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ABSTRACT

Although various dual-target tubulin inhibitors have been designed and synthesised, no dual tubulin-
NEDDylation inhibitors as antiproliferative agents were reported so far. In this work, a series of trimethoxy-
phenyl analogues as potential dual tubulin-NEDDylation inhibitors were synthesised and evaluated for
their antiproliferative activity. Among them, compound C11 exhibited the most potent inhibitory activity
with ICso values of 1.17, 2.48, and 1.47 uM against HepG2, PC3, and MCF7 cells, respectively. In addition, it
displayed the potent inhibitory activity against tubulin with an ICso value of 2.40 uM and obviously inhib-
ited tubulin polymerisation in HepG2 cells. Furthermore, C11 inhibited NEDDylation by a ATP-dependent
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manner. Molecular docking studies revealed that the methoxy group and dithiocarbamate group of C11
could form hydrogen bonds with residues of tubulin and E1 NEDD8-activating enzyme (NAE). These
results suggested that compound €11 was a dual tubulin-NEDDylation inhibitor with antiproliferative

activity.

GRAPHICAL ABSTRACT
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Introduction

Microtubules as dynamic protein polymers of «- and f-tubulin
play essential roles in a range of cellular processes, such as
intracellular transport, cell division, cell growth, cell shape
maintenance, and cell motility’. Recently, microtubule-target-
ing agents interacted with tubulin have been widely developed
for cancer therapy®. N-substituted 3-oxo-1,2,3,4-tetrahydro-qui-
noxaline-6-carboxylic acid derivative 1 (Figure 1) inhibited
tubulin polymerisation and exhibited the potent antiprolifera-
tive activity®. Tubulin polymerisation inhibitor 2 could induce
intracellular reactive oxygen species (ROS) production and
mitochondrial depolarization®. Compound 3 induced the G2/M
phase arrest and cell apoptosis against MGC803 cells by target-
ing tubulin®. Tubulin polymerisation inhibitor 4 could interrupt
the formation of microtubule network by inhibiting the tubulin

polymerisation with an ICs, value of 4.96 uM®. Thus, tubulin
has become an important target for the development of anti-
cancer agents’.

NEDDylation is catalysed by three-enzyme cascade including
the E1 NEDDS8-activating enzyme (NAE), E2 NEDD8-conjugating
enzyme and E3 NEDDS ligase, which could lead to attachment of
ubiquitin-like NEDD8 to a substrate protein on a lysine residue®.
Many studies have illustrated the close relationship between
NEDDylation in multiple pathophysiological processes and differ-
ent NEDDylation modulators were designed®. Compound 5
(Figure 2) as an orally bioavailable analogue inhibited both
DCN1-mediated cullin neddylation and the DCN1-UBE2M protein-
protein interaction'®. Our group reported a novel tertiary amide
derivative 6 as the NEDDylation activator to inhibit tumour pro-
gression in vitro and in vivo''. Compound 7 targeting
NEDDylation displayed the potent activity MGC-803, EC-109, and
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Figure 1. Tubulin polymerisation inhibitors as anticancer agents.

Figure 2. Representative NEDDylation modulators.
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Figure 3. Rational design of tubulin-NEDDylation inhibitors.

PC-3 cells with 1Cs values of 2.35, 10.1, and 5.71 uM™2. All these
findings showed that NEDDylation modulators might be poten-
tial anticancer agents.

In recent years, developing dual-target inhibitors has been a
new trend in tumour treatment'>. Dual-target tubulin inhibitors
are novel chemical entities that could bind to tubulin and the
other different target in medicinal chemistry'®. However, there are
none tubulin-NEDDylation inhibitors reported as antiproliferative
agents. In this work, a series of dual tubulin-NEDDylation inhibi-
tors were designed, synthesised and evaluated for their antiproli-
ferative activities against HepG2, PC3, and MCF7 cell lines. As
shown in Figure 3, a molecular hybridisation strategy based on
the structures of tubulin polymerisation inhibitor 3 and
NEDDylation modulator 7 to produce the potential tubulin-
NEDDylation inhibitors. Importantly, compound €11 was identified
as a dual tubulin-NEDDylation inhibitor with potent antiprolifera-
tive activities.
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Materials and methods
Chemistry

General procedure for preparation of compounds B1-B3

A solution of 3,4,5-trimethoxyaniline (3mmol), triethylamine
(4mmol), and 1-(chloromethyl)-4-methoxybenzene (3 mmol) in
CH,Cl, (12mL) was added. After the system was stirred at room
temperature for 12 h, acyl chlorides were added to form the acyl-
ation reaction. Then, it was washed with aqueous Na,CO; and
brine. Finally, crude intermediates B1-B3 were prepared without
the purification. The NMR datum of compounds A1 and B1-B3
were reported by our reported reference’.

