
it interacted with Ser178 by one H-bond (2.07 A)
(Figure 2D).

The binding mode of the candidate compound 4
exhibited an energy binding of —15.42 kcal/mol
against human tubulin. The 4-methoxyphenyl moiety
produced five pi-alkyl and pi-sulfur interactions with
Ala180, Val181, Lys352, Met259, and Ala316, addition-
ally, the 3,4,5-trimethoxyphenyl moiety interacted with
Cys241 by one H-bond (243 A), and five pi-alkyl
interactions with Leu255, Ala250, Cys241, Leu248, and
Ala316, while the N-(4-methoxyphenyl)-4H-1,2,4-tria-
zol-3-yl)thio)acetyl) hydrazine-1-carbothioamide moi-
ety formed four pi-alkyl interactions with Leu248,
Lys254, and Ala250. Moreover, it interacted with
Asn248 and GIn11 by three H-bonds (2.86, 2.74 and
2.18 A) (Figure 2E).

The mode of binding of compound 5 exhibited an
interaction energy of —15.14 kcal/mol against human
tubulin. The 4-methoxyphenyl moiety generated four
pi-alkyl interactions with Leu255, Lys352, Met259, and
Ala316. Additionally, the 3,4,5-trimethoxyphenyl moi-
ety interacted with Cys241 by one H-bond (2.51 A),
and by five pi-alkyl interactions with Leu255, Ala250,
Cys241, Leu248, and Ala316. The N-(4-chlorophenyl)-
4H-1,2,4-triazol-3-yl)thio)acetyl)hydrazine-1-carbothioa-
mide moiety formed four pi-alkyl interactions with
Ala12, Leu248, Lys254, Ala180, and Ala250, and it
interacted with Asn101 and Ser178 by three H-bonds
(2.22, 2.85 and 3.34 A) (Figure 3A).

The binding mode of compound 6 revealed an
interaction energy of —15.70 kcal/mol against human
tubulin. The 4-methoxyphenyl moiety generated four
pi-alkyl interactions with Val181, Ala180, Met259, and
Ala316. Additionally, the 3,4,5-trimethoxyphenyl moi-
ety interacted via five pi-alkyl interactions with Leu255,

( CHEMISTRY &
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Ala250, Leu248, and Ala316, while the N-(4-bromo-
phenyl)-4H-1,2,4-triazol-3-yl)thio)acetyl)  hydrazine-1-
carbothioamide moiety formed four pi-alkyl interac-
tions with Ala180, Leu248, Lys254, and Ala250, and it
interacted with Glu183 (Figure 3B).

The binding mode of the hit compound 7 exhibited
binding energy of —15.86 kcal/mol against human
tubulin. The 4-methoxyphenyl moiety created four pi-
alkyl interactions with Leu255, Lys352, Met259, and
Ala316. Additionally, the 3,4,5-trimethoxyphenyl moi-
ety interacted with Cys241 by one H-bond (2.45 A),
and five pi-alkyl interactions with Leu255, Ala250,
Cys241, Leu248, and Ala316, while the 4H-1,2,4-triazol-
3-yl)thio)acetyl)-N-phenylhydrazine-1-carbothioamide
moiety produced four pi-alkyl interactions with Ala12,
Lys254, Ala180, and Ala250. Moreover, it interacted
with Glu183 by H- bond (2.34 A) (Figure 3C).

The binding mode of compound 8 showed an
interaction energy of —14.41 kcal/mol against human
tubulin. The 4-methoxyphenyl moiety produced six pi-
alkyl interactions with Val181, Val180, Lys352, Met259,
and Ala316. Additionally, the 3,4,5-trimethoxyphenyl
moiety interacted via five pi-alkyl interactions with
Leu255, Ala250, Cys241, Leu248, and Ala316, while the
tetramethoxy-9-oxo-5,6,7,9-tetrahydrobenzola]-
heptalen-7-yl | moiety formed eleven pi-sulfur, and pi-
alkyl interactions with Lys352, Ala316, Leu248, Cys241,
Ala250, Leu255, Ala180, and Met259, and two H-bonds
with Cys241 and Val181 (2.23 and 2.04 A).

Compound’s 9 binding mode showed an interac-
tion energy of —14.92 kcal/mol against human tubulin.
The 4-methoxyphenyl moiety produced four pi-sulfur
and pi-alkyl interactions with Ala180, Lys352, Met259,
and Ala316. Additionally, the 3,4,5-trimethoxyphenyl
moiety interacted by five pi-alkyl interactions with
Leu255, Ala250, Leu248, and Ala316, while the 4H-
1,2,4-triazol-3-yl)thio)methyl)-4-phenyl-4H-1,2,4-
triazole-3-thiol moiety formed six pi-alkyl interactions
with Ser178, Lys254, Leu248, Ala180, and with GIn11
by H-bond (2.48 A) (Figure 3E).

The binding modes of colchicine and compound 3,
the most potent among the newly synthesized CA-4
analogs (see below) against p53, caspase 3, and Bcl-2,
are summarized in Supplementary Figure 5 and Supple-
mentary Table 2. The binding mode of colchicine
exhibited a binding energy of —7.58 kcal/mol against
p53 protein. Colchicine interacted with Pro13 and
GIn72 by two Hbonds with a distance of 2.37 and
1.66 A, and it formed sixteen pi-alkyl interactions with
Val93, lle61, His96, 11e99, Tyr100, Leu54, Phw91, Leu14,
Phe86, Leu57, and Met62 (Supplementary Figure 5A).
The best pose of compound 3 exhibited a binding

www.cb.wiley.com (7 of 20) @202201206 © 2023 The Authors. Chemistry & Biodiversity published by Wiley-VHCA AG

85UB01 T SUOWIWIOD SA 181D 3 (dfedt dde Uy Aq peuenob aJe ol VO ‘8sN JO S9|nJ 10} A%iq18UlUQ A8]IM UO (SUONIPUOD-PUR-SWLIBYW0D A8 |1 ARe.d|1|Bul JUO//:Sdny) SUONIPUOD pue SWB | 8U1 89S *[£202/60/c0] Uo ArIqIT8ulluO A8|IM ‘TN HeulH bell Aq 902102202 APG0/200T 0T/I0p/wod" A3 1M Alelq i puljuo//sdiy wolj pepeojumod ‘v ‘€202 ‘088TZTIT



Chem. Biodiversity 2023, 20, €202201206

energy of —7.56 kcal/mol against p53. It interacted
with GIn72 by a H-bond with a distance of 2.23 A,
additionally, compound 3 interacted with Tyr67, lle61,
Val93, and Leu54 by pi-alkyl interaction (Supplementary
Figure 5B).

