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ABSTRACT
A novel series of thiazole-naphthalene derivatives as tubulin polymerisation inhibitors were designed, syn-
thesised, and evaluated for the anti-proliferative activities. The majority of the tested compounds exhib-
ited moderate to potent antiproliferative activity on the MCF-7 and A549 cancer cell lines. Among them,
compound 5b was found to be the most active compound with IC50 values of 0.48 ±0.03 and
0.97±0.13lM. Moreover, mechanistic studies revealed that 5b significantly inhibited tubulin polymerisa-
tion with an IC50 value of 3.3mM, as compared to the standard drug colchicine (IC50 ¼ 9.1lM). Further
cellular mechanism studies elucidated that 5b arrested the cell cycle at G2/M phase and induced apop-
tosis in MCF-7 cancer cells. Molecular modelling study indicated that 5b binds well to the colchicine bind-
ing site of tubulin. In summary, these results suggest that 5b represents a promising tubulin
polymerisation inhibitor worthy of further investigation as potential anticancer agents.
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1. Introduction

Microtubules are a component of the cytoskeleton, which is
formed through the polymerisation of a- and b-tubulin hetero-
dimers1. They play an important role in a wide range of cellular
processes such as cell proliferation, cellular transport, intracellular
trafficking, and angiogenesis2–4. In the cellular microtubule system,
microtubule formation is a dynamic equilibrium related to the
polymerisation and depolymerisation of a, b-tubulin hetero-
dimers5. Disrupting the tubulin dynamics equilibrium blocks the
cell division at mitosis and thus resulting in the cell cycle arrest at
metaphase, which leads to cell death6,7. Moreover, cancer cells are
more in the division phase than normal cells, which means that
they are more prone to anti-tubulin agents8. Therefore, microtu-
bules have become an attractive target for the design and devel-
opment of novel anticancer agents9–11.

Thiazole is an important heterocyclic scaffold widely found in a
range of synthetic bioactive molecules, which has attracted con-
siderable attention in drug discovery over the past decade.
Thiazole derivatives displayed a wide range of pharmacological
activities, such as anticancer, anti-inflammatory, antioxidant, anti-
microbial, anti-HIV, and antibacterial activities12–14. Several thia-
zole-containing drugs have been approved for clinical use, such as
sulphathiazole, ravuconazole, ritonavir, and meloxicam. It’s import-
ant to note that thiazole could be used as a promising scaffold
for the development of anticancer agents15–17. Over the last few
years, numerous thiazole derivatives have been reported to show

potent anticancer activity by inhibiting tubulin polymerisation
(Figure 1, I–IV)18–21.

On the other hand, naphthalene is a prominent core structure
in many anticancer agents. A number of naphthalene derivatives
have been reported as potent inhibitors of tubulin (Figure 1,
V–VIII)22–25. Such as Maya et al. reported the synthesis of a series
of new naphthalene analogues of combretastatin A-4 (CA-4) and
the most cytotoxic naphthalene analogues V exerted tubulin poly-
merisation inhibition activity and arrest cell cycle in G2/M phase
in human cancer cells25. Based on the lead compound HMNC-74,
we synthesised a series of new naphthalene-chalcone derivatives
and evaluated their anticancer activity. Among them, compound
IV was the most potent tubulin polymerisation inhibitor with an
IC50 value of 8.4lM23. Recently, we have also reported a new ser-
ies of benzophenone derivatives bearing naphthalene moiety, and
compound VII displayed potent antiproliferative activity against
various cancer cell lines by targeting tubulin colchicine binding
site24. Furthermore, we also designed a new series of chalcones
containing naphthalene moiety (VIII) based on natural tubulin
inhibitor millepachine22,26.

Molecular hybridisation approach is an efficient and often used
method for the design and development of new therapeutic
agents in the current medicinal chemistry research27–30.
Encouraged by these observations and in continuation of our
interest in the discovery of tubulin inhibitors, herein we reported
the synthesis of a novel series of thiazole-naphthalene derivatives
by hybridisation of thiazole moiety with naphthalene structural
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motif into a single molecule and examined their antiproliferative
and antitubulin effects (Figure 2).