General procedure for preparation of compounds C1-C15
A solution of crude intermediates B1-B3 (1.5 mmol), CS, (3 mmol),
secondary amines (1 mmol), and KOH (1 mmol) in acetone (5mL)
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was added. After the system was refluxed for 7 h, it was washed
with aqueous Na,COsz and brine. Then, organic system was con-
centrated and purified by column chromatography with n-hexane/
ethyl acetate (8:1) to afford the compounds C1-C15.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-4-
acetylpiperazine-1-carbodithioate (C1)

White powder, yield, 48.5%, m.p:56-58°C. "H NMR (400 MHz,
CDCl3) 6 7.10 (d, J=8.6Hz, 2H), 6.74 (d, J=8.6Hz, 2H), 6.25 (s,
2H), 4.74 (s, 2H), 4.14 (s, 4H), 3.95 (s, 2H), 3.78 (s, 3H), 3.71 (s, 3H),
3.70 (m, 2H), 3.67 (s, 6H), 3.60 — 3.48 (m, 2H), 2.07 (s, 3H). '*C NMR
(100 MHz, CDCl3) 6 168.33, 165.46, 158.08, 152.55, 136.96, 135.77,
129.60, 128.43, 112.66, 104.94, 59.95, 55.21, 54.26, 52.11, 44.15,
40.03, 29.92, 20.34. HRMS calculated for CogH34N506S,, M +H]T
m/z: 548.1889, found: 548.1897.

Tert-butyl-4-(((2-((4-methoxybenzyl)(3,4,5-trimethoxyphenyl)a-
mino)-2-oxoethyl)thio)carbonothioyl)piperazine-1-carboxylate (C2)
White powder, yield, 73.2%, m.p:55-57°C. '"H NMR (400 MHz, CDCls)
0 7.10 (d, J=8.6Hz 2H), 6.74 (d, J=8.6Hz, 2H), 6.25 (s, 2H), 4.74 (s,
2H), 4.17 (s, 2H), 3.94 (s, 4H), 3.78 (s, 3H), 3.71 (s, 3H), 3.66 (s, 6H),
3.48 (s, 4H), 141 (s, 9H). C NMR (100 MHz, CDCls) & 165.60, 158.06,
15341, 152,53, 136.93, 135.80, 129.61, 12847, 112.65, 104.95, 79.63,
5995, 55.20, 54.26, 52.09, 39.98, 27.34. HRMS calculated for
CaoHaoN3055,, [M + HI* m/z 606.2308, found: 606.2316.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-4-
methylpiperazine-1-carbodithioate (C3)

White powder, yield, 64.5%, m.p:40-42°C. 'H NMR (400 MHz,
CDCl3) 6 7.10 (d, J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.26 (s,
2H), 4.74 (s, 2H), 4.23 (s, 2H), 3.94 (s, 4H), 3.78 (s, 3H), 3.71 (s, 3H),
3.66 (s, 6H), 2.50 —2.38 (m, 4H), 2.26 (s, 3H). >C NMR (100 MHz,
CDCl3) 6 195.13, 165.70, 158.04, 152.51, 136.89, 135.86, 129.60,
128.54, 112.64, 104.96, 59.94, 55.19, 54.26, 53.24, 52.04, 44.51,
40.04, 28.26. HRMS calculated for CysH34N30sS5, [M+H]T m/z
520.1940, found: 520.1949.

3-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-3-oxopropyl-
4-acetylpiperazine-1-carbodithioate (C4)

White powder, yield, 52.3%, m.p:46-48°C. "H NMR (400 MHz,
CDCl3) 6 7.08 (d, J=8.6Hz, 2H), 6.74 (d, J=8.6Hz, 2H), 6.04 (s,
2H), 4.70 (s, 2H), 3.92 (d, J=25.2Hz, 4H), 3.78 (s, 3H), 3.71 (s, 3H),
3.64 (d, J=8.1Hz, 8H), 3.59 —3.43 (m, 4H), 2.52 (t, J=7.0Hz, 2H),
2.06 (s, 3H). >°C NMR (100 MHz, CDCl5) § 169.82, 158.03, 152.52,
136.72, 136.18, 129.57, 128.75, 112.65, 104.87, 59.94, 55.18, 54.27,
51.39, 44.17, 39.54, 32.96, 31.53, 28.26, 20.34. HRMS calculated for
C57H36N306S5, M +HI™ m/z: 562.2046, found: 562.2052.