The binding mode of colchicine against caspase 3
exhibited a binding energy of —6.13 kcal/mol. It
interacted with Leu168, Thr166, and Thr166 by three
H-bonds with a distance of 2.03, 2.20 and 1.93A,
moreover, it formed four pi-alkyl and pi-sigma inter-
actions with Phe256, Leu168, and Phe256 (Supplemen-
tary Figure 5C). The best pose of compound 3
exhibited a binding energy of —7.70 kcal/mol against
Caspase 3. It interacted with Thr166 by one H-bond
with a distance of 2.08 A, additionally, it interacted
with Leu168 by two Pi-Alkyl interactions (Supplemen-
tary Figure 5D).

The binding mode of colchicine exhibited a bind-
ing energy of —7.60 kcal/mol against the anti-apop-
totic protein Bcl-2. Colchicine interacted with Ala149
by a H-bond with a distance of 1.65 A, and it formed
twelve pi-alkyl, pi-sigma, pi-pi, pi-anion, and pi-cation
interactions with Val133, Leu137, Met115, Asp111,
Phe112, Tyr108, Phe104, and Ala149 (Supplementary
Figure 5E). The best pose of compound 3 exhibited a
binding energy of —6.99 kcal/mol against Bcl-2. It
interacted with Arg146 by one H-bond with a distance
of 2.62 A, additionally, it interacted with Ala149,
Phe104, Arg146, and Leul137 by three pi-alkyl inter-
actions (Supplementary Figure 5F).

Density Functional Theory (DFT) Study

DFT parameters, including total energy,®”? HOMO,”!
LUMO,B” gap energy,*® and dipole moment,3940
were studied using the Discovery Studio 2019 Soft-
ware, and the co-crystallized ligand colchicine was
used as a reference molecule.

The total energies of the synthesized compounds
and colchicine were calculated and presented in
Supplementary Table 3. Compounds 3, 5, 6, 8, and
colchicine showed the highest energies: —2664.98,
—2986.98, —5098.91, —2566.57, and —1347.80 kcal/
mol, respectively. These results indicate that these
compounds (compounds 3, 5, 6, 8) have higher total
energy than colchicine and the other CA-4 analogs
and are expected to have a more efficient interaction
with colchicine-binding site on B-tubulin. Furthermore,
the dipole moment values of compounds 3, 5, 6, 7,
and colchicine were 2.751, 3.648, 3.568, 3.148, and
1.714, respectively (Supplementary Table 3). These
values suggest that the dipole moment of the

( CHEMISTRY &
BIODIVERSITY

mentioned compounds is greater than that of the
other CA-4 analogs and colchicine. In light of these
findings, it was predicted that compounds 3 and 5
could conveniently form hydrogen bonds and non-
bonded interactions with the colchicine-binding pock-
et in tubulin, resulting in an increased binding affinity
during tubulin inhibition. Compound 3 had a gap
energy value of 0.078 kcal/mol, denoting that it is
more stable than other compounds. As a result,
compound 3 was thought to be the most likely
candidate for interacting with the target protein
tubulin. The HOMO and LUMO properties play critical
roles in chemical stability and reactivity (Supplementa-
ry Figure 6).** Compound 3 had HOMO and LUMO
values of —0.14419 and —0.06583, respectively, in-
dicating that it has an excellent distribution of electron
density around all of its atoms, and that it binds with
strong attraction and hydrogen bonds.

Molecular Similarity

Supplementary Table 4 displays the computed molec-
ular similarity between the newly synthesized com-
pounds, and the reference ligand colchicine. The
extent of molecular similarity or likeness between two
compounds is represented by a similarity coefficient,
which is used to compute a quantitative scoring rate.
This calculated score reflects the degree of similarity
and is based on the values of several structural
descriptors. The calculated distance between two
compounds in descriptor space is inversely propor-
tional to their similarity.*" The distances between the
various descriptors were calculated in this study
(Supplementary Figure 7). Among the evaluated com-
pounds, the molecular similarity study preferred four
compounds: 1, 2, 3, and 7 with strong similarity to the
reference compound colchicine.

ADMET Studies

Using the Discovery Studio 2019 Software and
colchicine as a reference drug, ADMET analyses
were performed (Supplementary Figure 8 and Supple-
mentary Table 5). The blood-brain barrier penetra-
tion levels for the newly synthesized CA-4 analogs
ranged from low to very low, and colchicine and
compounds 1, 2, and 3 were found to have excellent
absorption properties. Furthermore, the solubility
levels of the synthesized compounds were antici-
pated to be low to very low compared to that of
colchicine (good). All of the molecules tested,
including colchicine, were predicted to be non-
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inhibitors of CYP2D6. Hepatotoxicity assumptions
revealed that all of the tested compounds were
predicted to be non-toxic, and that all of the newly
synthesized compounds, with the exception of
compounds 6 and colchicine, were presumed to
bind to plasma proteins more than 90% of the time
(Supplementary Figure 8 and Supplementary Table 5).

MD Simulation Studies

To detect the stability of the protein (tubulin)-ligand
(the new CA-4 analogs) complex in the apo and ligand
bonded states, the dynamic movements of atoms and
conformational variations of backbone atoms were
determined by calculating the root mean square
deviation (RMSD) for compounds 3 and 5 (Figure 4 and
Supplementary Figure 9, respectively). The protein,
ligand, and complex have lower RMSD with no
significant fluctuations, implying greater stability. The
flexibility of each residue was computed in terms of
root mean square fluctuation (RMSF) to gain a deeper
understanding of the protein areas that fluctuated
during the simulation. It was obvious that the binding
of the ligand makes B-tubulin a little flexible. The
radius of gyration (Rg) symbolized the complex’s
compactness. The lower the degree of fluctuation over
the simulation period, the more compact the system.
The complex’s Rg was observed to be almost identical
to the starting period for compound 3, while it was
slightly higher than the starting period for compound
5. Over the simulation period, the interaction between
protein-ligand complexes and solvents was measured
using solvent accessible surface area (SASA). As a
result, the complex’s SASA was estimated to determine
the extent of the conformational changes that
occurred during the interaction. Surprisingly, the
protein showed a decrease in surface area with a lower
SASA value than the starting period. Hydrogen bond-
ing between protein-ligand complexes is necessary for
structure stability. The protein formed up to two
hydrogen bonds with the ligand in the greatest
number of conformations.