2. Chemistry

A series of thiazole-naphthalene derivatives (5a–5c and 6a–6n)
were synthesised according to the pathways described in Scheme
1. Deoxybenzoins 3a–3c was prepared by condensation of 1-
methoxynaphthalene 1 with appropriate phenylacetic acids 2 in
the presence of trifluoroacetic anhydride (TFAA) in trifluoroacetic
acid (TFA) at room temperature. Treatment of 3a–3c with pyridi-
nium tribromide in CH2Cl2 to give compounds 4a–4c. Then, con-
densation of 4a–4c with thiourea under reflux in ethanol to afford
the title compounds (5a–5c) in high yields. Finally, a series of thia-
zole-naphthalene derivatives (6a–6n) were prepared by a conden-
sation reaction of 5a–5c with a variety of commercially available

acid anhydride. All of the title compounds are new and not
reported in the literature to date.

The structures of all the title compounds (5a–5c and 6a–6n)
were characterised by 1H NMR, 13C NMR, and HRMS
(Supplementary material). For instance, the 1H NMR spectrum of
compound 5a shown two singlets at d 3.68 and d 3.99 due to
two methoxy groups in the aromatic ring. The single peak of NH2

group was observed at d 5.59 ppm. Two doublet peaks at d 6.59
and d 6.94 with coupling constant of 8.8 Hz were attributed to the
aromatic protons of C3,5-H and C2,6-H of the 4-methoxyphenyl
moiety, respectively. The six protons of 4-methoxynaphthalen-1-yl
moiety appeared as multiplet or doublet peak (J¼ 8.0 Hz) in the
region of d 6.72–6.74 ppm and d 7.42–8.29 ppm. Besides, the 13C
NMR spectrum of compound 5a shown three peaks at d
157.38–167.76 ppm, which attributed to the aromatic carbon con-
nected with the amino or methoxy group. The signals observed at
d 103.78–146.16 ppm were assigned to aromatic carbons in the

Figure 1. Some tubulin polymerisation inhibitors containing thiazole or naphthalene moiety.

Figure 2. The design strategy of the target compounds in this study.
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compound. The peaks of two methoxy groups were observed at d
55.30 ppm and d 55.84 ppm, respectively. Furthermore, HRMS of
compound 5a showed a molecular ion peak at m/z 363.1126 as
[MþH]þ which also supports the proposed structure of
the compound.

3. Biological evaluation

3.1. Antiproliferative activity

All newly prepared compounds were tested for their antiprolifera-
tive activity on the human breast cancer cell line (MCF-7) and

Scheme 1. Reagents and conditions: (a) TFAA, TFA, room temperature, 12 h; (b) Pyridinium tribromide, CH2Cl2, r.t. 1 h; (c) Thiourea, EtOH, reflux, 3 h; (d) Acid anhyd-
ride, 120 �C, 3 h.

Table 1. Antiproliferative activities of target compounds (5a–5c and 6a–6n) on the human cancer cell lines.