4-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-4-oxobutyl-4-
methylpiperazine-1-carbodithioate (C5)

White powder, yield, 78.5%, m.p:86-88°C. "H NMR (400 MHz,
CDCl3) 6 7.07 (d, J=8.5Hz, 2H), 6.73 (d, J=8.5Hz, 2H), 6.05 (s,
2H), 4.69 (s, 2H), 4.25 (s, 2H), 3.98 —3.79 (m, 2H), 3.78 (s, 3H), 3.71
(s, 3H), 3.64 (s, 6H), 3.21 (t, J=7.3Hz, 2H), 2.39 (s, 4H), 2.25 (s, 3H),
217 (t, J=7.2Hz, 2H), 2.02—1.85 (m, 2H). >C NMR (100 MHz
CDCl3) 6 195.90, 170.78, 157.96, 152.46, 136.67, 136.58, 129.51,
128.97, 112.64, 104.81, 59.93, 55.17, 54.26 53.34, 51.26, 44.59,
35.47, 32.28, 23.83. HRMS calculated for Cy;H3gN30sS,, [M+H]™
m/z: 548.2253, found: 548.2258.

3-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-3-oxopropyl-
4-methylpiperazine-1-carbodithioate (C6)

White powder, yield, 63.1%, m.p:122-124°C. "H NMR (400 MHz,
CDCl3) 6 7.08 (d, J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.04 (s,
2H), 4.70 (s, 2H), 4.23 (s, 2H), 3.88 (m, 2H), 3.77 (s, 3H), 3.71 (s, 3H),
363 (s, 6H), 3.52 (t, J=7.0Hz, 2H), 252 (t, J=7.0Hz, 2H),
246 —230 (m, 4H), 224 (s, 3H). >°C NMR (100MHz, CDCl3) &
195.99, 169.97, 157.99, 15249, 136.67, 136.24, 129.55, 128.83,
112.63, 104.87, 59.94, 55.16, 54.26, 53.36, 51.36, 44.60, 33.09,
31.48. HRMS calculated for CygH3N305S,, [M +H]T m/z: 534.2096,
found: 534.2102.

3-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-3-oxopropyl-
4-ethylpiperazine-1-carbodithioate (C7)

White powder, yield, 50.6%, m.p:124-126°C. 'H NMR (400 MHz,
CDCl5) 6 7.08 (d, J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.04 (s,
2H), 4.70 (s, 2H), 4.23 (s, 2H), 3.88 (s, 2H), 3.77 (s, 3H), 3.71 (s, 3H),
3.63 (s, 6H), 3.52 (t, J=7.0Hz, 2H), 2.52 (t, J=7.0Hz, 2H), 2.42 (m,
4H), 237 (q, J=7.2Hz, 2H), 1.02 (t, J=7.2Hz 3H). '>C NMR
(100 MHz, CDCl5) 6 195.77, 169.98, 157.99, 152.48, 136.66, 136.24,
129.55, 128.84, 112.63, 104.87, 59.94, 55.16, 54.25, 51.36, 51.12,
50.88, 33.10, 31.47, 10.93. HRMS calculated for C,;H3gN305S,,
[M -+ HI" m/z: 548.2253, found: 548.2259.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-4-
ethylpiperazine-1-carbodithioate (C8)

White powder, yield, 73.1%, m.p:41-43°C. 'H NMR (400 MHz,
CDCl3) 6 7.10 (d, J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.26 (s,
2H), 4.74 (s, 2H), 4.27 (s, 2H), 3.94 (s, 4H), 3.78 (s, 3H), 3.71 (s, 3H),
3.66 (s, 6H), 2.53 (m, 4H), 2.44 (q, J=7.2Hz, 2H), 1.05 (t, J=7.2Hz,
3H). *C NMR (100 MHz, CDCls) § 195.03, 165.69, 158.04, 152.51,
136.90, 135.85, 129.60, 128.52, 112.64, 104.96, 59.94, 55.19, 54.26,
52.05, 50.83, 40.03, 28.26, 10.61. HRMS calculated for
Ca6H36N305S,, [M 4+ HIT m/z: 534.2096, found: 534.2104.