Based on these results, compound 3 has a good
dynamic profile (Figure 4), as indicated by a lower Rg
value than the starting period which suggesting that
compound 3 fitted appropriately with the targeted
protein (B-tubulin) and has low number of conforma-
tional changes, although no more major fluctuation
was noted. Compound 3 showed lower RMSD value at
100 ns time of simulation with lower SASA value than
the starting period. It can form 1-2 hydrogen bonds
with total energy of —1263 KJ/mol with the protein.

( CHEMISTRY &
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On the other hand, compound 5 has low RMSD value
at 100 ns time of simulation with lower SASA value
than the stating period (Supplementary Figure 9). There
were some minor fluctuations with low Rg, and
compound 5 can form 1-2 hydrogen bonds with total
energy —1049 KJ/mol with the protein.

Molecular-Mechanics Poisson-Boltzmann Surface Area
(MM/PBSA) of Compounds 3 and 5

We calculated the binding free energy of the last 20 ns
of MD simulation run of the protein-ligand complex
with an interval of 100 ps from MD trajectories using
MM/PBSA method. We also utilized the MmPbSaStat.-
py script that calculated the average free binding
energy and its standard deviation/error from the
output files that were obtained from MM/PBSA.
Compounds 3 (Supplementary Figure 10A), and 5
(Supplementary Figure 10C) showed the lowest binding
free energy of —1263 KJ/mol, and —1049KJ/mol,
respectively. Furthermore, we identified the contribu-
tion of each residue of the protein in terms of the
binding free energy. This gave us an insight into the
‘crucial’ residues that contributes favorably to the
binding of the compounds to human tubulin. It was
found that for compound 3, Asp69, Glu71, Glu77,
Asp98, and Glu183 residues in a-tubulin, and Asp251
and Asp329 residues in B-tubulin contributed higher
than —40 KJ/mol binding energy (Supplementary Fig-
ure 10B). For compound 5, it was found that Asp69,
Glu71, Asp76, Glu77, Asp98, and Glu183 residues in o-
tubulin, and Glu327, Glu330, and Asp357 residues in {3-
tubulin contributed higher than —40 KJ/mol binding
energy (Supplementary Figure 10D). Therefore, these
residues are hotspot residues in binding of human
tubulin with compounds 3 and 5.

3D-QSAR Model Validation

Ten FDA approved tubulin inhibitors were used for the
generation of the 3D-QSAR model. The model shows
R? value of 0.937 indicating it is a valid model.
Additionally, the predicted and experimental data
(predicted PIC;, and experimental PIC;;,) for the FDA-
approved tubulin inhibitors (Supplementary Table 6),
indicate the validation of the model to evaluate the
new CA-4 analogs (Supplementary Figure 11). Com-
pounds 3, 5, 6, and 9 showed excellent predicted
PICso (—0.713, —0.483, 0.873, and —0.779, respectively)
compared to the experimental PICs;, (—0.802, —0.820,
—1.278, —1.079, respectively) (Supplementary Table 6).
Compounds 1, 2, and 4 showed comparable values of
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Figure 4. MD simulation trajectory analysis of compound 3. A) Root Mean Square Divisions (RMSD), B and C) Root Mean Square
Fluctuations (RMSF), D) Radius of gyration (Rg), E) Number of H-bond, F) Solvent accessible surface area plot.

predicted PICs;, (—0.487, —0.509, and 0.478, respec- close predicted PIC;, (—0.470 and —0.497, respec-
tively) compared to the experimental PICs, (—1.238, tively) to the experimental PICs, (—1.740 and —1.311,
—1.447, and —1.724, respectively) (Supplementary respectively) (Supplementary Table 7).

Table 7), while compounds 7 and 8 failed to show
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Evaluation of Biological Activity
Cytotoxicity Assay

The results of the docking studies presented in the
current study indicated that the newly synthesized
CA-4 analogs target microtubules, the cytoskeleton
element needed for chromosome segregation, leading
to disruption in cell division and proliferation. To
confirm these results, the invitro anti-proliferation
activity of the novel analogs was investigated by
means of the MTT assay. The results presented in
Table 1 show that all compounds exhibit cytotoxicity
against the three cancer cell lines tested (Hep G2, HCT-
116, and A549), they are more cytotoxic to the liver
cancer cell line Hep G2 than the other two cell lines,
and that compound 3 is the most cytotoxic compound
resulting in the lowest IC5, value (6.35 uM against Hep
G2 liver cancer cells), a very close value to that of the
microtubule targeting drug colchicine®? (2.51 uM).

To investigate the cancer-selectivity of compound
3 against cancer cells, normal cells (WI-38 normal lung
fibroblasts) were treated and assayed by the MTT
assay. The IG5, concentration of compound 3 against
WI-38 cells was found to be 29.8 uM, giving a
selectivity index (SI) of 4.7 (SI=ICsq normal cells/ICs,
cancer cells).*3! A cancer-selective compound should

( CHEMISTRY &
BIODIVERSITY

have an Sl value of >3, making compound 3 a cancer
cytotoxic-selective agent.*

Compound 3 Arrests Cells at the G2/M Cell Cycle Phase
which Induces Apoptosis

Since the results of the docking studies indicated that
the newly synthesized compounds target microtu-
bules, we aimed to confirm this by analyzing the
distribution of cells during the different phases of the
cell cycle. As expected, compound 3-treated Hep G2
hepatocarcinoma cells were arrested at the G2/M
phase, as a result of targeting the mitotic spindle fiber
(Figure 5), similar results were reported previously for
colchicine.™ Moreover, the mechanism by which
compound 3 exerted its cytotoxicity was investigated
by staining vehicle (0.2% DMSO)-treated control and
compound 3-treated Hep G2 cells with Annexin V-FITC
followed by flow cytometric analysis (Table 2). Table 2
shows that compound 3 caused cytotoxicity in Hep G2
hepatocarcinoma cells by inducing apoptosis.