Compound R

IC50 (lM)
a

MCF-7 A549

5a R1 ¼ 4-OCH3 1.80 ± 0.07 2.72 ± 0.18
5b R1 ¼ 4-OC2H5 0.48 ± 0.03 0.97 ± 0.13
5c R1 ¼ 2-Br-3,4,5-triOCH3 31.05 ± 0.70 >50.0
6a R1 ¼ 4-OCH3; R2 ¼ CH3CO; R3 ¼ H 2.16 ± 0.27 16.14 ± 0.83
6b R1 ¼ 4-OCH3; R2 ¼ C2H5CO; R3 ¼ H 14.75 ± 0.45 40.32 ± 0.32
6c R1 ¼ 4-OCH3; R2 ¼ CH3(C2H5)2CO; R3 ¼ H 14.90 ± 0.34 >50.0
6d R1 ¼ 4-OCH3; R2 ¼ Cl3CCO; R3 ¼ H 1.03 ± 0.09 1.91 ± 0.08
6e R1 ¼ 4-OCH3; R2 ¼ (CH3)2CHCO; R3 ¼ H 12.27 ± 0.54 >50.0
6f R1 ¼ 4-OC2H5; R2 ¼ CH3CO; R3 ¼ H 5.49 ± 0.84 7.00 ± 0.30
6g R1 ¼ 4-OC2H5; R2 ¼ C2H5CO; R3 ¼ H 9.61 ± 0.54 18.67 ± 0.89
6h R1 ¼ 4-OC2H5; R2 ¼ CH3(C2H5)2CO; R3 ¼ H 7.18 ± 0.78 >50.0
6i R1 ¼ 4-OC2H5; R2 ¼ (CH3)2CHCO; R3 ¼ H 7.69 ± 0.34 >50.0
6j R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ C2H5CO; R3 ¼ H >50.0 >50.0
6k R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ (CH3)2CHCO; R3 ¼ H >50.0 >50.0
6l R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ Cl3CCO; R3 ¼ H 0.61 ± 0.06 0.92 ± 0.02
6m R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ R3 ¼ CH3(C2H5)2CO >50.0 >50.0
6n R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ CH3CO; R3¼ C2H5CO 13.49 ± 0.82 16.31 ± 0.89
Cisplatin – 11.15 ± 0.75 4.92 ± 0.56
5-Fu – 11.61 ± 0.60 2.75 ± 0.31
Tamoxifen – 14.28 ± 0.40 20.20 ± 0.65
CA-4 – 5.55 ± 0.11 0.029 ± 0.004
aThe values given are means of three experiments.

1696 G. WANG ET AL.



human lung adenocarcinoma cell line (A549) using the CCK-8
assay with cisplatin, 5-fluorouracil, tamoxifen, and CA-4 as the ref-
erence drugs. The results are expressed as IC50 values (50% inhibi-
tory concentrations) and are summarised in Table 1. Except for
compounds 5c, 6j, 6k, and 6m, the majority of the tested com-
pounds exhibited moderate to potent antiproliferative activity.
Among these compounds, compounds 5a, 5b, 6a, 6d, and 6l dis-
played potent antiproliferative activity as compared to the stand-
ard drugs (cisplatin, 5-fluorouracil, tamoxifen, and CA-4). All other
tested compounds (6b, 6c, 6e–6j, and 6n) shown moderate inhibi-
tory activity.

Based on the antiproliferative activities of these compounds,
the structure-activity relationship (SAR) of this class of compounds
is summarised. Compared the antiproliferative activity of 5a, 5b,
and 5c, the result was shown that the change of substituent
affects the inhibitory activity. When the ethoxy group located at
the para position of phenyl ring, the compound has the strongest
activity (5b). The replacement of ethoxy group (5b) with methoxy
group (5a) decreased the activity slightly. However, the replace-
ment of 4-ethoxyphenyl (5b) with 2-bromo-3,4,5-trimethoxyphenyl
(5c) resulted in a remarkable decrease of antiproliferative activity.
Among this series of thiazole-naphthalene derivatives, compound
5b with an ethoxy group at the 4-position of the phenyl ring and

free amine group at the thiazole ring, was found to be the most
active compound. On the other hand, introduction of fatty acyl
group into the aminothiazole resulting in significantly decreased
antiproliferative activity, such as CH3CO, C2H5CO, CH3(C2H5)2CO,
and (CH3)2CHCO. It is interesting to point out that 6d and 6l con-
taining the trichloroacetyl group (Cl3CCO) at the aminothiazole
moiety significantly improved the antiproliferative activity. In sum-
mary, the information of SAR provided us a guideline to improve
the antiproliferative activity in future structural modification.

In order to evaluate the safety of this series of compounds, the
most potent compound 5b was selected to tested its inhibitory
activity against normal human embryonic kidney cell line
(HEK293). The results showed that compound 5b showed low tox-
icity in human normal cell line (IC50 ¼ 16.37 ± 4.61 lM) compared
to MCF-7 (IC50 ¼ 0.48 ± 0.03lM) and A549 (IC50 ¼ 0.97 ± 0.13 lM)
cancer cell lines. Hence, these compounds have good safety for
potential application in the treatment of cancer.