4-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-4-oxobutyl-4-
ethylpiperazine-1-carbodithioate (C9)

Yellow liquid, yield, 52.9%. '"H NMR (400 MHz, CDCl3) & 7.07 (d,
J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.05 (s, 2H), 4.69 (s, 2H),
4.26 (s, 2H), 3.85 (s, 2H), 3.78 (s, 3H), 3.71 (s, 3H), 3.64 (s, 6H), 3.21
(t, J=7.4Hz, 2H), 2.42 (s, 4H), 2.38 (m, 2H), 2.17 (t, J=7.2Hz, 2H),
1.99 (m, 2H), 1.03 (t, J=7.2Hz, 3H). "*C NMR (100 MHz, CDCl5) §
195.71, 170.78, 157.96, 15247, 136.67, 129.51, 12897, 112.65,
104.81, 59.94, 55.17, 54.26, 51.26, 51.08, 50.87, 35.45, 32.28, 23.84,
10.88. HRMS calculated for CogHaoN305S,, [M+H]T m/z: 562.2409,
found: 562.2413.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-
pyrrolidine-1-carbodithioate (C10)

White powder, yield, 80.2%, m.p:150-152°C. 'H NMR (400 MHz,
CDCl3) 6 7.11 (d, J=8.5Hz, 2H), 6.73 (d, J=8.5Hz, 2H), 6.27 (s,
2H), 4.75 (s, 2H), 3.94 (s, 2H), 3.83 (t, J=7.0Hz, 2H), 3.78 (s, 3H),
3.71 (s, 3H), 3.67 (s, 6H), 3.65 (d, J=7.1Hz, 2H), 2.07 —1.95 (m,
2H), 1.90 (p, J=6.7Hz, 2H). '*3C NMR (100 MHz, CDCl5) § 190.78,
165.92, 158.02, 152.49, 136.86, 13591, 129.59, 128.58, 112.64,
105.01, 59.93, 55.20, 54.25, 54.23, 52.07, 49.74, 39.52, 25.13, 23.32.
HRMS calculated for Cy4H3N,0sS,, [IM+H]IT m/z 491.1674,
found: 491.1678.



2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyIpi-
peridine-1-carbodithioate (C11)

Yellow liquid, yield, 52.9%. 'H NMR (400 MHz, CDCl3) § 7.07 (d,
J=8.6Hz, 2H), 6.73 (d, J=8.6Hz, 2H), 6.05 (s, 2H), 4.69 (s, 2H),
4.26 (s, 2H), 3.85 (s, 2H), 3.78 (s, 3H), 3.71 (s, 3H), 3.64 (s, 6H), 3.21
(t, J=7.4Hz, 2H), 2.42 (s, 4H), 2.38 (m, 2H), 2.17 (t, J=7.2Hz, 2H),
1.99 (m, 2H), 1.03 (t, J=7.2Hz, 3H). *C NMR (100 MHz, CDCl3) &
195.71, 170.78, 157.96, 152.47, 136.67, 129.51, 128.97, 112.65,
104.81, 59.94, 55.17, 54.26, 51.26, 51.08, 50.87, 35.45, 32.28, 23.84,
10.88. HRMS calculated for CogHagN30sS,, [M+HIT m/z: 562.2409,
found: 562.2413.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-3-
methylpiperidine-1-carbodithioate (C12)

White powder, yield, 48.6%, m.p:113-115°C. "H NMR (400 MHz, CDCl;)
0 7.1 (d, J=85Hz 2H), 6.73 (d, J/=85Hz 2H), 6.27 (s, 2H), 5.22 (d,
J=10.7Hz, 1H), 4.75 (d, J=9.0Hz, 2H), 445 (dd, 1H), 4.12 (m, 2H), 3.78
(s, 3H), 3.71 (s, 3H), 3.66 (s, 6H), 3.09 (s, TH), 2.77 (m, 1H), 1.79 (d,
J=13.1Hz, 1H), 168 (s, 2H), 1.60 (m, 1H), 1.18 (m, 1H), 0.88 (d,
J=6.5Hz, 3H). C NMR (100MHz, CDCl5) 6 193.67, 165.91, 158.01,
15247, 136.83, 135.93, 129.59, 12861, 112.62, 104.97, 59.93, 55.18,
54.25, 52.01, 40.10, 31.79, 17.74. HRMS calculated for CysH35N,05S,,
[M+ HI" m/z: 519.1987, found: 519.1996.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-
morpholine-4-carbodithioate (C13)

White powder, yield, 70.1%, m.p:163-165°C. 'H NMR (400 MHz,
CDCl3) 6 7.11 (d, J=8.5Hz, 2H), 6.74 (d, J=8.6Hz, 2H), 6.26 (s,
2H), 4.74 (s, 2H), 4.21 (s, 2H), 3.95 (s, 4H), 3.78 (s, 3H), 3.71 (s, 3H),
3.69 (m, 4H), 3.67 (s, 6H). '>*C NMR (100 MHz, CDCl;) & 195.68,
165.57, 158.05, 152.53, 136.91, 135.82, 129.61, 128.49, 112.64,
104.94, 65.17, 59.94, 55.19, 54.25, 52.07, 39.86. HRMS calculated
for Co4H31N206S,, M+ HIT m/z: 507.1624, found: 507.1629.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-
3,5-dimethylpiperidine-1-carbodithioate (C14)