Compound 3 Inhibits Microtubule Polymerization by
Binding to Colchicine-Binding Site On B-Tubulin

The three compounds with the lowest ICs5, values,
compounds 3, 5, and 9 (Table 1), were tested for their

Table 1. In vitro cytotoxicity results of the new combretastatin analogs against human liver (Hep G2), colorectal (HCT-116), and
lung (A549) cancer cell lines, treated for 72 h. Results are shown as mean + SEM of three independent experiments.

Compound In vitro cytotoxicity ICso (LM)
Hep G2 HCT-116 A549 WI-38
Colchicine 2.51+0.30 4.16+0.38 5224042 7.74+1.85
1 68.95+3.17 52.85+4.20 141.10£5.89 -
2 28.03£1.69 51.28+6.62 36.17£243 -
3 6.35+1.05 9.21+1.36 12.11+1.09 29.80+1.42
4 53.02+£3.77 105.40+6.88 142.40£9.95 -
5 6.62+1.85 20.43+2.96 14.37+1.38 -
6 19.39+£1.36 20.84£3.35 21.85+£1.97 -
7 55.07+£3.52 159.60+6.85 116.90£6.31 -
8 2047 £1.89 31.84+2.89 30.36£2.87 -
9 12.01£2.35 28.79+£1.63 17.724+1.28 -

Table 2. Compound 3 causes cytotoxicity by inducing apoptosis in Hep G2 liver cancer cells. Values are given as mean + SEM of
two independent experiments.

Treatment Viable Apoptosis Necrosis
Early Late

Control 95.64+1.46 1.40+0.05 2.27+1.05 0.69+0.44

Compound 3 67.37+4.99 9.54+3.52 20.10+3.52* 2.99+0.55

*p < 0.05.
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Figure 5. Effects of compound 3 on cell cycle progression. Hep G2 liver cancer cells were treated with 6.35 uM (ICs, value) of
compound 3 for 72 h. Vehicle-treated (0.2% DMSO) control and compound 3-treated cells were analyzed for their distribution
(percentage) during the various phases of the cell cycle. Values are given as mean 4 SEM of two independent experiments. *p <

0.05, **p < 0.01 as compared to control cells.

ability to inhibit microtubule polymerization by com-
paring them to the standard microtubule polymer-
ization targeting drug colchicine.*? 0.2% DMSO was
used as vehicle control, and it had no effect on
spontaneous tubulin self-assembly (Figure 6A). The
results presented in Figure 6B and Table 3 show that
compound 3 tubulin polymerization ICs;y (concentra-
tion of drug to inhibit 50% of tubulin assembly) was
comparable to that of colchicine (9.50 uM and
5.49 uM, respectively). Additionally, compound 3 was
able to reduce the Vmax of tubulin polymerization in a

Table 3. Inhibition of tubulin polymerization (ICs() of the tested
compounds. Data are presented as mean + SEM of three differ-
ent experiments.

Compound Tubulin polymerization ICs; (M)
Colchicine 5.49+40.85

3 9.50+1.29

5 13.46+1.17

9 35.20+1.35

comparable fashion to that of colchicine, while
compounds 5 and 9 were less successful (Figure 6B).
To investigate whether the newly synthesized CA-4
analogs bind to colchicine-binding site on tubulin
heterodimer, B-tubulin specifically,** the effects of
these compounds on colchicine binding to tubulin
was tested and compared to the positive control CA-4,
and to the negative control vinblastine (Figure 6C).
The results show that all compounds at 10 uM were
able to inhibit colchicine binding to tubulin except for
vinblastine, CA-4 being the most potent, followed by
compound 3. At 50 pM, the inhibitory activities of
compounds 3, 5, and 9 were enhanced (Table 4). These
results indicate that the newly synthesized CA-4
analogs bind tubulin at the colchicine binding site.

Structure-Activity Relationship (SAR)

The SAR presented in Figure 7 is based on the results
of the invitro cytotoxic activities of the synthesized
compounds. The effect of ring B (linker region)
modifications on the activity were explored. Com-
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Figure 6. Effect of compounds 3, 5, and 9 on tubulin polymerization and colchicine binding to tubulin. A) In vitro polymerization of
tubulin was monitored continuously by recording the fluorescence 1 min interval for 90 min. The fluorescence intensity curves
represent average of at least three independent experiments, B) Inhibition of tubulin polymerization after treating with different
concentrations of the tested compound and colchicine. ICs, values were calculated from data at the 30 min time point at 37°C, C)
Percentage fluorescence of colchicine-tubulin complex. Fluorescence values are normalized to 0.2% DMSO (control). CA-4 and
vinblastine were used as positive and negative controls, respectively. Data are expressed as mean 4 SEM of three independent
experiments. * p < 0.05 as compared to control cells, # p < 0.05 as compared to CA-4-treated cells.
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Table 4. Effect of the tested compounds on colchicine binding
to tubulin. Data are presented as mean +SEM of three
independent experiments.

Compound Inhibition of colchicine binding (%)
10 uM 50 uM

Vinblastine 11.40+3.51 -

CA-4 79.24+5.64 -

3 52.98+7.64 67.19+3.38

5 46.49+8.77 51.14+6.63

9 27.49+7.96 45.88+3.09

pound 3 with terminal pyrrolidine moiety attached to
the substituted triazole (ring B) was the most potent
cytotoxic compound (lowest IC5y=6.35 uM), while the
order of cytotoxicity for the rest of the triazole
substituents was as follow: compound 5 (4-chloro
phenyl substituent) >compound 9 (unsubstituted
phenyl attached to triazole) > compound 6 (4-bromo
phenyl substituent) >compound 8 (4-methoxy phenyl
attached to triazole) >compound 2 (5-methyl-1,2-
dihydro-3H-pyrazol-3-one ring) >compound 4 (4-
methoxy phenyl substituent) >compound 7 (unsubsti-
tuted phenyl hydrazine-1-carbothioamide ring) > com-
pound 1 (carbohydrazide attached to triazole moiety).
Regarding the substituted triazole five membered ring
B, it was found that cytotoxicity increases with hydro-
phobic moiety added at the terminal substituent

> Cyclic > non-cyclic

v

Compound 3>5>9>6>8>2>4>7>1

MeO

> Substituion with aliphatic five member nng > aromatic >>hydrophilic open chain
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attached to the triazole ring, more than the hydro-
philic unsubstituted moiety.