3.2. In vitro tubulin polymerisation assay

To evaluate whether this series of compounds displayed anti-
cancer activity by targeting tubulin-microtubule system, the
in vitro tubulin polymerisation inhibitory activities of compounds
5b, 6d, and 6l were evaluated using the method previously
described24. Meanwhile, colchicine (tubulin destabilising agent)
was chosen as the positive control. As shown in Table 2, the tubu-
lin inhibitory polymerisation (IC50) of compounds 5b, 6d, and 6l
were 3.3lM, 6.6lM, and 4.0lM, respectively. Considering the
results of antiproliferative and in vitro tubulin inhibition activities,
compound 5b was selected to further discuss the mechanism of

Table 2. Tubulin inhibitory activities of compounds 5b, 6d, and 6l.

Compound Structure IC50 (lM)

5b R1 ¼ 4-OC2H5 3.3
6d R1 ¼ 4-OCH3; R2 ¼ Cl3CCO; R3 ¼ H 6.6
6l R1 ¼ 2-Br-3,4,5-triOCH3; R2 ¼ Cl3CCO; R3 ¼ H 4.0
Colchicine 9.1

Figure 3. Tubulin polymerisation inhibitory activities of 5b and colchicine. Purified tubulin protein was incubated at 37 �C in the absence or presence of 5b (A,C) and
colchicine (B,D) at the indicated concentrations.
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tubulin inhibition. As shown in Figure 3, compound 5b exhibited
similar action to that of colchicine. With the increase of the con-
centration of compound 5b or colchicine, the fluorescence inten-
sity of tubulin was obviously slowed down as compared with the
control. These results indicated that 5b was the tubulin destabilis-
ing agent with an IC50 value of 3.3 lM, which was superior to that
of colchicine (IC50 ¼ 9.1 lM). These data confirmed that the anti-
proliferative activity of these compounds is related to their inhib-
ition of tubulin polymerisation, and tubulin was the most likely
the target of these compounds.

3.3. Cell cycle analysis

Based on the literature report, most tubulin destabilising agents
can disrupt regulated cell cycle distribution and lead to cell cycle
arrest at metaphase23,31. Therefore, we evaluated the effect of the
most promising compound 5b on the cell cycle of MCF-7 cancer
cells using the flow cytometry analysis assay. In this study, MCF-7
cancer cells were incubated with different concentrations of 5b
(0.3125, 0.625, and 1.25lM) for 24 h. The results were shown in
Figure 4, after the addition of different concentrations of 5b
(0.3125, 0.625, and 1.25lM), the G2/M population increased from
26.66% (control) to 72.49% (1.25 lM). These findings demonstrated

that 5b can arrest cell cycle at G2/M phase in a dose-depend-
ent manner.

3.4. Induction of cellular apoptosis

Considering that tubulin polymerisation inhibitors can induce cel-
lular apoptosis32, the Annexin V-FITC/PI assay was performed to
detect whether compound 5b was able to induce cancer cell
apoptosis. After treatment with different concentrations of 5b (0,
0.3125, 0.625, and 1.25 lM), the obtained data showed 5b can ini-
tiate cellular apoptosis and dissipate cellular integrity. As shown in
Figure 5, when MCF-7 cancer cells were incubated with 5b at
0.3125, 0.625, or 1.25 lM for 24 h, the total numbers of early and
late apoptotic cells were 15.78%, 25.6%, and 27.7%, respectively,
whereas that of the control group was only 4.93%. These results
implied that compound 5b effectively induced cell apoptosis in
MCF-7 cells via a dose-dependent manner.

3.5. Molecular docking

Molecular docking studies were carried out to elucidate the bind-
ing mode of this series of compounds with the colchicine binding
site of tubulin. To verify the accuracy of the docking results, col-
chicine was first docked into the colchicine binding site of tubulin.