White powder, yield, 51.3%, m.p:128-130°C. '"H NMR (400 MHz,
CDCl3) ¢ 7.11 (d, J=8.5Hz 2H), 6.73 (d, J=8.5Hz, 2H), 6.26 (s, 2H),
541 (d, J=10.7Hz, 1H), 487 —4.60 (m, 2H), 4.52 (d, J=124Hz, 1H),
411 —3.83 (m, 2H), 3.78 (s, 3H), 3.71 (s, 3H), 3.66 (s, 6H), 2.61 (t
J=120Hz, 1H), 240 (t, J=11.8Hz, TH), 1.79 (d, J=13.0Hz, 1H),
1.74—1.58 (m, 2H), 0.88 (s, 3H), 0.86 (s, 3H), 0.79 (m, TH). °C NMR
(100 MHz, CDCl5) 6 19348, 165.91, 158.01, 15247, 136.83, 135.92,
129.59, 128.59, 112.62, 104.96, 59.93, 57.89, 56.34, 55.18, 54.25, 52.01,
41.12, 40.14, 30.74, 29.86, 17.81. HRMS calculated for C,;Hs;N,0s5S,,
[M -+ HI* m/z: 533.2144, found: 533.2148.

2-((4-Methoxybenzyl)(3,4,5-trimethoxyphenyl)amino)-2-oxoethyl-
2,6-dimethylpiperidine-1-carbodithioate (C15)

White powder, yield, 76.2%, m.p:124-126°C. 'H NMR (400 MHz,
CDCl3) 6 712 (d, J=8.5Hz, 2H), 6.73 (d, J=8.5Hz, 2H), 6.27 (s,
2H), 5.75—-5.50 (m, 1H), 5.00 —4.82 (m, TH), 4.82 —4.66 (m, 2H),
4.10 (s, TH), 3.81 (s, 1H), 3.77 (s, 3H), 3.71 (s, 3H), 3.67 (s, 6H),
1.83 —1.48 (m, 6H), 1.31 (d, J=7.0Hz, 3H), 1.23 (d, J=7.1Hz, 3H).
13C NMR (100 MHz, CDCl5) § 194.73, 166.04, 158.00, 152.47, 136.81,
136.01, 129.58, 128.66, 112.62, 104.97, 59.93, 55.18, 54.25, 53.12,
52.25, 51.98, 39.85, 29.32, 29.11, 18.87, 17.59, 12.81. HRMS calcu-
lated for Cy7H3,N,05S,, [M 4+ H]t m/z: 533.2144, found: 533.2150.
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MTT assay

Tubulin and NEDDylation have been promising antitumor targets
and play vital roles in diverse cancers, such as liver cancer, pros-
tate cancer, and breast cancer'®. Therefore, liver cancer cell line
(HepG2), prostate cancer cell line (PC3), breast cancer cell line
(MCF7?), and normal human liver cell line (L-02) were selected to
evaluate their antiproliferative activity’ﬁ’”. HepG2, PC3, MCF7, and
L-02 cell lines were cultured at 37°C in the RPMI1640 medium
(Shanghai Yuanye Biotechnology Co. LTD, shanghai, china).
Cancer cell lines were seeded into the 48-well plates for 24 h and
10 000 cells were seeded into each well. Compounds were dis-
solved by dimethyl sulphoxide and added into above plates.
Then, all plates were incubated for 72 h at 37°C and MTT solution
(Shanghai Yuanye Biotechnology Co., LTD, shanghai, china) was
added. After the incubation of MTT solution for 2h, 100 uL
dimethyl sulphoxide was added to each well and shook for
15 min. The absorbance of each well was determined by a micro-
plate reader (Thermo Fisher Scientific, Waltham, MA) at 475 nm.

Tubulin polymerisation assay in vitro

An amount of 1 mM ATP, 10.2% glycerol, 0.5 mM magnesium chlor-
ide, TmM EGTA, and 80 mM PIPES were mixed with tubulin solution
(5.6 mg/mL) to prepare the PEM buffer'®. Then, compounds were dis-
solved using dimethyl sulphoxide and added into the PEM buffer.
Finally, the system was monitored every minute at 37°C by a spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA). The absorb-
ance was 420nm and the excitation wavelength was 340 nm. The
concentration of colchicine (3.5nM) and methods of this assay were
reported in our previous reference'®.