Conclusions

A New series of nine combretastatin A4 (CA-4)
analogs were effectively synthesized and validated by
FT-IR, "H-NMR, "3 CNMR, and HR-MS techniques. In silico
analysis indicated that compound 3 has higher total
energy and dipole moment than other compounds
and colchicine, it has excellent distribution of electron
density and is more stable, resulting in an increased
binding affinity during tubulin inhibition. As a result,
compound 3 was thought to be the most likely
candidate for interacting with the target protein
tubulin. Additionally, compound 3 was found to
interact with three apoptotic markers, namely p53, Bcl-
2, and caspase 3. Among the evaluated CA-4 analogs,
the molecular similarity study preferred four com-
pounds (1, 2, 3, and 7) with strong similarities to the
reference compound colchicine. Compound 3 has
excellent pharmacokinetics properties, and a good
dynamic profile. Moreover, the in vitro studies showed
that all compounds exhibit cytotoxicity against the
three cancer cell lines tested (Hep G2, HCT-116, and
A549), they are more cytotoxic to the liver cancer cell
line Hep G2, and that compound 3 is the most
cytotoxic, and based on its SI, compound 3 is a cancer
cytotoxic-selective agent. As expected and similar to

Substituted S-membered ring > non-substituted 6-membered ring > non-substituted S-membered ring

[rimethoxy Is the best for optimum activity

Figure 7. Structure-activity relationship of the newly synthesized CA-4 analogs as anti-proliferative agents.
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colchicine, compound 3-treated Hep G2 hepatocarci-
noma cells were arrested at the G2/M phase, as a
result of targeting the mitotic spindle fiber. Compound
3 caused cytotoxicity in Hep G2 hepatocarcinoma cells
by inducing apoptosis, and its tubulin polymerization
IC5y (concentration of drug to inhibit 50% of tubulin
assembly) and effect on V,,,, of tubulin polymerization
was comparable to that of colchicine. Additionally,
compound 3 binds tubulin at the colchicine-binding
site. Taken together, the findings of the current study
suggest that compound 3 is a promising microtubule-
disrupting agent with excellent potential to be used as
cancer therapeutic agent.

Experimental Section
Chemistry
General

All of the chemicals and reagents used were pur-
chased from Baoji Guokang Bio-Technology and used
as received without any further purification. Com-
pounds S1 and S2 were synthesized according to
previous reports.*¥ The 'H-NMR spectra were re-
corded on Bruker (BioSpin 400 MHz) spectrometer,
chemical shift values & (ppm) were reported to
tetramethylsilane (TMS), as an internal reference,
CD,Cl, and DMSO, were used as solvents. FT-IR
spectra were measured on a Tensor |, Bruker-Optics
FT-IR spectrophotometer, as KBr disc. Mass spectra
were recorded on APl 3200 quadruple, ESI system
(Applied Biosystem) mass spectrometer.

Synthesis of 2-((4-(4-methoxyphenyl)-5-(3,4,5-trimeth-
oxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetohydrazide
(1)[34]

Compound S2 (4 g, 9.0 mmol) was dissolved in abs
EtOH (40 mL), an excess amount of 80% hydrazine
hydrate solution (5 ml) was added, and the reaction
mixture was refluxed for 12 h. The reaction was then
cooled to room temperature (RT), the solid product
was collected by filtration, washed with diethyl ether,
and recrystallized from EtOH to yield compound 1.

White crystals. Yield: 66%, R;=0.2 (hexane/ethyl-
acetate8:2). m.p.: 181-183°C. FT-IR (KBr disc, cm™")
3307 and 3141 (NH,) str, 3224 (NH) str, 3075, 3060 and
3003 (Ar—H), 2970, 2937 and 2831 (—C—H) str., 1671
(C=0) str, 1607 (C=N) str, 1586, 1512, 1485 (Ar—C=C)
str, 1249 and 1228 (Ar-C-0), 1181 (C—N) str. '"HNMR

( CHEMISTRY &
BIODIVERSITY

(400 MHz, DMSOyq; 6, ppm) 9.34 (s, 1H, NH), 7.38 (d,
J=8.8Hz, 2H, Ar-H), 7.11 (d, J=8.8Hz, 2H, Ar —H), 6.66
(s, 2H, Ar—H), 4.30 (s, 2H, NH,), 3.88 (s, 3H, O—CHj),
3.83 (s, 2H, S—CH,), 3.63 (s, 3H, O—CHs). "C-NMR
(100 MHz, DMSOs; &, ppm): 166.54 (C=0), 160.65
(Ar—C), 154.66, 153.07, 152.26, 138.91, 129.68, 126.81,
122.22, 115.52, 105.76 (Ar-C), 60.51 (OCH;), 56.10
(OCH3), 56.07 (OCH3), 34.62 (CH,). MS (ESI) m/z: calcd.
for C,oH,3NsOsS [M+ 117446.15, found 446.4.

Synthesis of 1-(2-((4-(4-methoxyphenyl)-5-(3,4,5-trimeth-
oxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetyl)-5-methyl-
1,2-dihydro-3H-pyrazol-3-one ()13

Compound 1 (0.5 g, 1.12 mmol) was dissolved in abs
EtOH (30 mL), ethyl acetoacetate (0.145 ml, 0.145 g,
1.12 mmol) was added, the mixture was refluxed for 8
h, then the solvent was evaporated under reduced
pressure, the solid product was washed with diethyl
ether, and recrystallized from acetone to yield com-
pound 2.