Figure 4. The cell cycle of MCF-7 cancer cells treated with different concentration of 5b (0, 0.3125, 0.625, and 1.25lM).
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The co-crystallized conformation of colchicine was reproduced
approximately (RMSD: 1.083 Å), indicating that the protocol of
molecular docking can reproduce the crystallographic pose of col-
chicine. Then, we investigate the theoretical binding mode of
compound 5b with tubulin. As shown in Figure 6, 5b adopted an
“L-shaped” conformation in the pocket of the tubulin with esti-
mated binding energy of �9.1 kcal�mol�1. The 4-methoxynaphtha-
lene moiety of 5b located at the hydrophobic pocket, surrounded
by the residues A/Ala-180, A/Val-181, B/Leu-248, B/Ala-250, B/Leu-
255, B/Met-259, B/Ala-316, B/Ala-317, B/Val-318 and B/Ala-354,
forming a strong hydrophobic binding. Detailed analysis showed
that the phenyl group of 5b formed a cation-p interaction with
the residue B/Lys-352. It was shown that the residue B/Asn-258
(bond length: 2.3 Å) formed a hydrogen bond with 5b, which was
the main interaction between 5b and tubulin. All these interac-
tions helped 5b to anchor in the binding site of the tubulin.

3.6. Molecular dynamics (MD) simulations

To explore the potential binding mode between 5b and the
a,b-tubulin, molecular docking and molecular dynamics simula-
tions were performed using the AutoDock vina 1.1.2 and Amber
12 software package. The preferential binding mechanism of
a,b-tubulin with 5b was determined by 30-ns molecular dynamics
simulations based on the docking results. To explore the dynamic
stability of the models and to ensure the rationality of the sam-
pling strategy, the root-mean-square deviation (RMSD) value of
the protein backbone based on the starting structure along the
simulation time was calculated and plotted in Figure 7(A). As
shown in Figure 7(A), the protein structure of the system was sta-
bilised during the simulation.

The theoretical binding mode between 5b and a,b-tubulin was
shown in Figure 7(B). Compound 5b adopted a compact

Figure 5. Flow cytometric analysis of apoptotic cells after treatment of MCF-7 cells with different concentrations of 5b (0, 0.3125, 0.625, and 1.25lM).
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Figure 6. Compound 5b was docked to the binding pocket of the a,b-tubulin (a: green; b: cyan). (A) Overall structure of a,b-tubulin with 5b. (B) Binding pose of 5b
at colchicine binding site. (C) Superimposed pose of 5b (pink) and colchicine (yellow) in the binding site. (D) Binding pose of 5b in the surface of colchicine bind-
ing pocket.

Figure 7. Molecular docking and molecular dynamics refinement of compound 5b with tubulin. (A) The root-mean-square deviation (RMSD) of all the atoms of tubu-
lin-5b complex with respect to its initial structure as function of time. (B) Molecular dynamics results of tubulin-5b complex.
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conformation in the pocket of the a,b-tubulin. The compound 5b
located at the hydrophobic pocket, surrounded by the residues A/
Ala-180, A/Val-181, B/Ala-250, B/Leu-252, B/Leu-255, B/Met-259, B/
Ala-316, B/Ala-317, B/Val-318 and B/Ala-354, forming a strong
hydrophobic binding. Detailed analysis showed that the phenyl
group of 5b formed cation-p interactions with the residues Lys-
254 and Lys-352. All these interactions helped 5b to anchor in the
binding site of the a,b-tubulin. All in all, the above molecular
dynamics simulation give us rational explanation of the interaction
between 5b and the a,b-tubulin, which provided valuable informa-
tion for further development of a,b-tubulin inhibitors.

4. Conclusion

In summary, a novel series of thiazole-naphthalene derivatives
(5a–5c and 6a–6n) have been designed, synthesised, and charac-
terised by various analytical techniques such as HRMS, 1H NMR,
and 13C NMR. Antiproliferative activity of these newly prepared
compounds was evaluated on the human breast cancer cell line
(MCF-7) and human lung adenocarcinoma cell line (A549) using
the CCK-8 assay. Amongst all the tested compounds, compound
5b containing an ethoxy group at the 4-position of the phenyl
ring and free amine group at the thiazole ring was found to be
the most active compound with IC50 values of 0.48 ± 0.03 and
0.97 ± 0.13lM. Mechanistic studies revealed that 5b significantly
inhibited tubulin polymerisation with an IC50 value of 3.3 mM.
Cellular mechanism studies elucidated that 5b arrested the cell
cycle at G2/M phase and induced apoptosis in MCF-7 cancer cells.
Furthermore, molecular docking study indicated that 5b binds
well to the colchicine binding site of tubulin.
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