Immunostaining assay

Human liver cancer cell line (HepG2) was seeded on a slice and
cultured for 12h?°. Compound was dissolved using dimethyl
sulphoxide and added into the slice. After the incubation for 48 h,
the slice was fixed by 4% paraformaldehyde (Shanghai Yuanye
Biotechnology Co., LTD, Shanghai, China) for 20 min. 0.1% BSA
was added to block for 30 min and tubulin antibody (1:100) was
incubated together for 12 h. The slice was washed and incubated
with the secondary antibody. Finally, DAPI (Shanghai Yuanye
Biotechnology Co., LTD, shanghai, china) was added to stain for
three minutes.

NEDDylation assay in vitro

NEDDylation assay kit was purchased from Abcam (Cambridge,
MA). Ubc12, NAE, NEDDS8, and MgCl, were added to prepare the
NEDDylation solution. Different concentrations of target com-
pound and ATP (0 mM or 1 mM) were added into the tubes with
the NEDDylation solution. Above system was reacted at 37 °C for
1h. Then, western blot was performed with anti-NEDD8 antibody
to detect the Ubc12-NEDD8 band and Ubc12-(NEDDS8), band.

Molecular docking

Molecular docking in this work was performed by the Autodock
software (The Scripps Research Institute, San Diego, CAA). The
crystal structure of tubulin was 1SAO and the crystal structure of
E1 NAE was 3GZN. The formation of Grid for tubulin was x=42.2,
y=>529, z=-9.1. Docking store of C11 with tubulin was
—8.4kcal/mol, and the store of C14 with tubulin was —8.2 kcal/
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mol. The formation of Grid for E1 NAE was x=10.1, y=88.1,
z=44.5. Docking store of C11 with E1 NAE was —9.1 kcal/mol.
Both protein structures were removed the water and metal ions.
After the docking, hydrophilic interaction, hydrophobic interaction,
and hydrogen bonds were analysed between the target com-
pound and proteins.

Results and discussion
Synthesis of compounds C1-C14

Synthetic route of target compounds C1-C14 in this work was

nucleophilic substitution®’??, and an acylation reaction was nextly

started to obtain the amide intermediates B1-B3. These amide
intermediates were reacted with carbon disulphide and secondary
amines in the presence of potassium hydroxide to afford com-
pounds C1-C14. All NMR analyses and of compounds C1-C14
were illustrated in Supplemental data.

Antiproliferative activity of compounds C1-C15

In order to develop novel antiproliferative agents, target com-
pounds C1-C15 were evaluated for their antiproliferative activity
against HepG2 (human liver cancer), PC3 (human prostate cancer),

demonstrated in Scheme 1. 1-(Chloromethyl)-4-methoxybenzene and MCF7 (human breast cancer) cell lines by MTT assay.

and 3,4,5-trimethoxyaniline were reacted to perform the According to our reported reference, 5-fluorouracil was used as a
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Scheme 1. Reagents and conditions: (i) 3,4,5-Trimethoxyaniline, CH,Cl,, triethylamine, rt, 12 h; (ii) Acyl chlorides, CH,Cl,, rt, 2 h; (iii) CS,, Secondary amines, KOH, acet-
one, reflux, 7 h.




control drug to determine the antiproliferative activity of amino
dithiocarbamate analogues®®. Thus, 5-fluorouracil was selected as
the control drug in this work. In addition, colchicine as a tubulin
polymerisation inhibitor and Gartanin as a NEDDylation inhibitor
were also chosen as control agents.>* All inhibitory activity results
against cancer cells for 72 h were listed in Table 1.

Structure-activity relationship

The importance of the side chain containing an amino dithiocar-
bamate fragment was explored. Compound A1 without the side
chain displayed very weak activity against all three cell lines
(IC50 > 30 uM). However, compounds €C1-C15 containing the side
chain exhibited obviously inhibitory effects against these cancer
cell lines with ICso values from 1.17 uM to 18.43 uM. Especially,

Table 1. Antiproliferative activity of compounds A1 and C1-C15.
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compound €11 showed the most potent inhibitory activity against
HepG2, PC3 and MCF7 cells with 1Csy values of 1.17, 2.48, and
1.47 uM, respectively. Thses activity results indicated that the side
chain played a significant role for antiproliferative activity.

Due to the importance of this side chain, compounds contain-
ing various side chains were designed and synthesised. We
observed that the length of carbon linker between the amide
group and dithiocarbamate fragment affected the inhibitory activ-
ity against all three cell lines. Compounds C1, €3, and C8 with
one carbon atom between the amide group and dithiocarbamate
fragment displayed the good potency against HepG2, PC3, and
MCF7 cells with ICsq values from 2.07 to 5.67 uM. Extension of the
carbon linker length by one carbon or two carbons induced the
decrease of antiproliferative activity (C1 VS C4, C3 VS C5, and C8
Vs C9).