Brown solid. 3200 (NH) str, 3112, 3070 (Ar—H), 2998,
2935, 2837 (C—H) str, 1736 (C=0) str, 1677 (amide,
C=0) str, 1608 (C=N) str, 1587, 1515, and 1485 (ArC=C)
str, 1266 and 1252 (Ar—C-0) str, 1199 (C—N) str.
"HNMR (400 MHz, CD,Cl,; 8, ppm): 11.36 (s, TH, NH),
7.26 (d, J=8.70Hz, 2H, Ar—H), 7.08 (d, J=8.43Hz, 2H,
Ar—H), 6.69 (d, 2H, Ar—H), 4.47 (s, TH, C=C—H), 4.19 (S,
2H, S—CH,), 3.90-3.79 (m, 9H, O—CH;), 3.66 (s, 3H,
O—CHj), 2.15 (s, 3H, CHs). ">*CNMR (100 MHz, CD,Cl,; §,
ppm):166.54 (C=0), 160.66 (Ar—C), 154.58, 153.09,
152.28, 138.98, 129.71, 126.80, 126.62, 122.30, 115.53,
105.77 (Ar—C), 100.18 (CH=C), 61.76 (OCHs), 60.96,
60.53, 56.11 (OCH;), 44.42 (S—CH,), 44.33, 17.26 (CH,).
MS (ESl) m/z: calcd. for CyuHysNsOgS [M+1]17512.15,
found 512.3.

Synthesis
oxyphenyl)-4H-1,2,4-triazol-3-yl)
1-yl)acetamide (3)534

of 2-((4-(4-methoxyphenyl)-5-(3,4,5-trimeth-
thio)-N-(pyrrolidin-

In a mixture of glacial acetic acid (GAA) (10 mL), and
tetrahydrofuran (THF) (5 mL), compound 1 (0.5 g,
1.12 mmol) was dissolved, and stirred at RT for 1 h,
then the mixture was refluxed for 8 h. After cooling to
RT, the solvent was reduced to half (under reduced
pressure), and poured over crushed ice, off-white solid
was precipitated, filtered, and recrystallized from EtOH
to give compound 3.
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Off white powder. Yield: 49%. R;=31(hexane/ethyl
acetate 8:2). m.p.: 201-203°C. FT-IR (KBr disk, cm™):
3204 (NH) str, 2997, 2961, 2837 (C—H) str, 1672 (C=0)
str, 1606 (C=N) str, 1586, 1510, 1459 (ArC=C) str, 1244
(Ar—C—O0) str, 1029 (C—N) str. "H-NMR (400 MHz, CD,Cl;
0, ppm): 10.31 (s, TH, NH), 7.28 (d, 2H, ArH), 7.07 (d, 2H,
ArH), 6.70 (s, TH, Ar—H), 3.96 (s, 2H, S—CH,), 3.88 (s, 3H,
OCHj3), 3.79 (s, 3H, OCHj3), 3.65 (s, 6H, 2x OCHj;), 2.14-
1.96 (m, 8H, 4x CH,-pyrollidine). *C-NMR (100 MHz,
CD,Cly; 8, ppm): 167.84 (C=0), 166.53 (Ar—C), 166.18,
161.31, 155.39, 153.80, 153.57, 129.11, 126.64, 121.77,
115.64, 105.72 (Ar—C), 60.82 (OCH3), 56.24 (OCH,),
56.10 (OCHj), 33.85 (S—CH,), 20.99 (CH,). MS (ESI) m/z:
calcd. for Cy4H,9NsOsS [M]1499.19, found 499.5.

General Procedure for Synthesis of Compounds 4-7"

In abs EtOH (20 mL), compound 1 (0.1g, 0.225 mmol),
and the appropriate  phenyl isothiocyanate
(0.225 mmol): a: 4-methoxy phenyl isothiocyanate
(0.1379); b: 4-chlorophenyl isothiocyanate (0.138g); c:
4-bromophenyl isothiocyanate (0.148g), d: phenyl
isothiocyanate (0.130 g), was separately dissolved, and
stirred for 6 h at 40-55 °C to produce the new analogs
(4-7, respectively) which were separated by filtration,
washed with diethyl ether, and recrystallized from
EtOH (75 %).

N-(4-methoxyphenyl)-2-(2-((4-(4-methoxyphenyl)-5-
(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazol-3-
yl)thio)acetyl)hydrazine-1-carbothioamide (4). White
powder. Yield: 67%. R;=0.34 (hexane/ethylace-
tate8:2). m.p.: 199-201°C. FT-IR (KBr disc, cm™'): 3288
(Ar—H) str, 3218 (H—N—C=S) str, 3151 (H—N—C=0) str,
2980 2935, 2837 (C—H) str, 1704 (C=0) str, 1586, 1541,
1486 Ar(C=C) str, 1249, 1233 (Ar—C—0) str, 1189 ((=S5)
str, 1080 (C—N) str. 'H-NMR (400 MHz, DMSO,; 9,
ppm): 10.40 (s, TH, NH), 9.66 (s, 2H, NH), 7.41 (d, 2H,
Ar—H), 7.35 (d, 2H, Ar—H), 7.13 (d, J=8.5, 2H, Ar—H),
6.89 (d, J=8.4, 2H, Ar—H), 6.60 (s, 2H, Ar—H), 3.97 (s,
2H, S—CH,), 3.81 (s, 3H, OCHj3), 3.72 (s, 3H, OCH,), 3.63
(s, 3H, OCHs), 3.33 (s, 3H, OCH5). '*C-NMR (100 MHz,
DMSOg; O, ppm):) 160.73 (Ar—C), 157.24, 154.53,
153.07, 152.49, 138.99, 132.26, 129.68, 126.69, 122.04,
115.60, 113.57, 105.67 (Ar—C), 60.53 (OCHs), 56.10
(OCH3), 56.09 (OCHs), 55.63 (OCHs), 34.74 (CH,). MS
(ESI) m/z: caled. for CygH3oNgO6S, [M+11T 611.17,
found 611.30.