To determine whether substituent groups on the piperazine
ring and different secondary amines possessed the effects against
inhibitory activity, compounds with a piperazine ring (C1-C9), a
pyrrolidine ring (C10), a piperidine ring (C11-C12 and C14-C15)
and a morpholine ring (C13) were evaluated for their antiprolifera-
tive activity. Replacement of the pyrrolidine ring of compound
C10 with a morpholine ring (C13) led to an increase of the activ-
ity. However, changing the piperidine ring (compound C11) to a
piperazine ring (compound €3) induced a decrease of the activity
against HepG2, PC3, and MCF7 cells. All these results demon-
strated that substituent groups on the piperazine ring and differ-
ent secondary amines played important roles for the inhibitory
activity. Compound C11 was also tested for the potential cytotox-
icity against L-02 (normal human liver cell line). C11 demonstrated
no cytotoxicity against L-02 (>20uM), indicating that it had a
good selectivity between liver cancer cells (HepG2) and normal
liver cells (L-02).

Tubulin polymerisation activity in vitro

Because of the most potent inhibitory activity of compound C11
against cancer cells, C11 was selected to evaluate for its tubulin
polymerisation inhibition activity. In addition, compound C14 with
the weak antiproliferative activity was also chosen for comparation
with C11. Colchicine as a famous tubulin polymerisation inhibitor
was used as the control drug in this assay. As shown in Figure
4(A), compound €11 displayed the potent inhibitory activity
against tubulin with an ICsy value of 2.40 uM. From inhibitory
results of Figure 4(B), compound C14 was also inhibited tubulin
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Figure 4. Tubulin polymerisation inhibitory activity of compound C11 (A) and compound C14 (B). The concentration of colchicine was 3.5 nM.
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polymerisation in a concentration-dependent manner and its 1Csq
value was >4 uM. All these results indicated that compound C11
was identified as a novel tubulin polymerisation inhibitor.

Immunostaining of compound C11

Microtubules played important roles in the maintenance of basic cel-
lular functions and cell shape, an immunofluorescence staining assay
of compound €11 was performed to demonstrate whether it could
interfere the tubulin polymerisation in cancer cells. From results of
immunofluorescence staining in Figure 5, compound C11 at 1uM

DAPI FITC

Figure 5. Imunofluorescence staining of compound C11 against tubulin in
HepG2 cells.

moderately inhibited polymerisation of interphase microtubules in
HepG2 cells. Importantly, compound €11 at 2 uM displayed much
stronger depolymerisation effects. All results of immunofluorescence
staining illustrated that compound C11 potently inhibited tubulin
polymerisation in liver cancer HepG2 cells.

Molecular docking analysis of C11 and C14 binding to tubulin

In order to illustrate the potential binding effects between com-
pound €11 and tubulin, molecular docking analysis was per-
formed using the autodock software. PDB code of tubulin was
1SA0 and its resolution was 3.58 A. In Figure 6(A), C11 (pale red
structure) was binging to f-tubulin and docked into a similar
pocket as colchicine (blue structure). As shown in Figure 6(B,C),
three methoxy groups of 3,4,5-trimethoxy phenyl ring formed
three hydrogen bonds with residues GLY143, SER140, and CYS12,
respectively. The methoxy group of 4-methoxy phenyl ring formed
one hydrogen bond with the residue VAL250. The dithiocarba-
mate group of compound C11 formed a hydrogen bond with the
residue TYR254. The hydrogen bond of TYR254 indicated that the
side chain containing a dithiocarbamate group might play an
important role for antiproliferative activity. Compound C11 formed
hydrophobic effects with residues VAL177, PHE399, TRP103, and
PHE351, respectively. In addition, amino dithiopiperazine unit of
compound €11 also formed hydrophilic effects with residues
TYR357, ASN258, and GLY246.

With the comparation of compound €11, compound C14
exhibited wore inhibitory activities against cancer cells and tubu-
lin. To demonstrate the difference of its binding effects, molecular
docking studies of compound C14 targeting to tubulin was also
explored. As shown in Figure 7, all methoxy groups of 3,4,5-

Figure 6. (A) Compound C11 (pale red structure) docked into a similar pocket as colchicine (blue structure); (B) 3D binging modelling between C11 and tubulin; (C)
Hydrogen bonds, hydrophobic effects and hydrophilic effects of C11 targeting to tubulin (PDB code: 1SA0).
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Figure 7. (A) Compound C14 (yellow structure) docked into a similar pocket as colchicine (blue structure); (B) 3D binging modelling between C14 and tubulin; (C)
Hydrogen bonds, hydrophobic effects and hydrophilic effects of C14 targeting to tubulin (PDB code: 1SA0).

trimethoxy phenyl ring only formed one hydrogen bond with resi-
due CYS12. The methoxy group of 4-methoxy phenyl ring formed
a hydrogen bond with the residue GLY146 and the amide group
of C14 formed a hydrogen bond with the residue ASN101.
Compound €14 formed hydrophobic effects with residues
LEU141, LEU189, and ILE354. In addition, amino dithiopiperazine
unit of compound €14 formed hydrophilic effects with residues
GLY246, TYR224, GLN11, and SER147. However, the dithiocarba-
mate group of compound C14 could not form hydrogen bonds
with residues of tubulin. All these results illustrated that com-
pound C11 were more potent than compound C14 for the anti-
proliferative activity and tubulin polymerisation inhibition activity.

Compound C11 inhibited NEDDylation in a ATP-
dependent manner

NEDDylation as a biological process that affect the substrate’s
activity, subcellular localisation, and conformation involves transfer
of neural precursor cell-expressed developmentally downregulated
8 (NEDDS8) in various cancers®. It is a three-step enzymatic cas-
cade reaction by E1 NAE, NEDD8-conjugating enzymes E2 (Ubc12
or UBE2F), and NEDDS E3 ligases®®. To reveal the inhibitory effects
of compound C11 on NEDDylation, a NEDDylation assay was per-
formed according to our reported reference®’. As shown in Figure
8, there are no Ubc12-NEDD8 and Ubc12-(NEDD8), bands without
the treatment of ATP. Furthermore, expression levels of Ubc12-
NEDDS8 and Ubc12-(NEDDS8), were decreased with the treatment
of compound €11 in the presence of ATP. All these results obvi-
ously demonstrated that compound C11 inhibited NEDDylation in

iopMC11 - - - *F
ipgMCc11 - - t -
ATP - + + +

n Ubc12-(NEDDS),
Ubc12-NEDDS
—— —— NEDDS

Figure 8. The inhibitory effects of compound C11 on NEDDylation with or with-
out ATP.

a ATP-dependent manner and compound €11 was a novel
NEDDylation inhibitor.

Molecular docking analysis of C11 binding to NAE from
NEDDylation

To deeply study the potential interactions between compound
C11 and NEDDylation, molecular docking studies were also per-
formed in this work. PDB code of NAE from NEDDylation was
3GZN and its resolution was 3.00 A. In Figure 9(A), C11 (green
structure) docked into a similar pocket as B39 (red structure). As
shown in Figure 9(B,C), a methoxy group of 3,4,5-trimethoxy phe-
nyl ring formed the hydrogen bond with the residue TYR455. The
methoxy group of 4-methoxy phenyl ring formed one hydrogen
bond with the residue LYS518. Its side chain containing a dithio-
carbamate group and an amide group o formed two hydrogen
bonds with residues LYS42 and SER37, respectively. Compound
C11 formed hydrophobic effects with residues ALA34, LEU35,



174 D.-J. FU AND T. WANG

©

PHE130

LEU63

Figure 9. (A) Compound C11 (green structure) docked into a similar pocket as B39 (red structure); (B) 3D binging modelling; (C) Hydrogen bonds, hydrophobic effects,
and hydrophilic effects of C11 targeting to E1 NEDD8-activating enzyme (PDB code: 3GZN).

VAL132, PHE130, and LEU63, respectively. Furthermore, amino
dithiopiperazine unit of compound €11 also formed hydrophilic
effects with residues ASN454, SER453, and TYR449. Based on
results of molecular docking studies, it showed that compound
C11 could bind to NAE from NEDDylation.

Conclusion

A series of trimethoxyphenyl analogues were synthesised and
evaluated for their antiproliferative activity against HepG2, PC3,
and MCF7 cells. Among all these derivatives, compound C11
exhibited the most potent inhibitory activity against HepG2, PC3,
and MCF7 cells with IC5q values of 1.17, 2.48, and 1.47 uM, respect-
ively. In addition, C11 showed the potent inhibitory activity
against tubulin with an 1Csq value of 2.40 uM and it potently inhib-
ited tubulin polymerisation against liver cancer HepG2 cells.
Furthermore, compound C11 inhibited NEDDylation by a ATP-
dependent manner. Methoxy groups and the dithiocarbamate
group of compound C11 could form hydrogen bonds with resi-
dues of tubulin and NAE protein from NEDDylation. Therefore,
compound C11 was a dual tubulin-NEDDylation inhibitor.
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