N-(4-chlorophenyl)-2-(2-((4-(4-methoxyphenyl)-5-(3,4,5-
trimethoxyphenyl)-4H-1,2,4-triazol-3-
yl)thio)acetyl)hydrazine-1-carbothioamide (5). White pow-
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der. Yield: 43%, R;=0.37 (hexane/ethylacetate8:2). m.p.:
210-213°C. FT-IR (KBr, cm™"): 3300 (Ar—NH) str, 3161
(H-N—C=S) and (H—N—C=0) str, 2959 and 2836 (CH,) str,
1712 (C=0) str, 1609 (C=N) str, 1586, 1537, and 1512
(ArC=Q) str, 1232 (Ar—C-0), 1192 (C=S) str, 1072 (C—N)
str. "H-NMR (400 MHz, DMSOQ,; 8, ppm): 1047 (s, TH,
NH), 9.88 (s, 1H, NH), 9.83 (s, 1H, NH), 7.57-7.37 (m, 6H,
Ar—H), 7.13 (d, J=8.8, 2H, Ar—H), 6.65 (d, 2H, Ar—H), 3.96
(s, 2H, S—CH,), 3.81 (s, 3H, OCHs), 3.63 (s, 3H, OCHj3),
3.16-3.15 (s, 6H, 2x OCH;). '*C-NMR (100 MHz, DMSO
o, ppm): 181.00 (C=S), 160.75 (C=0), 160.69 (Ar—C),
154.53, 153.07, 139.00, 138.38, 129.69, 128.25, 126.65,
121.99, 115.60, 115.55, 105.64 (Ar—C), 60.52 (OCHjy),
56.07 (OCH3), 49.05 (OCH;), 34.67 (CH,). MS (ESI) m/z:
calc. for C,;H,,CINgOsS, [M+2]1%615.12, found 615.6.d

N-(4-bromophenyl)-2-(2-((4-(4-methoxyphenyl)-5-
(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazol-3-
yl)thio)acetyl)hydrazine-1-carbothioamide  (6). White
powder. Yield:38%. R=0.29 (hexane/ethyl acetate
8:2). m.p.: 198-200°C. FT-IR (KBr, cm™"): 3300 (Ar—NH)
str, 3161 (H-N—C=S) and (H—N—C=0) str, 2959, 2933(C-
H) str, 1716 (C=0) str, 1609 (C=N) str, 1586, 1531, and
1485 (ArC=C) str, 1251 and 1232 (Ar—C-0O) str, 1192
(C=S) str, 1072 (C—N) str. "TH-NMR (400 MHz, DMSOQ,; S,
ppm): 10.48 (s, TH,NH), 9.90 (s, TH,NH), 9.83 (s, TH,NH),
7.53-7.41 (m, 6H, Ar—H), 7.15 (d, 2H, Ar—H), 6.64 (d,
2H, A-rH). 3.97 (s, 2H, S—CH,), 3.83-3.57 (m, 12H, 4x
OCHs). 3C-NMR (100 MHz, DMSO,¢; 8, ppm): 180.65
(=S), 166.87 (C=0), 160.19 (Ar—C), 153.97, 152.51,
152.00, 138.38, 138.23, 130.64, 129.14, 127.90, 126.08,
121.44, 117.37, 115.04, 105.02 (Ar—C), 59.96 (OCHy),
55.51 (OCHj3), 34.10 (CH,). MS (ESI) m/z: calcd. for
C,7H,,BrNgOsS, [IM+ 3] 661.07, found 661.1.

2-(2-((4-(4-methoxyphenyl)-5-(3,4,5-trimeth-
oxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetyl)-N-phenylhy-
drazine-1-carbothioamide (7). White powder. Yield:
61%. R;=0.23 (hexane/ethylacetate8:2). m.p.: 185-
188°C. FT-IR (KBr, cm™"): 3299 (Ar—NH) str, 3194
(H-N—C=S) str, 3154 (H—N—C=0) str, 2973, 2836 (C—H)
str, 1712 (C=0) str, 1610 (C=N) str, 1585, 1535, and
1485 (Ar—C=C) str, 1250 and 1231 (Ar—C—0O) str, 1072
(C—N) str, 1199 (C=S) str. "H-NMR (400 MHz, DMSOQ ; §,
ppm): 10.44 (s, 1H, NH), 9.77 (s, H, NH), 9.76 (s,1H,NH),
7.55 (d, 2H, Ar—H), 7.41 (d, 2H, Ar—H), 7.32 (t, 2H, Ar—H),
7.17-7.11 (dd, 3H, Ar—H), 6.66 (s, 2H, Ar—H), 3.98 (s, 2H,
S—CH,), 3.81 (s, 3H, OCHj3), 3.64 (s, 3H,0CHs), 3.55 (s,
6H, 2xOCH5). "*C-NMR (100 MHz, DMSOs; 8, ppm):
181.26 (C=S), 160.73 (C=0), 154.57 (Ar—C), 153.08,
152.48, 139.41, 138.99, 129.68, 128.37, 126.70, 125.57,
122.06, 115.59, 105.68 (Ar—C), 60.53 (OCH,), 56.11
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(OCH3), 3478 (CH,). MS (ES) m/z: calcd. for

C,7H2gNg0sS, [M1T 580.16, found 580.59.

General Procedure for the Synthesis of Compounds 8
and 9

Compound 4 (0.219,0.344 mmol) or compound 7
(0.29,0.344 mmol) was separately dissolved in aqueous
solution of NaOH (25 ml, 2 N), and refluxed for 4 h,
then the mixture was cooled and acidified by cold
conc. HCl. The precipitates were collected by filtration,
and washed thoroughly with D.W, and recrystallized
from EtOH to yield the desired product.*®!

4-(4-methoxyphenyl)-5-(((4-(4-methoxyphenyl)-5-

(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazol-3-yl)thio)meth-
yl)-4H-1,2,4-triazole-3-thiol (8). White powder. Yield:
71%. R;=0.55 (hexane/ethylacetate 8:2). m.p.: 207-
209°C. FT-IR (KBr, cm™"): 3011 (Ar—H) str, 2964, 2934,
2837 (—C—H) str, 1607 (C=N) str, 1586, 1512, and 1484
(ArC=C) str, 1247 (Ar—C-O) str, 1123 (C—N) str. '"H-NMR
(400 MHz, DMSOy; 6, ppm): 13.80 (s, TH, NH-thione
taut.), 7.21-7.04 (m, 8H, Ar—H), 6.63 (s, 2H, Ar—H), 4.11
(s, 2H, S—CH,), 3.81-3.79 (s, 6H, 2x OCH3), 3.34 (s, 3H,
OCH;), 3.56 (s, 3H, OCH;). *C-NMR (100 MHz, DMSO 4;
0, ppm): 168.95 (C=S), 160.62(Ar—C), 160.22, 154.95,
153.08, 150.24, 149.03, 139.02, 129.97, 129.52, 126.73,
126.05, 122.04, 115.48, 114.93, 105.75 (Ar—C), 60.53
(OCHs), 56.10 (OCHjs), 55.90 (OCHj3), 27.83 (CH,). MS
(ESI) m/z: caled. for CygH,5NgO5S, [IMIT 593.16, found
593.3.

5-(((4-(4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-

4H-1,2,4-triazol-3-yl)thio)methyl)-4-phenyl-4H-1,2,4-
triazole-3-thiol (9). White powder. Yield: 56 %. R;=0.61
(hexane/ethyl acetate 8:2). m.p.. 196-199°C. FT-IR
(KBr, cm™"): 3011, 3003 (Ar—H) str, 2934 and 2837
(—C—H) str, 1607 (C=N) str, 1586, 1512, and 1484
(ArC=C) str, 1247 (O—CHs) str, 1123 (C—N) str. "H-NMR
(400 MHz, DMSOy4; 0, ppm): 13.87 (s, 1H, NH-thione
taut.), 7.53 (d, 3H, Ar—H), 7.32 (d, 2H, Ar—H), 7.22 (d,2H,
Ar—H), 7.09 (d, 2H, Ar—H), 6.64 (s, 2H, Ar—H), 4.13 (s, 2H,
S—CH,), 3.81 (s, 3H, OCHj), 3.64 (s, 3H, OCHs), 3.37 (s,
3H,0CH,). "*C-NMR (100 MHz, DMSOg; 8, ppm): 168.72
(C=S), 160.62 (Ar—C), 154.99, 153.09, 150.25, 148.72,
139.04, 133.61, 130.08, 129.81, 129.53, 128.72, 126.72,
122.03, 115.49, 105.76 (Ar—C), 60.53 (OCH,), 56.11
(OCH;), 2791 (CH,). MS (ESl) m/z: «calcd. for
Co7H2sNg0,S, IM+ 317 565.15, found 565.40.
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BIODIVERSITY

In silico Studies
Method of Docking Study
Preparation of the Targeted Protein Tubulin

The binding site of human tubulin was generated as
described in Supplementary Information.®

Preparation of Tested Ligands

The 3D structures of the tested compounds were
prepared as  described in Supplementary
Information.*”!

Molecular Docking

The proposed binding interactions, affinity, preferred
orientation of each docking pose, and binding Free
energy (AG) of the compounds tested with human
tubulin are described in Supplementary
Information. &4

Validation of Molecular Docking

The docking study algorithm was validated as de-
scribed in Supplementary Information.

Molecular Similarity

The molecular similarity descriptors were calculated
for the tested compounds then compared to the
reference compound (colchicine), using the Discovery
Studio 2019 Software as described in Supplementary
Information.

ADMET Studies

Colchicine was used as a reference drug (for the
newly synthesized compounds) in ADMET studies
using the Discovery Studio 2019 Software as described
in Supplementary Information.

Toxicity Studies

The Discovery Studio 2019 Software was used to
generate toxicity predictions for the newly synthesized
molecules, as described in Supplementary Information.

MD Simulation Methodology

Molecular dynamics simulation of the protein-ligand
complexes was performed using GROMACS 2021.1
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version and Linux 54 package as described in
Supplementary Information.

3D-QSAR (3 Dimensional-Quantitative Structure-Activity
Relationship) Model Generation and Validation

The 3D-QSAR model was generated by GridBased-
TempModel protocol in the Discovery Studio 2019
Software as described in Supplementary Information.

Biological Investigation
Cell Culture

Human A549 lung cancer cells, human Hep G2
hepatocyte carcinoma cells, human HCT-116 colorectal
carcinoma cells, and human WI-38 normal lung
fibroblast cell lines were maintained in their specific
media (Gibco, USA) and supplemented with fetal
bovine serum (Gibco, USA) according to ATCC.
Trypsin-EDTA (Millipore-Merck, USA) was used for cell
passaging. Cells were incubated in 5% CO, 100%
humidity at 37°C.

MTT in vitro Anti-Proliferation Assay

The MTT cytotoxicity assay was performed according
to Mosmann, 1983.5%°1 The different compounds
were diluted in 0.2% DMSO and 8 different concen-
trations for each compound were prepared (100, 30,
10, 3, 1, 0.3, 0.1, and 0.03 uM) in the specific growth
medium.

Flow Cytometric Analysis of Control and Treated Hep G2
Hepatocyte Carcinoma Cells

Hep G2 hepatocyte carcinoma cells were treated with
compound 3 (at the IC;;, concentration) for 72 h,
harvested, stained with Annexin-V/propidium iodide
(PI), and analyzed for cell cycle phases (Cell Cycle
Assay Kit; Elabscience Biotechnology, USA) and apop-
tosis (Annexin V-FITC apoptosis detection kit; Elabs-
cience Biotechnology, USA) using the Flowing Soft-
ware (Turku Bioscience).

Tubulin Polymerization Assay

Colchicine (50 uM), 0.2% DMSO as a vehicle control,
and compounds 3, 5, and 9 (each at 10 uM) were
tested for their effects on tubulin polymerization
(Tubulin Polymerization Assay Kit, Cytoskeleton, USA).
In vitro polymerization of tubulin was monitored

( CHEMISTRY &
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continuously by recording the fluorescence at 1 min
interval for 90 min, increasing relative fluorescence
units is indicative of tubulin polymerization.

Colchicine Competitive Binding Assay

Vinblastine (10 pM), CA-4 (10 uM), and compounds 3,
5, and 9 at 10 pM and 50 pM were incubated with
3 UM tubulin in the presence or absence of 3 uM
colchicine for 30 min at 37°C. Results are shown as
percentage fluorescence of colchicine-tubulin com-
plex. Fluorescence values were normalized to 0.2%
DMSO (control).

Statistical Analysis

Values are given as mean 4 SEM of three independent
experiments. *p < 0.05 indicates statistically significant
difference as compared to control untreated cells in
unpaired t-tests using GraphPad Prism 8 software.
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